
EDITED BY :  Ricardo A. Melo, Aschwin Hillebrand Engelen, Bernardo Duarte, 

Célia M. Teixeira, Irene Martins, Janine Barbara Adams, Maria Bebianno, 

Raquel Lorenz Costa and Vanessa F. Fonseca

PUBLISHED IN : Frontiers in Marine Science

EMERGING TOPICS IN COASTAL AND 
TRANSITIONAL ECOSYSTEMS: SCIENCE, 
LITERACY, AND INNOVATION

https://www.frontiersin.org/research-topics/16024/emerging-topics-in-coastal-and-transitional-ecosystems-science-literacy-and-innovation
https://www.frontiersin.org/research-topics/16024/emerging-topics-in-coastal-and-transitional-ecosystems-science-literacy-and-innovation
https://www.frontiersin.org/research-topics/16024/emerging-topics-in-coastal-and-transitional-ecosystems-science-literacy-and-innovation
https://www.frontiersin.org/research-topics/16024/emerging-topics-in-coastal-and-transitional-ecosystems-science-literacy-and-innovation
https://www.frontiersin.org/journals/marine-science


Frontiers in Marine Science 1 May 2022 | Emerging Topics in Coastal and Transitional Ecosystems

About Frontiers

Frontiers is more than just an open-access publisher of scholarly articles: it is a 

pioneering approach to the world of academia, radically improving the way scholarly 

research is managed. The grand vision of Frontiers is a world where all people have 

an equal opportunity to seek, share and generate knowledge. Frontiers provides 

immediate and permanent online open access to all its publications, but this alone 

is not enough to realize our grand goals.

Frontiers Journal Series

The Frontiers Journal Series is a multi-tier and interdisciplinary set of open-access, 

online journals, promising a paradigm shift from the current review, selection and 

dissemination processes in academic publishing. All Frontiers journals are driven 

by researchers for researchers; therefore, they constitute a service to the scholarly 

community. At the same time, the Frontiers Journal Series operates on a revolutionary 

invention, the tiered publishing system, initially addressing specific communities of 

scholars, and gradually climbing up to broader public understanding, thus serving 

the interests of the lay society, too.

Dedication to Quality

Each Frontiers article is a landmark of the highest quality, thanks to genuinely 

collaborative interactions between authors and review editors, who include some 

of the world’s best academicians. Research must be certified by peers before entering 

a stream of knowledge that may eventually reach the public - and shape society; 

therefore, Frontiers only applies the most rigorous and unbiased reviews. 

Frontiers revolutionizes research publishing by freely delivering the most outstanding 

research, evaluated with no bias from both the academic and social point of view.

By applying the most advanced information technologies, Frontiers is catapulting 

scholarly publishing into a new generation.

What are Frontiers Research Topics?

Frontiers Research Topics are very popular trademarks of the Frontiers Journals 

Series: they are collections of at least ten articles, all centered on a particular subject. 

With their unique mix of varied contributions from Original Research to Review 

Articles, Frontiers Research Topics unify the most influential researchers, the latest 

key findings and historical advances in a hot research area! Find out more on how 

to host your own Frontiers Research Topic or contribute to one as an author by 

contacting the Frontiers Editorial Office: frontiersin.org/about/contact

Frontiers eBook Copyright Statement

The copyright in the text of 
individual articles in this eBook is the 

property of their respective authors 
or their respective institutions or 

funders. The copyright in graphics 
and images within each article may 

be subject to copyright of other 
parties. In both cases this is subject 

to a license granted to Frontiers.

The compilation of articles 
constituting this eBook is the 

property of Frontiers.

Each article within this eBook, and 
the eBook itself, are published under 

the most recent version of the 
Creative Commons CC-BY licence. 

The version current at the date of 
publication of this eBook is 

CC-BY 4.0. If the CC-BY licence is 
updated, the licence granted by 

Frontiers is automatically updated to 
the new version.

When exercising any right under the 
CC-BY licence, Frontiers must be 

attributed as the original publisher 
of the article or eBook, as 

applicable.

Authors have the responsibility of 
ensuring that any graphics or other 
materials which are the property of 

others may be included in the 
CC-BY licence, but this should be 

checked before relying on the 
CC-BY licence to reproduce those 

materials. Any copyright notices 
relating to those materials must be 

complied with.

Copyright and source 
acknowledgement notices may not 
be removed and must be displayed 

in any copy, derivative work or 
partial copy which includes the 

elements in question.

All copyright, and all rights therein, 
are protected by national and 

international copyright laws. The 
above represents a summary only. 

For further information please read 
Frontiers’ Conditions for Website 

Use and Copyright Statement, and 
the applicable CC-BY licence.

ISSN 1664-8714 
ISBN 978-2-88976-294-1 

DOI 10.3389/978-2-88976-294-1

https://www.frontiersin.org/research-topics/16024/emerging-topics-in-coastal-and-transitional-ecosystems-science-literacy-and-innovation
https://www.frontiersin.org/journals/marine-science
http://www.frontiersin.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/about/contact


Frontiers in Marine Science 2 May 2022 | Emerging Topics in Coastal and Transitional Ecosystems

EMERGING TOPICS IN COASTAL AND 
TRANSITIONAL ECOSYSTEMS: SCIENCE, 
LITERACY, AND INNOVATION

Topic Editors: 
Ricardo A. Melo, University of Lisbon, Portugal 
Aschwin Hillebrand Engelen, University of Algarve, Portugal 
Bernardo Duarte, Center for Marine and Environmental Sciences (MARE), Portugal
Célia M. Teixeira, Center for Marine and Environmental Sciences (MARE), Portugal 
Irene Martins, University of Porto, Portugal 
Janine Barbara Adams, Nelson Mandela University, South Africa
Maria Bebianno, University of Algarve, Portugal 
Raquel Lorenz Costa, Estrutura de Missão para a Extensão da Plataforma 
Continental, Portugal 
Vanessa F. Fonseca, Center for Marine and Environmental Sciences (MARE), 
Portugal

Citation: Melo, R. A., Engelen, A. H., Duarte, B., Teixeira, C. M., Martins, I., 
Adams, J. B., Bebianno, M., Costa, R. L., Fonseca, V. F., eds. (2022). Emerging 
Topics in Coastal and Transitional Ecosystems: Science, Literacy, and Innovation. 
Lausanne: Frontiers Media SA. doi: 10.3389/978-2-88976-294-1

https://www.frontiersin.org/research-topics/16024/emerging-topics-in-coastal-and-transitional-ecosystems-science-literacy-and-innovation
https://www.frontiersin.org/journals/marine-science
http://doi.org/10.3389/978-2-88976-294-1


Frontiers in Marine Science 3 May 2022 | Emerging Topics in Coastal and Transitional Ecosystems

07 Editorial: Emerging Topics in Coastal and Transitional Ecosystems: Science, 
Literacy, and Innovation

Bernardo Duarte, Célia M. Teixeira, Irene Martins, Aschwin H. Engelen, 
Raquel L. Costa, Janine Barbara Adams, Maria João Bebianno, 
Ricardo A. Melo and Vanessa F. Fonseca

12 Priming of Marine Macrophytes for Enhanced Restoration Success and 
Food Security in Future Oceans

Alexander Jueterbock, Antoine J. P. Minne, J. Mark Cock, Melinda A. Coleman, 
Thomas Wernberg, Lydia Scheschonk, Ralf Rautenberger, Jie Zhang and 
Zi-Min Hu

22 Detecting Regime Shifts in the Portuguese Continental Shelf Ecosystem 
Within the Last Three Decades

Dorota Szalaj, Alexandra Silva, Pedro Ré and Henrique Cabral

46 Mapping Spatial Distribution and Biomass of Intertidal Ulva Blooms Using 
Machine Learning and Earth Observation

Sita Karki, Ricardo Bermejo, Robert Wilkes, Michéal Mac Monagail, Eve Daly, 
Mark Healy, Jenny Hanafin, Alastair McKinstry, Per-Erik Mellander, 
Owen Fenton and Liam Morrison

66 Baseline Study of Trace Element Concentrations in Sediments of the 
Intertidal Zone of Amazonian Oceanic Beaches

Jéssica C. E. Vilhena, Ana Amorim, Lourenço Ribeiro, Bernardo Duarte and 
Maíra Pombo

80 Effective Management of Closed Hypereutrophic Estuaries Requires 
Catchment-Scale Interventions

Daniel A. Lemley, Stephen J. Lamberth, Warren Manuel, Monique Nunes, 
Gavin M. Rishworth, Lara van Niekerk and Janine B. Adams

97 The Role of Sea-Urchins in Marine Forests From Azores, Webbnesia, and 
Cabo Verde: Human Pressures, Climate-Change Effects and Restoration 
Opportunities

Alejandro Bernal-Ibáñez, Eva Cacabelos, Ricardo Melo and Ignacio Gestoso

109 Historical Data in the CoastNet Geoportal: Documenting Fish 
Assemblages in Portuguese Estuaries

Susana França, Vanessa F. Fonseca, Susanne E. Tanner, Rita P. Vasconcelos, 
Patrick Reis-Santos, Anabela Maia, Miguel Ruano, Inês Cardoso, 
Sofia Henriques, Miguel Pessanha Pais, Pedro Brandão, Ana C. Brito, 
Paola Castellanos, Paula Chainho, Bernardo Quintella, Luís da Costa, 
Maria José Costa, José Lino Costa and Henrique N. Cabral

115 Tidal and Physicochemical Effects on Phytoplankton Community 
Variability at Tagus Estuary (Portugal)

Rui Cereja, Vanda Brotas, Joana P. C. Cruz, Marta Rodrigues and Ana C.Brito

Table of Contents

https://www.frontiersin.org/research-topics/16024/emerging-topics-in-coastal-and-transitional-ecosystems-science-literacy-and-innovation
https://www.frontiersin.org/journals/marine-science


Frontiers in Marine Science 4 May 2022 | Emerging Topics in Coastal and Transitional Ecosystems

136 Applying Limnological Feature-Based Machine Learning Techniques to 
Chemical State Classification in Marine Transitional Systems

Ronnie Concepcion II, Elmer Dadios, Argel Bandala, Isabel Caçador, 
Vanessa F. Fonseca and Bernardo Duarte

152 Challenges and Opportunities in Relation to Sargassum Events Along the 
Caribbean Sea

Daniel Robledo, Erika Vázquez-Delfín, Yolanda Freile-Pelegrín, 
Román Manuel Vásquez-Elizondo, Zujaila Nohemy Qui-Minet and 
Adán Salazar-Garibay

165 Tell a Story to Save a River: Assessing the Impact of Using a Children’s 
Book in the Classroom as a Tool to Promote Environmental Awareness

Luísa Aurélio, Susana França, Vera Sequeira, Diana Boaventura, 
Maria João Correia, Bruno Pinto, Sandra Amoroso, Maria João Feio, 
Cristina Brito, Paula Chainho and Luísa Chaves

174 Participatory Monitoring—A Citizen Science Approach for Coastal 
Environments

Paula Kasten, Stuart R. Jenkins and Ronaldo A. Christofoletti

183 Management Models of the Manila Clam (Ruditapes philippinarum) 
Fisheries in Invaded European Coastal Systems

Pedro Coelho, Frederico Carvalho, Thomas Goulding, Paula Chainho and 
José Guerreiro

200 Corrigendum: Management Models of the Manila Clam (Ruditapes 
philippinarum) Fisheries in Invaded European Coastal Systems

Pedro Coelho, Frederico Carvalho, Thomas Goulding, Paula Chainho and 
José Guerreiro

202 Modelling the Distribution of a Commercial NE-Atlantic Sea Cucumber, 
Holothuria mammata: Demographic and Abundance Spatio-Temporal 
Patterns

Pedro M. Félix, Ana Pombo, Francisco Azevedo e Silva, Tomás Simões, 
Tiago A. Marques, Ricardo Melo, Cristina Rocha, João Sousa, 
Eliana Venâncio, José L. Costa and Ana C. Brito

219 Invasion and Extirpation Potential of Native and Invasive Spartina Species 
Under Climate Change

Francisco O. Borges, Catarina P. Santos, José R. Paula, 
Enrique Mateos-Naranjo, Susana Redondo-Gomez, Janine Barbara Adams, 
Isabel Caçador, Vanessa F. Fonseca, Patrick Reis-Santos, Bernardo Duarte 
and Rui Rosa

235 Environmental Factors Affecting Spatial Dinoflagellate Cyst Distribution in 
Surface Sediments Off Aveiro-Figueira da Foz (Atlantic Iberian Margin)

Iria García-Moreiras, Anabela Oliveira, Ana I. Santos, Paulo B. Oliveira and 
Ana Amorim

256 Coastal Ecosystems as Sources of Biofertilizers in Agriculture: From 
Genomics to Application in an Urban Orchard

Eloísa Pajuelo, Sandra Arjona, Ignacio D. Rodríguez-Llorente, 
Enrique Mateos-Naranjo, Susana Redondo-Gómez, Francisco Merchán and 
Salvadora Navarro-Torre

https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org/research-topics/16024/emerging-topics-in-coastal-and-transitional-ecosystems-science-literacy-and-innovation


Frontiers in Marine Science 5 May 2022 | Emerging Topics in Coastal and Transitional Ecosystems

270 Temperature-Driven Growth Variation in a Deep-Sea Fish: The Case of 
Pagellus bogaraveo (Brünnich, 1768) in the Azores Archipelago

João Neves, Eva Giacomello, Gui M. Menezes, Jorge Fontes and 
Susanne E. Tanner

281 Ecoengineering Solutions for the Impairment of Spreading and Growth of 
Invasive Spartina patens in Mediterranean Salt Marshes

Ricardo Cruz de Carvalho, Eduardo Feijão, Irina Duarte, Vanessa Pinto, 
Marisa Silva, Ana Rita Matos, Anabela Bernardes da Silva, Isabel Caçador, 
Patrick Reis-Santos, Vanessa F. Fonseca and Bernardo Duarte

299 The Blue Growth Challenge to Maritime Governance

José Guerreiro

315 Portuguese Artisanal Fishers’ Knowledge About Elasmobranchs—A Case 
Study

Priscila M. Silva, Célia M. Teixeira, Cristina Pita, Henrique N. Cabral and 
Susana França

324 Promoting Ocean Literacy in Elementary School Students Through 
Investigation Activities and Citizen Science

Diana Boaventura, Ana Teresa Neves, Jaime Santos, Paula Colares Pereira, 
Cristina Luís, António Monteiro, Alexandra Cartaxana, Stephen John Hawkins, 
Maria Filomena Caldeira and António Ponces de Carvalho

335 Perception of Dissolved Food-Related Compounds by the Sea Urchin 
Paracentrotus lividus (Echinodermata: Echinoidea)

Orlando J. Luis and João M. Gago

359 Response of Food-Webs Indicators to Human Pressures, in the Scope of 
the Marine Strategy Framework Directive

Inês Machado, José Lino Costa and Henrique Cabral

372 Shifts in Estuarine Macroinvertebrate Communities Associated With 
Water Quality and Climate Change

Thomas Goulding, Pedro M. Sousa, Gilda Silva, João Paulo Medeiros, 
Frederico Carvalho, Inês Metelo, Catarina Freitas, Nuno Lopes, 
Paula Chainho and José Lino Costa

387 CoastNet Dataset From Mondego, Tejo and Mira Estuaries: Multiparametric 
Measurements During 2020

Paola Castellanos, Ana C. Brito, Paula Chainho, Bernardo R. Quintella, 
Luis da Costa, Susana França, Henrique Cabral and José Lino Costa

393 Fish Assemblages in a Small Mangrove System on Príncipe Island, Gulf of 
Guinea

Mariana Cravo, Armando J. Almeida, Hamilton Lima, João Azevedo e Silva, 
Salomão Bandeira, Vilma Machava-António and José Paula

405 Interspecific Analysis of Sea Urchin Adhesive Composition 
Emphasizes Variability of Glycans Conjugated With Putative 
Adhesive Proteins

Lisa Gaspar, Patrick Flammang, Ricardo José, Ricardo Luis, 
Patrício Ramalhosa, João Monteiro, Natacha Nogueira, 
João Canning-Clode and Romana Santos

https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org/research-topics/16024/emerging-topics-in-coastal-and-transitional-ecosystems-science-literacy-and-innovation


Frontiers in Marine Science 6 May 2022 | Emerging Topics in Coastal and Transitional Ecosystems

421 Complementary Approaches to Assess Phytoplankton Groups and Size 
Classes on a Long Transect in the Atlantic Ocean

Vanda Brotas, Glen A. Tarran, Vera Veloso, Robert J. W. Brewin, 
E. Malcolm S. Woodward, Ruth Airs, Carolina Beltran, Afonso Ferreira and 
Steve B. Groom

438 Spatial and Temporal Variations of Cockle (Cerastoderma spp.) 
Populations in Two Portuguese Estuarine Systems With Low Directed 
Fishing Pressure

Cátia Santos, Sara Cabral, Frederico Carvalho, António Sousa, 
Thomas Goulding, João Ramajal, João Paulo Medeiros, Gilda Silva, 
Maria Manuel Angélico, Miguel B. Gaspar, Ana C. Brito, José Lino Costa and 
Paula Chainho

https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org/research-topics/16024/emerging-topics-in-coastal-and-transitional-ecosystems-science-literacy-and-innovation


1Frontiers in Marine Science | www.frontiersin.org June 2022 | Volume 9 | Article 953967

Edited and reviewed by: 
Angel Borja, 

Technological Center Expert in  
Marine and Food Innovation (AZTI), 

Spain

*Correspondence: 
Ricardo A. Melo  
ramelo@fc.ul.pt

Specialty section: 
This article was submitted to  
Marine Ecosystem Ecology,  

a section of the journal  
Frontiers in Marine Science

Received: 26 May 2022 
Accepted: 07 June 2022 
Published: 29 June 2022

Citation: 
Duarte B, Teixeira CM, Martins I, 

Engelen AH, Costa RL, Adams JB, 
Bebianno MJ, Melo RA and 
Fonseca VF (2022) Editorial: 

Emerging Topics in Coastal and 
Transitional Ecosystems: Science, 

Literacy, and Innovation. 
Front. Mar. Sci. 9:953967. 

doi: 10.3389/fmars.2022.953967

Editorial: Emerging Topics in Coastal 
and Transitional Ecosystems: 
Science, Literacy, and Innovation
 Bernardo Duarte 1,2, Célia M. Teixeira 1, Irene Martins 3, Aschwin H. Engelen 4,  
Raquel L. Costa 5, Janine Barbara Adams 6,7, Maria João Bebianno 8, Ricardo A. Melo 1,2* 
and Vanessa F. Fonseca 1,9

1 MARE - Marine and Environmental Sciences Centre & ARNET – Aquatic Research Infrastructure Network, Faculdade de 
Ciências da Universidade de Lisboa., Lisboa, Portugal, 2 Departamento de Biologia Vegetal, Faculdade de Ciências da 
Universidade de Lisboa, Lisboa, Portugal, 3 CIMAR/CIIMAR - Interdisciplinary Centre of Marine and Environmental Research, 
Endocrine Disruptors and Emerging Contaminants Group, University of Porto, Avenida General Norton de Matos S/N, 
Matosinhos, Portugal, 4 CIMAR/CIIMAR, Centro de Ciências do Mar Do Algarve, University of Algarve, Faro, Portugal, 
5 DGPM – Direção Geral de Política do Mar, Programa Literacia do Oceano, Algés, Portugal, 6 Department of Science and 
Innovation (DSI)/National Research Fund (NRF) Research Chair, Shallow Water Ecosystems, Nelson Mandela University, Port 
Elizabeth, South Africa , 7 Department of Botany, Nelson Mandela University, Port Elizabeth, South Africa, 8 CIMA – Centro 
de Investigação Marinha e Ambiental & ARNET – Aquatic Research Infrastructure Network, Universidade do Algarve, Faro, 
Portugal, 9 Departamento de Biologia Animal, Faculdade de Ciências da Universidade de Lisboa, Lisboa, Portugal

Keywords: emerging pollutants, marine governance, ecosystem-based approach (EBA), blue economy, ocean 
literacy

Editorial on the Research Topic

Emerging Topics in Coastal and Transitional Ecosystem: Science, Literacy and 
Innovation

Marine coastal and transitional ecosystems are facing increasing impacts, and often reflect the 
most immediate effects of environmental change, habitat destruction, and biodiversity loss. With 
over half of the population currently living in coastal areas, these areas are of interest for multiple 
uses and resources, as well as subjected to multiple stressors and associated impacts derived from 
local and upstream anthropogenic activities. The challenges coastal and transitional ecosystems 
now face is not new and have far-reaching implications for the ocean (Borja et al.). Nevertheless, 
significant knowledge gaps on their functioning and structure still exist and new solutions 
or approaches to this old problem are still needed, from blue biotechnological innovations to 
improved ocean literacy (Borja et al.). This Research Topic aimed to contribute to the sustainability 
of coastal and transitional environments, providing a broad overview of ecosystem resources and 
functioning, assessment and monitoring tools, restoration, biotechnology, and ocean literacy.  
A growing human population has also increased the reliance on the sea for food and feed resources. 
Despite soaring demand, the management of seafood resources is still hampered by key knowledge 
gaps on many life-history traits of target species as well as on ecosystem’s functioning (Golden et al., 
2021). From tropical regions, where mangroves function as nursery habitats for various crustaceans 
and fish species, contributing to maintaining adjacent marine stocks, a poorly studied system on 
Príncipe Island, Gulf of Guinea, evidenced the importance of seasonality and mangrove zone on 
fish assemblages (Cravo et al.). In the deep sea, a particular challenge to commercial exploitation of 
fish species is how changing environmental conditions affect these organisms, which are generally 
characterized by high longevity, late reproduction, and low fecundity. A study over four decades, on 
the commercially important deep-sea fish species blackspot seabream (Pagellus bogaraveo) in the 
Northeast Atlantic, showed that temperature-at-depth was the best predictor of growth, suggesting 
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that rising ocean temperature may have important repercussions 
on growth, and consequently on blackspot seabream fishery 
production (Neves et al.). Fisheries can also have a strong impact 
on non-target or bycatch species. Elasmobranchs were initially 
characterized as of low economic value, albeit some species are now 
important targets, and yet due to their specific life-history traits, 
sharks and rays are particularly vulnerable to overexploitation, with 
several species classified as overexploited status. A case study on 
Portuguese landings showed that several national and European-
levelmanagement measures (e.g. total allowable catches, minimum 
landing size), reduced landings of these species, albeit it also revealed 
a lack of awareness by fishers about the state of elasmobranchs 
populations, and their basic biology, which is an essential step to 
shared management responsibilities and improved conservation 
(Silva et al.). Bivalve species are also an important seafood resource, 
with growing exploitation of both indigenous and non-indigenous 
species. Predicting species occurrence and abundance can improve 
sustainability and management of exploited bivalve populations 
(Santos et al.), albeit overexploitation, diseases, increased predation, 
and competition with non-indigenous species have all been pointed 
to as factors in the decline of these populations in Europe. The 
management of non-indigenous species can be a challenge. The 
Manila clam (Ruditapes philippinarum) is a good example, this 
non-indigenous species was introduced in Europe in the 1970s 
for commercial purposes, and is currently highly abundant in 
various estuarine systems, with significant illegal exploitation of 
this resource. Coelho et  al. proposed a co-management model 
for this activity toward creating a legal framework for sustainable 
harvesting, which can be applied to the different systems where 
exploitation occurs.

Globalization and aquaculture development have also 
brought about the exploitation of less traditional resources 
in a given region (Naylor et  al., 2021), such as echinoderms 
on the Atlantic coast. Sea urchins’ harvest and aquaculture 
are increasing, and information on their feeding biology 
(Luís and Gago) can greatly improve cultivation conditions. 
Another example are sea cucumbers, which are a highly-priced 
commodity in Asian markets, but their intrinsic biological 
and ecological characteristics show that these echinoderms 
are vulnerable to overfishing, and there is a need for stock 
management in NE-Atlantic (Félix et al.).

Management and valorization of other biological resources 
are also key to sustainable exploitation of marine resources. 
A keen example is the need to manage the impacts of more 
frequent Sargassum events on the Atlantic shores, with evident 
ecological and socioeconomic impacts on the nearshore 
(Robledo et al.). Coupling mitigation efforts with the potential 
exploitation of the excess macroalgae biomass, which may 
provide potentially valuable compounds of interest (e.g. 
polysaccharides), could be key to balancing the valorization 
of natural resources and coastal management in the affected 
areas.

Assessing the environmental status of an environment, as easy as 
it sounds, encompasses a myriad of approaches and compartments. 
In the last years, this became a primal objective of several marine 
directives, resolutions, and acts worldwide (Borja et  al.). One 

of the first approaches in this regard is the evaluation of the 
physic-chemical characteristics of a certain ecosystem and its 
biotic compartments. Changes in these traits lead to inevitable 
shifts and impacts on the biotic communities. This can go from 
the evaluation of the trace element composition of sediments 
coupled with risk assessment tools to evaluate the risk that 
these elements pose to the ecosystem but also the degree 
of impact that can be attributed to anthropogenic activities 
concerning geological baselines (Vilhena et  al.). But not all 
changes are due to direct human impacts and can be due to 
simple system hydrodynamic variability. Phytoplankton for 
example is highly affected by the system tidal and hydrodynamic 
regime, and these key communities can suffer drastic changes 
during extreme phases of the ecosystem tidal cycle, such as 
springtides, not only in terms of community diversity but 
also planktonic biomass (Cereja et  al.). In the case of closed 
estuarine systems, the effective management promoted will 
have similar implications. Human-driven interventions such 
as the diversion of wastewater treatment works discharges and 
restoration of hydrodynamic variability have important effects 
on the phytoplankton community dynamics, being pointed out 
as priorities for improving the health and biodiversity of small, 
closed microtidal systems (Lemley et al.). Climate change also 
emerges as another key factor shaping marine communities, 
like macroinvertebrates, a key group for environmental 
quality assessment. Environmental management actions have 
been contributing to an overall improvement of the systems’ 
ecological quality. Nevertheless, time-series analysis also 
reveals that in Atlantic systems there has been an increase of 
subtropical species in shallower areas, while in deeper areas 
the propensity is for species that prefer temperate climates 
(Goulding et al.). All these changes in the communities of the 
estuarine systems have cascading effects not only at the species 
and population level but with cascading effects throughout 
the trophic web, from the primary producers to top predators. 
Anthropogenic drivers such as fishing affect directly fish 
communities, although several other such as climate anomalies, 
eutrophication, and chemical contamination also impose shifts 
in fish communities and trophic webs, with significant regional 
patterns due to different reporting efforts made by different 
countries, reinforcing, therefore, the need for monitoring 
all biotic compartments and their relationships (Machado 
et  al.). Ecosystem changes at different levels of complexity 
and intensity degree, lead to inevitable impacts, especially in 
shelf ecosystems, more prone to anthropogenic disturbance. 
These have more serious impacts on sensitive small pelagic fish 
and lower trophic levels that lead to internal triggers related 
to indirect trophic interactions benefiting organisms from 
upper trophic levels and impacting the pelagic communities. 
Nevertheless, not all changes come from negative impacts, and 
the reduction of the fishing pressure can also enhance these 
internal triggers. Thus, for a correct understanding of the 
changes occurring in shelf ecosystems Szalaj et  al. proposes 
that regime-specific harvest rates and environmental reference 
points should be considered when an indication of abrupt 
change in the ecosystem exists.
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Earth observation technologies and advanced computational 
methods such as artificial intelligence have boosted in the last 
years the marine research capacity (e.g. Salcedo-Sanz et  al., 
2020). Coupled with long time-series open access data these 
approaches appear as powerful tools to investigate changes in 
marine ecosystems in wider time frames. Satellite imagery has 
been used to monitor the Earth System in several components, for 
example, macroalgal blooms. Karki et al.  Earth Observation data 
sets to map green algal cover and crossed it with the ecological 
status of several transitional ecosystems. This approach allowed 
to train artificial neural networks using the in situ historical 
biomass samples and satellite imagery, developing a model that 
allowed to efficiently estimate macroalgae bloom species biomass 
amounts leveraged the benefits of Earth Observation (EO) data 
sets, providing a tool for addressing the ecological status of 
transitional ecosystems. These artificial intelligence approaches 
can also be leveraged on large monitoring datasets to address 
not only the ecological status of a certain water body but also its 
chemical status. Feeding a machine learning limnological feature 
model Concepcion et al. developed an approach to evaluate the 
contamination and eutrophic degree of transitional systems 
that could efficiently and automatically classify the transitional 
water’s chemical status within the legislated classification 
thresholds and produced numerical index values that can easily 
be communicated to the general public and managers alike. 
Satellite imagery has been extensively used to monitor ocean 
productivity namely in terms of chlorophyll a abundance. 
Phytoplankton comprises organisms with very different size 
classes which in turn leads to differential carbon fixation 
capacities. Understanding the relationship between EO-derived 
chlorophyll a data and phytoplankton size classes and carbon 
fixation is, therefore, a challenge. Brotas et al. fitted chlorophyll 
a data to carbon in situ measurements including different size 
class organisms for the first time, producing an accurate model 
that allows using Earth Observation (EO) products to monitor 
the ocean carbon cycle, including also for the first time typically 
disregarded size classes such as pico- and nanoplankton species. 
As abovementioned, in some cases, these approaches rely in part 
on long-term monitoring datasets. Open access databases such as 
the CoastNet’s Environmental and Biological Monitoring System 
(EBMS) presented by Castellanos et  al. provide continuous 
in-situ autonomously collected data being a fundamental tool 
to comply with environmental management and monitoring 
policies. França et  al. present an example of a public long-
term monitoring dataset for application for documenting fish 
assemblages in estuarine systems. The use of this dataset allows 
disentangling the relationship between fish communities and 
estuary abiotic conditions while encompassing the dynamics 
of these ecosystems using integrative and holistic approaches, 
highlighting the importance of the comparability of open-access 
datasets, due to the high degree of variability in terms of data 
acquisition methodologies. Another approach that has proved to 
provide key data for ecosystem monitoring is the reconstruction 
of environmental archives such as the ones trapped in marine 
sediments, allowing researchers to look back into the past 
conditions and organisms and providing key insights into the 
future of our oceans. This is the case of planktonic dinoflagellates 

resting cysts, sunk to the seabed where they can remain viable 
for a long time. García-Moreiras et  al. (2021) took advantage 
of this marine archive and provided the first detailed modern 
distribution of dinoflagellate cysts in the Northwest Iberian 
Atlantic margin. The results from this team showed that there 
is a good correspondence between the upwelling hydrographic 
features and water column characteristics and the resting cysts 
assemblages, pointing out that these features can be used as 
supporting evidence for the interpretation of stratigraphic cyst 
records for the reconstruction of past marine ecosystems.

Marine ecosystems are changing and in the worst-case 
scenarios already present a high degree of degradation. Thus, 
Ecosystem Restoration arises as a hot topic in marine sciences 
(Waltham et  al.). In some cases, certain habitats have been 
substituted by other ones, and thus the study of these last 
becomes of utmost importance. Marine forests are among the 
most threatened marine ecosystems on a global scale and in 
many temperate areas of the planet, these ecosystems have been 
replaced by “sea-urchins barrens.” These substitutions often 
occur in ecosystems with a higher degree of anthropogenic 
pressure, whilst protected areas and pristine environments show 
marine forest ecosystems preserved in good status. Bernal-
Ibáñez et al. propose that the degree of anthropogenic pressure 
as well as the status of the invasive populations are critical for 
marine environmental management and reinforce the urgent 
need for implementation of appropriate control mechanisms 
and restoration actions of marine forests. Additionally, to this 
bioinvasion pressure, macroalgae and seagrass ecosystems 
are also among the most threatened due to climate change 
due to heatwave events. Recent studies show that seagrass and 
macroalgae can become less susceptible to heat upon priming 
by previous heat stress events, due to the formation of a stress 
memory in these organisms. Jueterbock et al. suggest that these 
priming mechanisms can be used as a bioengineering tool to 
boost the resilience of both seagrass and macroalgae to secure 
their ecological and economic values in future oceans, having 
a high potential for future restoration efforts of marine forests 
and seagrass prairies. As macroalgal forests, also salt marshes 
are among the most degradation threatened ecosystems due to 
the expansion of invasive species. Species distribution modeling 
can act as a preventive approach to tackle this problem. Using 
the most recent climate change scenarios Borges et al. developed 
ecosystem models for one of the most abundant and successful 
salt marsh plants, Spartina spp. The projections point to a global 
trend for increasing Spartina species co-occurrence, with a 
general range expansion potentiated by increasing climate change 
scenario severity, suggesting that Spartina species can potentially 
benefit from climate change, with predicted poleward expansions 
in the Northern Hemisphere for most Spartina species, increasing 
the conflict and invasion potential in Northern Europe and East 
Asian shorelines, already under strong invasive pressure. Thus, 
becomes of utmost importance to develop environmentally 
friendly strategies for controlling this bioinvasion process. By 
evaluating the physiological drawbacks of certain Spartina 
invasive species, Cruz de Carvalho et al. developed an approach 
to control and reduce the populations of this invasive species 
in Mediterranean salt marshes. These authors explored the 

9

https://www.frontiersin.org/journals/marine-science
http://www.frontiersin.org/
http://www.frontiersin.org/
https://www.frontiersin.org/journals/marine-science#articles
https://doi.org/10.3389/fmars.2021.633128
https://doi.org/10.3389/fmars.2021.658434
https://doi.org/10.3389/fmars.2021.682621
https://doi.org/10.3389/fmars.2021.707089
https://doi.org/10.3389/fmars.2021.685294
https://doi.org/10.3389/fmars.2021.699483
https://doi.org/10.3389/fmars.2020.00071
https://doi.org/10.3389/fmars.2021.649873
https://doi.org/10.3389/fmars.2021.649873
https://doi.org/10.3389/fmars.2021.658485
https://doi.org/10.3389/fmars.2021.696333
https://doi.org/10.3389/fmars.2021.699528


Duarte et al. Emerging Topics in Marine Science 

4Frontiers in Marine Science | www.frontiersin.org June 2022 | Volume 9 | Article 953967

low tolerance of this species to waterlogging and used it as an 
ecoengineering solution that was revealed to lead to a significant 
degree of physiological stress in affected plants pointing towards 
a reduction in its ecophysiological fitness leading to the eventual 
invasive species drawback and removal.

The marine environment has been regarded as a potential 
source of bioactive compounds produced by different organisms 
and has been targeted in the last years for its potential for blue 
biotechnology (Rotter et  al.). Harsh environments such as 
intertidal areas like salt marshes, impose serious pressures on 
the organisms that inhabit them, leading to the development of 
adaptations that can be of added value. For example, bacteria 
inhabiting salt marsh halophytes rhizospheres, have proven 
to have significant growth-promoting abilities, and are used 
as biopromotors in the agricultural production of terrestrial 
plants, in a “from sea to farm” perspective, enhancing very 
significantly the growth of urban orchards (Pajuelo et al.). Other 
organisms such as the sea urchins have developed very specific 
adaptations to their habitat, such as the ability to adhere to the 
rocky substrate. This ability is promoted by the existence of 
specific molecules (such as proteins and glycans), that are now 
being explored as reversible adhesives for human applications, 
as novel biomimetic adhesives with capabilities beyond the 
synthetic glues currently available to consumers (Gaspar et al.). 
These two examples highlight the potential of marine organisms 
known but also hidden within the ocean “dark box” to harness 
blue biotechnology from agriculture to medicine.

A direct consequence of scientific and technological 
advancement in the marine environment is the growth of the 
Blue Economy, linked to various economic activities, namely 
aquaculture, renewable energies, blue biotechnology, deep-sea 
mining, and nautical tourism (Jouffray et al., 2020). The growth 
of these sectors implies increased competition for maritime 
space, due to new uses, which is a significant and global challenge 
to maritime governance. Over the last decade, a profound 
conceptual change in marine policies and governance of the 
maritime space was observed (Guerreiro), which has also led 
to increased awareness of the need to improve Ocean literacy, 
not just at the government level but in all levels of society. 
Understanding the ocean’s influence on people and their influence 
on the ocean is key to the sustainable use and conservation of this 
vital environment. Local engagement actions and participatory 
citizen-science initiatives are key approaches to improving 
our collective understanding of the marine environment, and 
to making informed and responsible decisions regarding the 
sustainable use and conservation of its resources and services. 
Harnessing the power of properly trained citizen scientists can 
contribute to high-quality data and monitoring initiatives in the 

coastal environment (Kasten et  al.), albeit it is vital to develop 
an effective communication strategy to provide feedback on 
results and applicability to society, to keep the engagement of 
citizen scientists. It is also fundamentally important to educate 
the new generation, which can influence their peers and families 
in the present, but also ensure that in the future society will be 
better informed and able to make responsible decisions on the 
management of the marine environment. Local engagement 
activities with elementary school students demonstrated an 
overall improvement in students’ knowledge of the issues of 
climate change and the impact of other anthropogenic pressures 
(Boaventura et  al.; Aurélio et  al.). Notably, they also identified 
the need to bridge the gap in students’ backgrounds to improve 
communication and education results as an effective tool for 
Ocean literate citizens.

Marine sciences are undoubtedly a hot topic nowadays (e.g. 
Borja et al.; Borja et al.). More and more often marine research 
encompasses multi-disciplinary approaches including Science 
and Literacy taking advantage of the most recent technological 
Innovations. Climate change, bioinvasions, anthropogenic 
pressures, ecosystem monitoring, ocean literacy, and blue 
biotechnology are among the hot topics highlighted in the present 
work collection. Merging these key research areas with state-of-
the-art novel approaches (satellite imagery, artificial intelligence, 
long-term time-series, molecular techniques) has provided to be 
a perfect combination to advance marine science research. Public 
engagement has also arisen as a key factor for marine ecosystem 
conservation and monitoring. The engagement of the public in 
citizen science programs has raised the awareness of populations 
to the need to protect the environment and provide conservation 
measures for the future oceans bringing citizens, science, and 
technology close together within a common effort to protect our 
oceans.
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Marine macrophytes, including seagrasses and macroalgae, form the basis of
diverse and productive coastal ecosystems that deliver important ecosystem services.
Moreover, western countries increasingly recognize macroalgae, traditionally cultivated
in Asia, as targets for a new bio-economy that can be both economically profitable and
environmentally sustainable. However, seagrass meadows and macroalgal forests are
threatened by a variety of anthropogenic stressors. Most notably, rising temperatures
and marine heatwaves are already devastating these ecosystems around the globe,
and are likely to compromise profitability and production security of macroalgal farming
in the near future. Recent studies show that seagrass and macroalgae can become
less susceptible to heat events once they have been primed with heat stress. Priming
is a common technique in crop agriculture in which plants acquire a stress memory
that enhances performance under a second stress exposure. Molecular mechanisms
underlying thermal priming are likely to include epigenetic mechanisms that switch state
and permanently trigger stress-preventive genes after the first stress exposure. Priming
may have considerable potential for both ecosystem restoration and macroalgae farming
to immediately improve performance and stress resistance and, thus, to enhance
restoration success and production security under environmental challenges. However,
priming methodology cannot be simply transferred from terrestrial crops to marine
macrophytes. We present first insights into the formation of stress memories in both
seagrasses and macroalgae, and research gaps that need to be filled before priming can
be established as new bio-engineering technique in these ecologically and economically
important marine primary producers.

Keywords: DNA methylation, plasticity, stress memory, bio-engineering, seagrass, macroalgae farming, kelp
restoration, heat hardening
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INTRODUCTION

Marine macrophytes, including seagrasses and macroalgae, form
the foundational basis of some of the most productive and
diverse coastal marine ecosystems on the planet (Larkum et al.,
2006; Costanza et al., 2014; Klinger, 2015; Teagle et al., 2017)
that provide ecosystem services worth US$ 28.9 ha−1 year−1

(Costanza et al., 2014). Moreover, macroalgae, traditionally
cultivated in Asia (Chopin, 2017; Hu et al., 2021) at an annual
value of US$ 13.3 billion (FAO, 2020), are increasingly recognized
in Europe and America as a target for a new, highly profitable, and
environmentally sustainable bioeconomy (Skjermo et al., 2014;
Stévant et al., 2017; Grebe et al., 2019; Araújo et al., 2021).

Marine macrophytes are increasingly threatened by a variety
of anthropogenic stressors, including coastal development,
invasive species, agricultural run-offs, dredging, aquaculture,
and rising sea levels (Orth et al., 2006; Krumhansl et al.,
2016; Chefaoui et al., 2018; Filbee-Dexter and Wernberg, 2018).
Nearly one-third of global seagrass areas have disappeared
over the last 100 years (Waycott et al., 2009) and 60% of
macroalgal forests have been in decline over the past 2–5 decades
(Wernberg et al., 2019).

Above all, temperature is the most important range-limiting
factor for marine macrophytes (Jueterbock et al., 2013; Repolho
et al., 2017; Assis et al., 2018; Duarte et al., 2018; Martínez
et al., 2018). Rising ocean temperatures, interfering with
reproduction, development, and growth (Breeman, 1990; Short
and Neckles, 1999), are fundamentally altering genetic diversity
and adaptability (Coleman et al., 2020; Gurgel et al., 2020), and
devastating macroalgal forests and seagrass meadows around
the globe (Arias-Ortiz et al., 2018; Filbee-Dexter et al., 2020;
Smale, 2020). In response, large-scale restoration efforts aim to
avert severe ecological and economic consequences (Eger et al.,
2020; Fredriksen et al., 2020; Layton et al., 2020; Tan et al.,
2020; Vergés et al., 2020). Modeling studies, based on projected
carbon emission scenarios, predict that poleward range shifts
will intensify (Jueterbock et al., 2013; Valle et al., 2014; Assis
et al., 2016, 2017; Chefaoui et al., 2018; Wilson and Lotze, 2019).
Even if rising sea temperatures remain below lethal limits, they
reduce macroalgal growth and performance (Nepper-Davidsen
et al., 2019; Hereward et al., 2020; Smale et al., 2020), increase
disease outbreaks and biofouling (Harley et al., 2012; Nepper-
Davidsen et al., 2019; Qiu et al., 2019; Smale et al., 2020), and
radically alter ecological interactions that determine persistence
(Provost et al., 2017; Vergés et al., 2019)–thus compromising
future sustainability of natural habitats, and production security
of associated industries.

PRIMING POTENTIAL IN MARINE
MACROPHYTES

Priming, a Common Technique for Crop
Enhancement
In agriculture, priming (Box 1) is a commonly employed
technique to enhance crop resistance to environmental

challenges, including pathogen infections, hot, cold, dry, or
saline conditions (Ibrahim, 2016; Pawar and Laware, 2018;
Wojtyla et al., 2020); in some cases even across generations
(transgenerational priming, Box 1) (Herman and Sultan, 2011;
Lämke and Bäurle, 2017; Benson et al., 2020). For example,
reproductive output of F3 Arabidopsis progeny increased five-
fold under heat stress (30◦C) if the F0 and F1 generations had
previously experienced the same stress (Whittle et al., 2009).
Seed priming also synchronizes germination and improves vigor,
leading to improved crop establishment and yield (Pawar and
Laware, 2018). Priming is now considered a promising strategy
for crop production in response to future climate (Wang et al.,
2017; Mercé et al., 2020), and may have large potential to alleviate
negative climate change impacts on marine macrophytes as well
as to enhance yield in macroalgae production.

Mechanisms Underlying Priming
Priming relies on the formation of a molecular stress memory
(Box 1), a process that can include epigenetic mechanisms
such as microRNAs (miRNAs), histone modifications, and DNA
methylation (Iwasaki and Paszkowski, 2014; Balmer et al., 2015;
Crisp et al., 2016; Hilker et al., 2016; Wojtyla et al., 2016; Gallusci
et al., 2017; Lämke and Bäurle, 2017; Bäurle, 2018; Figure 2).
Epigenetic mechanisms do not alter the DNA sequence but
have the potential to change gene expression (Bossdorf et al.,
2008). Stress memory based on non-coding RNA and histone
modifications generally lasts no longer than several hours or days
(Mathieu et al., 2007; Cedar and Bergman, 2009; Lämke and
Bäurle, 2017; Kumar, 2018), with some exceptions (Huang et al.,
2013; Bilichak et al., 2015; Morgado et al., 2017). In contrast,
DNA methylation is more stable, and can even be heritable
across generations (Boyko et al., 2010; Ou et al., 2012; Verhoeven
and van Gurp, 2012; Bilichak and Kovalchuk, 2016; González
et al., 2017). For example, mediation of transgenerational priming
via inherited DNA methylation has been demonstrated in the
plant Polygonum persicaria, in which demethylation of offspring
with zebularine removed the adaptive effect of parental drought
exposure in the form of longer root systems and greater biomass
(Herman and Sultan, 2016).

Indications of Priming in Macrophytes
Recent studies show that seagrass can become less susceptible
to heat events if it has been primed to stressful temperatures
(Figure 1). For example, primed individuals (6 days at 29◦C,

BOX 1 | Glossary of priming-related terms.
Priming–A plant’s ability to acquire a stress memory, enhancing its
performance when exposed to a second stress by allowing it to respond
faster, stronger, or in response to a lower threshold compared to a naïve plant
(Figure 1A). Priming is often used synonymously with hardening,
conditioning, or acclimation.

Stress memory–A stress-induced alteration in epigenetic state that may last
under mitotic cell divisions and results in priming.

Transgenerational priming–Stability of a stress memory under meiotic cell
divisions across at least one generation that benefits the progeny of primed
parental plants.
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FIGURE 1 | Concept of priming and potential for its application in macroalgae and seagrass. (A) A primed organism responds faster, earlier, stronger or to a lower
threshold of a stressful triggering stimulus as compared with a naïve organism. (B) A naïve organism is primed by building up a memory of a certain stress stimulus.
The stress memory is more likely to be heritable across asexually produced generations than across sexually produced generations because of epigenetic
reprogramming under gametogenesis (meiosis) and embryogenesis. (C) At which stage priming is best applied depends on the stability/transfer of a priming memory
across the life cycle stages of kelp and seagrass. The state of the art, challenges and knowledge gaps to establish priming as a novel bio-engineering technique in
marine macrophytes are listed for macroalgae and seagrass, respectively.
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FIGURE 2 | Genetic versus epigenetic mechanisms underlying stress adaptation and their relevance for restoration and farming of marine macrophytes.
Environmental stress can alter the phenotype of marine macrophytes by positive selection of pre-adapted genotypes or of new beneficial mutations, resulting in
genetic adaptation of the population within several generations. In contrast, epigenetic mechanisms, comprising ncRNAs, DNA methylation, and histone
modifications, contribute to phenotypic plasticity by altering the expression patterns of genes within a single generation. The key characteristics with respect to the
application potential of genetic and epigenetic mechanisms for farming and restoration of marine macrophytes, are listed at the bottom.

4◦C above natural conditions) of the seagrass species Zostera
muelleri and Posidonia australis showed significantly enhanced
photosynthetic capacity, leaf growth, and chlorophyll a content
after exposure to heat stress (32◦C for 9 days) compared with
naïve plants (Nguyen et al., 2020). Moreover, previous exposure
of Zostera marina to simulated warming (15◦C for 45 days,
2◦C above control temperature) resulted in an increase in clonal
shoot production and shoot length, as well as a decrease in
leaf growth rates and in the ratio of below to above ground
biomass (DuBois et al., 2020). Vegetatively grown shoots of

primed parental plants could maintain biomass production under
a second warming event (ca. 16◦C for 40 days) but not shoots
of naïve parental plants. The changes, which lasted for several
years across multiple clonal generations after the stress was
removed, would likely be adaptive in a warmer environment by
reducing the respiratory burden of non-photosynthetic tissues.
As discussed in Nguyen et al. (2020), heat priming may
explain why the Mediterranean seagrass Posidonia oceanica did
not suffer high mortality rates after intense and long-lasting
heat-waves in 2012, 2015, and 2017 (Darmaraki et al., 2019),
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in contrast to an extensive die-off after the 2006 heatwave
(Marbà and Duarte, 2010).

Evidence that epigenetic modifications contribute to form a
thermal stress memory in seagrass is suggested by significant
stress-induced regulation of methylation-related genes, in
particular histone methyltransferases (Nguyen et al., 2020), and
a change in DNA-methylation patterns that lasted for at least
5 weeks following exposure to heat stress (Jueterbock et al., 2020).
A 5-week heat-stress memory is potentially long enough to heat-
harden the same generation of previously exposed shoots. This
methylation memory involved CG hyper-methylation and, thus,
potentially constitutive upregulation (Zhang et al., 2006; Yang
et al., 2014; Dubin et al., 2015; Niederhuth and Schmitz, 2017)
of genes involved in the breakdown of heat-denatured proteins
(Feder and Hofmann, 2002); which would be expected to provide
a faster or stronger protective response upon exposure to a
second heat stress.

In fucoid macroalgae, priming was shown to enhance
resistance to dry and cold conditions (Schonbeck and Norton,
1979; Collén and Davison, 2001). Moreover, in the kelp
Laminaria digitata, gametophyte exposure to low temperatures
(5◦C versus 15◦C) significantly enhanced growth of the derived
sporophytes under benign conditions (5 and 15◦C) (Liesner
et al., 2020). A small number of studies suggest that macroalgal
performance under heat stress may be bio-engineered by thermal
priming (Figure 1). First, priming the gametophyte generation
of the kelp Alaria esculenta for 3 days at 22◦C (compared with
12◦C) enhanced their survival under increased temperatures,
and the growth of the derived sporophyte generation (Quigley
et al., 2018). Second, cultivation of Saccharina japonica
gametophytes at 22–24◦C increased the heat-tolerance of the
derived sporophytes by 2◦C (Wu and Pang, 1998) in Bricknell
et al. (2021). Third, in the fucoid brown alga Fucus vesiculosus,
storage of parental tissue at a higher temperature (14◦C versus
4◦C), or acclimation of embryos to 29◦C significantly increased
their survival by 30–50% under 33◦C (Li and Brawley, 2004).
Fourth, individuals of the red alga Bangia fuscopurpurea primed
for 3 days at 28◦C could survive 1 week at 32◦C significantly
better than naïve individuals (Kishimoto et al., 2019). The
priming stress caused an increase in the saturation level of
membrane fatty acids, suggesting that altered membrane fluidity
is part of the species’ heat stress memory. However, this memory
lasted for only 5 days after the primed individuals were returned
to benign conditions (15◦C).

DISCUSSION – PROSPECTS AND
CHALLENGES OF PRIMING IN MARINE
MACROPHYTES

Distinguishing Priming From Selection
Just as thermal stress in natural settings can cause mortality
and selection (Coleman and Wernberg, 2020; Coleman et al.,
2020; Gurgel et al., 2020), priming induced mortality could
inadvertently result in selection of pre-adapted genotypes–which
may explain the observed transfer of positive effects from the

primed gametophyte to the derived sporophyte generation of
kelp (Quigley et al., 2018; Liesner et al., 2020). In order not
to falsely ascribe improved stress tolerance to the formation
of a molecular stress memory, it is critical to distinguish
between priming and selection. This could be achieved through
establishing correlations between positive priming effects and
priming-induced epigenetic shifts that are independent from
priming-induced genetic shifts by using partial mantel tests and
multivariate redundancy analysis (Foust et al., 2016; Gugger et al.,
2016; Herrera et al., 2016; Oksanen et al., 2016; Jueterbock et al.,
2020). Moreover, tests for outlier loci that have become dominant
allelic variants under positive selection (Narum and Hess, 2011;
Günther and Coop, 2013; Ahrens et al., 2018) should be carried
out in order to prove that positive priming effects cannot be
explained by the survival of adapted genotypes.

Specificities of the Brown Algal
Methylome
While the presence of cytosine methylation has been reported
for green algae, red algae, dinoflagellates, and diatoms (Maumus
et al., 2011; Tirichine and Bowler, 2011; Veluchamy et al., 2013;
Bräutigam and Cronk, 2018; Lee J. M. et al., 2018), it is still
not clear which brown algae share a lack of DNA methylation
with the filamentous brown alga Ectocarpus sp. (Cock et al.,
2010), in which epigenetic variation may be instead mediated
at the chromatin level by histone modifications (Bourdareau
et al., 2020) or via stress responsive miRNAs (Cock et al.,
2017). Recently, DNA methylation was detected in the kelp
S. japonica (Fan et al., 2019). The kelp methylome has been
shown to change between life-cycle stages, to correlate with gene
expression, and to differ from that of plants and microalgae. For
example, methylation occurs predominately in CHH sequence
contexts, which transfer methylation less reliably across mitotic
cell divisions than CG sites (Law and Jacobsen, 2010). Moreover,
DNA methylation appears to rely on a DNA methyltransferase
(DNMT2) that is of low efficiency compared with other DNMTs,
belonging to a class that mainly catalyzes tRNA methylation in
plants and animals (Fan et al., 2019). How these specificities
affect the functional role of the kelp methylome with respect to
molecular stress memory remains unexplored.

Integrative Analyses
Parallel recording of epigenetic and transcriptomic priming
responses can allow the identification of priming-induced
epialleles that correlate with gene expression patterns and
therefore potentially explain enhanced stress resistance (e.g., heat
shock proteins). For example, that heat-induced methylation
changes could be involved in stress acclimation of the red alga
Pyropia haitanensis, was suggested by their correlation with the
expression of stress-responsive genes (Yu et al., 2018). Penalized
regression methods present promising integrative multi-locus
models to test for statistical relationships between different
“omics” data sets as they can overcome the challenge of having
a small number of individuals (n) relative to the number of
parameters (p) (Pineda et al., 2015; Lien et al., 2018; Zhong
et al., 2019). Causal effects of DNA methylation on improved
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phenotypes may be possible to model with structural equation
modeling (SEM), an established multivariate method that is
relatively new to the field of molecular biology (Igolkina and
Samsonova, 2018; Fatima et al., 2020). To demonstrate a causative
relationship between priming memories and adaptive phenotypic
changes requires experimental removal of DNA methylation,
e.g., using Zebularine or 5-Azacytidine (Griffin et al., 2016),
or targeted modifications of epigenetic marks, e.g., using the
CRISPR-Cas system (Xu et al., 2016).

Inferences about the functional effect of molecular priming
memories rely on the availability of annotated genomes, which
are still scarce for marine macrophytes. Genomes have been
published for six brown macroalgae: Ectocarpus sp. (Cock et al.,
2010), S. japonica (Ye et al., 2015), Undaria pinnatifida (Shan
et al., 2020), Cladosiphon okamuranus (Nishitsuji et al., 2016),
Nemacystus decipiens (Nishitsuji et al., 2019), and Sargassum
fusiforme (Wang et al., 2020). Published seagrass genomes include
Z. marina (Olsen et al., 2016), Z. muelleri (Lee et al., 2016),
and Halophila ovalis (Lee H. et al., 2018). Thus, the assembly
and annotation of genomes, particularly of species of high
ecological or commercial relevance, is a key priority in priming-
related research.

Stability and Transfer of the Priming
Memory
Multi-generational stability of the priming memory
(transgenerational priming) is more important for the
application of priming in restoration than in cultivation.
Macroalgal cultivation naturally allows for annual re-priming
during the few weeks the macroalgae are cultivated under
controlled laboratory conditions. For example, for kelps, priming
could be annually applied to either the haploid gametophyte
cultures or to the young diploid sporophytes before being
deployed at sea until harvest. While priming of the gametophytes
would require the least resources (i.e., space and water), it is
not clear to what extent epigenetic reprogramming during
fertilization would affect transmission of a priming memory
to the sporophyte generation. To characterize the transfer of
priming memories via small life-cycle stages such as meiospores,
gametes, and zygotes may become possible with new single-cell
‘omics technologies (Wang and Bodovitz, 2010; Zhu et al., 2020)
that allow to sequence at DNA quantities which are too low for
more traditional high-throughput sequencing technologies.

For restoration of kelp forests and macroalgae beds, thermal
priming could be applied to the newly developed restoration tool
“Green gravel,” where macroalgae are seeded on rocks and reared
in the laboratory until reaching a size of 2–3 cm (Fredriksen
et al., 2020). Specifically, priming could be used to enhance
initial survival of gametophytes and juvenile sporophytes to
the generally harsher conditions in degraded areas where an
adult canopy is lacking. However, if not transferred across
generations, any positive priming effect will last, at most, until
the primed individuals have died, and will not provide long-
term protection against recurrent stress. Some macroalgae grow
vegetatively (e.g., Ecklonia brevipes; Coleman and Wernberg,
2018), allowing to compare the longevity of priming effects under

different modes of reproduction in macroalgae being applied in a
restoration context.

In seagrass meadows, priming memories are likely to be more
stable across vegetatively/mitotically grown generations than
across sexually produced generations because epigenetic marks
are often reset during meiosis and embryogenesis (Figure 1C;
Hirsch et al., 2012; Douhovnikoff and Dodd, 2014; Dodd and
Douhovnikoff, 2016; González et al., 2017). While direct tests
for predicted sexual-asexual differences in the transgenerational
stability of epigenetic marks are virtually lacking (Verhoeven
and Preite, 2014), a unique system to test these differences is
provided by the dramatic range in clonal diversity and life history
strategies of seagrasses, ranging from predominantly vegetative to
predominantly sexual reproduction (Kilminster et al., 2015).

Clonal seagrass meadows further provide a unique potential
to study whether communication of epigenetic information
across physically connected shoots allows the acquisition of a
collective stress memory to prepare interconnected ramets for
a range of future environmental challenges (Latzel et al., 2016).
The transport of epigenetic information from somatic tissue to
the germline via miRNAs (small ncRNAs that can cross cell
barriers) has been demonstrated in humans and the nematode
Caenorhabditis elegans (Creemers et al., 2012; Devanapally et al.,
2015; Sharma, 2015; Szyf, 2015). Whether such communication
may extend across interconnected ramets of the same clone has
never been tested.

Prospects to Explore Priming as
Biotechnological Tool in Marine
Macrophytes
Priming has a large potential to enhance restoration success
of macroalgal forests and seagrass meadows, and to ensure
production security of macroalgal biomass under environmental
challenges. Because primed organisms are not considered
genetically modified, they can be grown in countries where GMO
restrictions apply. Moreover, priming would likely be a less
controversial and more socially acceptable way to boost resilience
in macrophytes relative to the proposed gene editing approaches
(Coleman and Goold, 2019). However, priming cannot be simply
transferred from terrestrial plants to marine macrophytes. In
particular, brown and red macroalgae are distantly related to
terrestrial plants, and kelps have complex heteromorphic life
cycles with free-living gametophyte generations. Thus, in order
to identify whether priming can be established as a novel
bio-engineering technique for marine macrophytes, we need
ambitious fundamental research that uses complex experimental
setups combined with multivariate analyses that can integrate
multiple high-throughput sequencing datasets to test at which
intensity, duration, and life-cycle stage priming has a positive and
long-term effect without inducing selection or high mortality. For
priming to be of commercial value to the macroalgae farming
industry, we must further assess whether the cost factor added to
the cultivation process pays off by enhancing yield even in years
where the macroalgae are not exposed to stress or by providing
cross-protection to other relevant stressors (Hilker et al., 2016).
Despite these knowledge gaps, priming should be explored as
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a tool to boost resilience of both seagrass and macroalgae to
secure their ecological and economic values in future oceans.
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Marine ecosystems are affected by diverse pressures and consequently may undergo
significant changes that can be interpreted as regime shifts. In this study we used
integrated trend analysis (ITA) that combines multivariate statistics and methodologies to
identify abrupt changes in time-series, in order to test a hypothesis about the occurrence
of regime shifts in the Portuguese continental shelf ecosystem (PCSE). We used two
types of data describing ecosystem drivers (fishing mortality and environmental/climatic
indices) and ecosystem state (observed and modelled biomass and ecosystem indices).
Modelled biomass and ecosystem indices were outputs of Ecopath with Ecosim
temporal model parametrised for PSCE between 1986 and 2017. The analyses
indicated that the regime shifts in the PCSE have occurred during three periods in
the last three decades: “early regime” until the mid-1990s, followed by “transition
regime” in-between and “late regime” since the mid-2010s. The detected regime shifts
are characterised by changes in the pelagic community that became more dominant
when compared to the demersal community and shifted from sardine, the main fishing
resource, abundant in the “early regime”, to other less valuable pelagic fishes such as
chub mackerel that dominated the “late regime”. The “early regime” was characterised
by high catch, a larger proportion of demersal species, and higher diversity while, the
“late regime” was represented by lower catch, an increase in higher trophic level (TL)
predatory fish and lower diversity. Moreover, the “late regime” showed lower resilience
and reduced maturity when compared to the “early regime”. Changes described in the
ecosystem were probably related to (1) the shift in the north Atlantic environmental
conditions that affected small pelagic fish (SPF) and lower TLs groups, (2) reduction
in fishing pressure, and (3) internal triggers, related to the indirect trophic interactions
that might have benefited higher TL fish and impacted the pelagic community. In the
context of PCSE management, this study highlighted a need to consider the possibility
of regime shifts in the management process. For example, regime specific harvest rates
and environmental reference points should be considered when an indication of abrupt
change in the ecosystem exists.

Keywords: Portuguese continental shelf ecosystem, regime shift, ecosystem modelling, integrated trend analysis,
environmental forcing, sardine decline
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INTRODUCTION

Marine ecosystems worldwide are affected by increasing
natural and anthropogenic pressures and consequently undergo
significant changes at unprecedented rates. Affected by these
changes, ecosystems can reorganise and still maintain the same
function, structure, and identity (Walker et al., 2004). However,
under some circumstances, the ecosystem may undergo changes
that modify the system’s structure and function and this process
can be described as a shift to a new regime (Holling, 1973; May,
1977; Scheffer et al., 2001). Usually, a regime shift is triggered by
large-scale climate-induced variations (Parsons and Lear, 2001),
intense fishing exploitation (Daskalov, 2002) or both (Llope
et al., 2011). Criteria used to define regime shifts vary and the
changes that have to occur in order to consider that a system has
undergone a regime shift are not well-defined (Lees et al., 2006).
Normally, regime shifts are defined as high amplitude, low-
frequency and often abrupt changes in species abundance and
community composition that are observed at multiple trophic
levels (TLs) (McKinnell et al., 2001). These changes are expected
to occur on a large spatial scale and take place concurrently with
physical changes in the climate system (McKinnell et al., 2001;
Scheffer et al., 2001; Cury and Shannon, 2004; Collie et al., 2004;
deYoung et al., 2004; Wooster and Zhang, 2004; Lees et al., 2006).
Regime shifts have been described in several marine ecosystems
including Northern Benguela (Heymans and Tomczak, 2016), the
North Sea (Weijerman et al., 2005), and the Baltic Sea (Tomczak
et al., 2013). In large upwelling ecosystems, it is common to
observe decadal fluctuations in species abundance and their
replacements (Cury et al., 2000). These fluctuations might be
irreversible and might be an indicator of the new regime, as
was the case in the Northern Benguela ecosystem (Heymans
and Tomczak, 2016). However, changes in the upwelling systems
might be interpreted as fluctuations within the limits of natural
variability for an ecosystem, and not as an indicator of the regime
shift (Cury and Shannon, 2004). The Portuguese continental
shelf ecosystem (PCSE) constitutes the northernmost part of
the Canary Current Upwelling System and is characterised by
seasonal upwelling that occurs during the spring and summer
as a result of steady northerly winds (Wooster et al., 1976;
Fiúza et al., 1982). It has recently changed in the abundance
of coastal pelagic species such as sardine, chub mackerel, horse
mackerel, blue jack mackerel and anchovy (ICES, 2008, 2017a;
Martins et al., 2013; Garrido et al., 2015). Moreover, in the last
decades, an increase in higher TL species has been documented
(Leitão, 2015a). The causes underlying changes in the pelagic
community are not clear but it has been suggested that they result
from a complex interplay between environmental variability,
species interactions and fishing pressure (Leitão et al., 2014a;
Leitão, 2015b; Veiga-Malta et al., 2019). There is evidence,
that changes in the intensity of the Iberian coastal upwelling
(resulting from the strengthening or weakening northern winds)
had occurred in the last decades. However, the character of
these changes is contradictory where some authors observed
intensification of upwelling-favourable winds (Miranda et al.,
2012; Pires et al., 2013) while others documented their weakening
(Barton et al., 2013; Sydeman et al., 2014). In the latest review

of upwelling rate and intensity along the Portuguese coast,
Leitão et al. (2019) documented a successive weakening of the
upwelling since 1950, that lasted till mid/late 1970s in the
north-west and south-west and till 1994 in the south coast.
In recent years (1985–2009) an increase in upwelling index
(UI) in all studied regions was documented while additionally
upwelling intensification was observed in the south (Leitão et al.,
2019). Moreover, a continuous increase in water temperature,
ranging from 0.1 to 0.2◦C decade−1 has also been documented
(Baptista et al., 2017).

Understanding the changes that occurred in ecosystems,
including their causes, timeline and impacts, is very
important from the standpoint of ecosystem management
as the potential of regime shifts raises several challenges
for management (Crépin et al., 2012; Sguotti and Cormon,
2018). Therefore, identifying regime shifts and accounting for
these changes are important in the context of Ecosystem-
based management (Levin and Möllmann, 2015). This
relates also to fisheries management because a regime
shift might cause significant changes to the structure of
the ecosystem and consequently impact the harvesting of
fish stocks (Folke et al., 2004), as has been reflected in
Portuguese fishery landings profiles in the last half-century
(Leitão, 2015a).

Möllmann et al. (2009) used the integrated trend analysis
(ITA) approach that combines multivariate statistics (principal
component analysis, PCA) and methodologies to identify
step changes in time-series such as sequential t-test analysis
of regime shifts (STARS; Rodionov, 2004) and chronological
clustering (CC; Legendre et al., 1985) to demonstrate the
reorganization of the Baltic Sea ecosystem. By integrating
hydroclimatic, nutrient, plankton and fisheries data into
the ITA approach they identified two stable states between
1974 and 2005, separated by a transition regime in 1988–
1993. Heymans and Tomczak (2016) and Tomczak et al.
(2013) combined ITA with outputs of Ecopath with Ecosim
modelling approach1 and used ecological network analysis
(ENA) indicators as described by Ulanowicz (1986), to
test for the changes in food web organisation and to
describe changes that occurred in the Northern Benguela
and the Baltic Sea.

The main objective of this study is to investigate the
hypothesis that a regime shift occurred in the PCSE during
the study period. Two types of data describing ecosystem
drivers (fishing mortality and environment/climatic indices)
and ecosystem state (biomass and ecosystem indicators), and
ITA methodology (PCA, STARS, and CC) were used to: (1)
assess the changes in the PCSE over the last three decades;
(2) extract the common ecosystem trends (PCA); (3) detect
significant shifts in datasets (STARS and CC); (4) compare
times when the shifts occurred in different datasets; (5)
explore the relationship between extracted trends, and (6)
discuss the role of ecosystem drivers in the shifts describing
ecosystem state.

1www.ecopath.org
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MATERIALS AND METHODS

Study Site
The PCSE is situated in the northeast Atlantic between 36.5◦
and 42◦ N and between 10.5◦ and 7.5◦ W (Figure 1) and covers
an area of around 25,000 km2. Sea surface temperature (SST)
in the Portuguese shelf waters varied from 13 and 17◦C in the
north and 15 and 21◦C in the south in the winter and summer,
respectively. The western Portuguese coast is affected by seasonal
upwelling that occurs during spring and summer due to steady
northerly winds (Wooster et al., 1976; Fiúza et al., 1982). Also,
the Iberian Peninsula is influenced by mid-term atmospheric
phenomena such as Atlantic multidecadal oscillation (AMO) and
North Atlantic oscillation (NAO) (Trigo et al., 2004; Santos et al.,
2011). In the Portuguese continental shelf, the most important
fishing fleet in terms of volume of catch is the purse seine while
the fleets that target more valuable species and are important
due to the value of catch as opposed to volume, are bottom-
trawl and multi-gear fleet. Purse-seine fisheries target mainly
pelagic fish, where the most landed species are sardine (Sardina
pilchardus), chub mackerel (Scomber colias), and horse mackerel
(Trachurus trachurus) (Instituto Nacional de Estatística, 2000-
2018). According to National Portuguese Statistical Institute
(INE) statistics, bottom-trawlers that operate on the continental
shelf target finfish while the multi-gear fleet targets sardine (but
its catch is negligible), cephalopods, bivalves and crustaceans.

Data and Model
In order to test the hypothesis of the occurrence of regime
shifts in the PCSE during the last 30 years, we used data
describing ecosystem drivers that include: (1) fishing mortality,
(2) environmental variables and climatic indices, and data
describing ecosystem state that includes: (1) observed biomass,
(2) modelled biomass, and (3) ecosystem indicators (Table 1 and
Figure 2).

Fishing mortality and observed biomass data used in this
study were also used as inputs of the EwE model, describing the
PCSE between 1986 and 2017. The static version of this model
was developed by Veiga-Malta et al. (2019) and further updated
and fitted to 32 years of time-series data by Szalaj et al. (2021).
Moreover, modelled biomass and ecosystem indicators data used
in the study come as an output of this EwE model. The model
was developed using the EwE modelling software that uses a set
of differential equations to describe the ecosystem’s food web
structure, its functioning, and dynamics. It has been described in
detail by Christensen and Pauly (1992); Pauly et al. (2000), and
Christensen and Walters (2004) (see text footnote 1). Using EwE
data to assess the PCSE, allows for the integration of time-series
data into the analysis that are not available from other sources,
such as biomass of lower TL species and marine mammals.
The EwE model estimated these groups and using them in the
ITA provides a more complete picture of the studied ecosystem.
In addition, the EwE model provided an extensive suite of
indicators describing the ecosystem’s properties, its structure and
functioning. The use of these data allows for the assessment of the
changes that occurred in the PCSE at the whole ecosystem level.

FIGURE 1 | Map showing limits of the study area (200 m isobath).

Model description and details regarding model parametrization
are available in the study by Szalaj et al. (2021). In summary,
the model covers the area of the Portuguese Continental Shelf
(0–200 m; ICES subdivisions IXa), consists of 33 functional
groups (Figure 3) and includes three fishing fleets: bottom trawl
(BT), pelagic and multi-gear. Functional groups aggregate the
species that live in a similar environment and have a similar diet.
A detailed description of species that comprise each functional
group is available in the Supplementary Table 1.

Ecosystem Drivers Data
Data describing ecosystem drivers consisted of two data groups:
(1) fishing mortality and (2) environmental variables and climatic
indices (Table 1). Fishing mortality (F) data for the majority of
functional groups was calculated using Stock reduction analysis
(SRA; Kimura et al., 1984) and implemented as a stochastic SRA
(Walters et al., 2006) while F for sardine and hake was obtained
from stock assessment outputs (ICES, 2018a,b). A detailed
description of the SRA methodology and obtained results are
provided in the Supplementary Material S2. Environmental
variables consisted of annual, summer and winter means of SSTs
and UI while climatic indices included annual, summer and
winter means of AMO, NAO, and East Atlantic pattern (EA).
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TABLE 1 | Groups of data used in integrated trend analysis (ITA) and their sources.

Data groups Source

Ecosystem Drivers

Fishing mortality

Demersal piscivorous fish, rays, benthopelagic piscivorous fish (BFP), sparids, bogue (Boops
boops), horse mackerel (Trachurus trachurus), benthopelagic invertivorous fish (BFI), mackerel
(Scomber scombrus), blue jack mackerel (Trachurus picturatus), and anchovy (Engraulis
encrasicolus)

Stock reduction analysis (SRA) output

Sardine (Sardina pilchardus) and Hake (Merlucius merlucius) ICES Stock assessment output (ICES, 2018a,b)

An estimate of fishing mortality (F)

Environmental/climatic variables

Environmental variables

Sea surface temperature (SST) Met Office (https://www.metoffice.gov.uk/hadobs/hadsst3/
data/download.html)

Upwelling index (UI)

Spanish Institute of Oceanography (IEO)
(http://www.indicedeafloramiento.ieo.es/interactivo.html)

Climatic indices

Atlantic multidecadal oscillation (AMO) NOAA Earth System Research Laboratory
(http://www.esrl.noaa.gov/psd/data/timeseries/AMO)

North Atlantic oscillation (NAO) NOAA Climate Prediction Centre-National Weather Service
(http://www.cpc.ncep.noaa.gov/data/teledoc/ea.shtml)

Eastern Atlantic pattern (EA) NOAA Climate Prediction Centre-National Weather Service
(http://www.cpc.ncep.noaa.gov/data/teledoc/ea.shtml)

ECOSYSTEM STATE

Observed biomass

Demersal community

Hake (Merlucius merlucius), Stock assessment output (ICES, 2018a)

An estimate of ICES spawning stock biomass (SSB)

Benthic cephalopods, sharks, demersal invertivorous fish, and flatfish BT survey

Rays, demersal piscivorous fish (DFP), Sparids Stock reduction analysis output

Pelagic community

Adult and juvenile sardine (Sardina pilchardus), Stock assessment output (ICES, 2018b)

For adult sardine and horse mackerel: an estimate of ICES
spawning stock biomass (SSB)

Horse mackerel (Trachurus trachurus)

For juvenile sardine estimate of ICES recruitment

Squids BT survey

Chub mackerel (Scomber colias) Acoustic survey

Bogue (Boops boops), mackerel (Scomber scombrus), blue jack mackerel (Trachurus picturatus),
anchovy (Engraulis encrasicolus)

Stock reduction analysis output

Benthopelagic community

Benthopelagic piscivorous fish (BFP) and benthopelagic invertivorous fish (BFI) Stock reduction analysis output

Modelled biomass

Mammals and birds

Bottlenose dolphin, Harbour porpoise, stripped dolphin, seabirds, common dolphin, and minke
whale

EwE model output

Demersal community

Hake (Merlucius merlucius), rays, sharks, demersal invertivorous fish (DFI), demersal piscivorous fish
(DFP), benthic cephalopods, sparids, and flatfish

EwE model output

Pelagic community

Tunas, squids, bogue (Boops boops), chub mackerel (Scomber colias), horse mackerel (Trachurus
trachurus), mackerel (Scomber scombrus), blue jack mackerel (Trachurus picturatus), anchovy
(Engraulis encrasicolus), juvenile sardine, and adult sardine (Sardina pilchardus)

EwE model output

Benthopelagic community

Benthopelagic piscivorous fish (BFP) and Benthopelagic invertivorous fish (BFI) EwE model output

(Continued)
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TABLE 1 | Continued

Data groups Source

ECOSYSTEM STATE

Modelled biomass

Invertebrates and Plankton

Henslow’s crab (Polybius henslowii), shrimps, macrozoobenthos, suprabenthic invertebrates,
macrozooplankton, meso/microzooplankton, and phytoplankton

EwE model output

Ecosystem indicators

Biomass-based

Demersal per pelagic biomass (Dem/Pel B), predatory biomass (Pred B), Kempton’s index
(Kempton Q), and Shannon diversity index (Shannon)

EwE model output

Catch-based

Total catch (Tot C), demersal per pelagic catch (Dem/Pel C), predatory catch (Pred C), pelagic catch
(Pel C), and demersal catch (Dem C)

EwE model output

Trophic-based

Mean trophic level of the catch (mTLc), Mean trophic level of the community (mTLco) EwE model output

Ecological network analysis (ENA)

Relative ascendency (A/C), Finn’s cycling index (FCI), turnover rate (TotP/TotB), entropy (H), and
redundancy (R)

EwE model output

For functional groups that consist of one species, a Latin name was provided in the brackets. For other functional groups, the list of species that are aggregated into the
group is provided in Supplementary Table 1.

FIGURE 2 | Scheme of integrated trend analysis (ITA) methodology applied in this study.

Ecosystem State Data
Data describing ecosystem state consisted of three data
groups: (1) observed biomass, (2) modelled biomass, and (3)
ecosystem indicators.

Observed biomass data
Observed biomass data consisted of the biomass data aggregated
into 20 functional groups (Table 1). These data were used to

calibrate the PCSE EwE model between 1986 and 2017 (Szalaj
et al., 2021). When possible we used the outputs of stock
assessment models as biomass estimates (i.e., sardine, hake and
horse mackerel). For other species, when enough data were
available, we estimated plausible biomass (BSRA) trends using
SRA. For the majority species (demersal piscivorous fish, rays,
sparids, bogue, benthopelagic invertivorous, and piscivorous
fish, mackerel, blue jack mackerel) we used BT survey data
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FIGURE 3 | Flow diagram of the Portuguese continental shelf ecosystem (PCSE) in 1986. The list of species and functional groups are described in Veiga-Malta
et al. (2019). Acronyms Bp.fish_p is Benthopelagic piscivorous fish, Bp.fish_i, is Benthopelagic invertivorous fish, Dem.fish_i, is Demersal invertivorous fish,
Dem.fish_p, is Demersal piscivorous fish, and Suprabenthic inv is Suprabenthic invertebrates.

as abundance estimates for SRA input, with the exception
of anchovy for which we used abundance estimates obtained
from acoustic surveys. For species that lacked sufficient data
to perform a SRA, the abundance index trends were taken
directly from BT surveys (sharks, squids, benthic cephalopods,
flatfish, and demersal invertivorous fish), with exception of the
biomass for chub mackerel which was taken from an acoustic
survey. Portuguese BT surveys are carried out in autumn
(September–October) at predefined stations in the Portuguese
Exclusive Economic Zone at depths varying from 20- to 500-
m depth (ICES, 2017b). In this study only data that referred
to the continental shelf (depth < 200 m) was considered. BT
survey biomass estimates were calculated using the swept area
method. Portuguese acoustic surveys (PELAGO survey series)
are performed annually in spring (April–May) in an area that
covers the Portuguese continental shelf. Acoustic fish data were
obtained following the methodology described in ICES (2016)
by performing echo-integration along 1 nm Elemental sampling
distance unit (ESDU, distance measure used in acoustic surveys)
and supported by fish sample collection. Both acoustic and BT
surveys were performed by the Portuguese Institute of Sea and
Atmosphere (IPMA).

Modelled biomass data
Modelled biomass data for 33 functional groups that range
from plankton to marine mammals (Figure 3 and Table 1)
were obtained from the EwE model fitted to the time series for
the PCSE between 1986 and 2017 (Szalaj et al., 2021). A full
list of functional groups used in this study is presented in
Supplementary Table 1.

Ecosystem indicators data
Various indicators that describe ecosystem properties were
extracted from the EwE model fitted to the time series for the
PCSE between 1986 and 2017. Among the available indices,
16 indicators that represent distinctive processes, were used
in the analysis. They are (1) demersal per pelagic biomass
(Dem/Pel B), (2) predatory biomass (Pred B), (3) Kempton’s
index (Kempton Q), (4) Shannon diversity index (Shannon), (5)
total catch (Tot C), (6) demersal per pelagic catch (Dem/Pel
C), (7) predatory catch (Pred C), (8) pelagic catch (Pel C),
(9) demersal catch (Dem C), (10) mean trophic level of the
catch (mTLc), (11) mean trophic level of the community
(mTLco), (12) relative ascendency (A/C), (13) Finn’s cycling
index (FCI), (14) turnover rate (TotP/TotB), (15) entropy
(H), and (16) redundancy (R). Their definitions are presented
in Table 2.

Integrated Analysis
Data described in subsection “Data and Model” was subjected
to an ITA that was performed using the method described by
Diekmann and Möllmann (2010) (Figure 2). It integrates the
following statistical methods: (1) PCA, (2) STARSs (Rodionov,
2004), and (3) CC (Legendre et al., 1985). The PCA and
CC analyses were performed using R (R Core Team, 2020),
packages vegan (Oksanen et al., 2019) and rioja (Juggins, 2020).
The script was obtained from Diekmann et al. (2012). The
STARS analysis was performed using STARS software written
in visual basic for application (VBA) Excel 2002, available at:
sites.google.com/climateologic/download.
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TABLE 2 | Ecosystem indicators calculated from Ecopath with Ecosim (EwE), that describe the Portuguese continental shelf ecosystem (PCSE) between 1986 and 2017.

Ecosystem indicators Definition Description

Biomass-based
indicators

1 Demersal per pelagic
biomass (Dem/Pel B)

Sum of the biomass of demersal
species/sum of the biomass of pelagic
species

Explores processes benefiting the demersal or pelagic compartments of the
ecosystem. In general, this ratio is expected to increase with fishing (Cury et al.,
2005)

2 Predatory biomass
(t·km−2

·year−1) (Pred B)
Sum of the biomass of all species with
a trophic level ≥ 4

Includes biomass of all the groups with TL ≥ 4 and tends to decrease with
increasing fishing pressure in marine ecosystems (Rochet and Trenkel, 2003)

3 Kempton’s index (Kempton
Q)

Kempton Q = Q90 =
0.8S

log( R2
R1

)
Where S is the total number of functional groups in the model; R1 and R2 are
the representative biomass values of the 10th and 90th percentiles in the
cumulative abundance distribution. It defines the inverse slope of the
species-abundance curve

Describes diversity by considering functional groups with TL ≥ 3. This indicator
tends to decrease with ecosystem degradation (Kempton and Taylor, 1976)

4 Shannon diversity index
(Shannon)

Shannon = −
N∑

i = 1

piLnpi Where N is the total number of species in the community ecosystem, pi is the
proportion of total abundance represented by species i. The Shannon index
increases as both the richness and the evenness of the community increase

Catch-based indicators

5 Total catch (t·km−2
·year−1)

(Tot C)
Tot C =

∑
i Yi Where Yi is the yield of compartment/species i

Includes total landings and discards of the different fleets and provides an idea
of the overall fishing impact on the ecosystem (Pauly et al., 1998)

6 Demersal per pelagic catch
(Dem/Pel C)

Sum of the catch of all demersal
species/sum of the catch of all pelagic
species

Explores fishing strategy and assess its focus on the demersal vs. pelagic
compartment

7 Predatory catch
(t·km−2

·year−1) (Pred C)
Sum of the catch of all species with a
trophic level ≥ 4

Expresses the catch of the groups with TL ≥ 4. It tends to increase with
increasing fishing impact in the marine ecosystem

8 Pelagic catch
(t·km−2

·year−1) (Pel C)
Sum of the catch of all pelagic species Includes total landings and discards of the fleets directed toward pelagic

species. It provides an idea of the fishing impact on the pelagic ecosystem

9 Demersal catch
(t·km−2

·year−1) (Dem C)
Sum of the catch of all demersal
species

Includes total landings and discards of the fleets directed toward demersal
species. It provides an idea of the fishing impact on the demersal ecosystem

Trophic-based indicators

10 Mean trophic level of the
catch (mTLc)

mTLc =
∑

i TLi · Yi∑
i Yi

TLj = 1+
i∑
j

DCij ·TLi

Where Yi is the yield of compartment i; TLi is the trophic level of that
compartment; TLj is the trophic level of predator j; TLi is a trophic level of prey i
and DCij is the proportion of prey i in the diet of predator j

Expresses the Trophic Level (TL) of the catch, reflects the fishing strategy of the
fleet and is used to quantify the impact of fishing (Pauly et al., 1998). It is
expected to decrease with the increase of fishing (Shannon et al., 2009)

11 Mean trophic level of the
community (mTLco)

mTLco =
∑

i TLi
Bi
B Where TLi is the trophic level of species Bi is the species biomass and B is the

total biomass

Describes the TL and reflects the structure of the ecosystem. It is used to
quantify the impact of fishing (Rochet and Trenkel, 2003)

Ecological network
analysis (ENA) indicators

12 Relative ascendency (%)
(A/C)

A =
∑

i,j

(Tij) · log
(

Tij · TST
Tj · Ti

)
Where A is ascendency where Tij is the flow between two compartments i and j
and it includes all outflows from each compartment, Ti is the sum of all material
leaving the ith compartment, and Tj is the sum of all flows entering the jth
compartment. C is the development capacity where TST is the sum of all flows
Tij in the system

C =
∑

ij

Tij log
(

Tij

TST

)
Relative ascendency is an index if the organisation of the food web (Ulanowicz,
1986). It is negatively related to maturity (Christensen, 1995) which is related to
the system’s growth and development (Ulanowicz, 1986)

(Continued)
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TABLE 2 | Continued

Ecosystem indicators Definition Description

Ecological network
analysis (ENA) indicators

13 Finn’s cycling index (%)
(FCI)

FCI =
TSTc

TST tot
Finn’s cycling index is the proportion of the total system throughput (TSTtot ) that
is recycled in the system/TSTc). Quantifies the relative amount of recycling in
the system and is an indicator of stress and structural differences (Finn, 1976). It
is considered an indicator of ecosystem’s ability to maintain its structure and
integrity (Monaco and Ulanowicz, 1997) and an indicator of stress (Ulanowicz,
1986). An increase in FCI would suggest that the system has a capability to
recover faster from a perturbation, due to an increased system’s recycling and
consequently higher capacity to conserve nutrients. It is important to keep in
mind that a system would be expected to take longer to recover (lower FCI)
when it is in a more degraded state (Vasconcellos et al., 1997)

14 Turnover rate (TotP/TotB) The total production/total biomass ratio System turnover rate is an indicator of the average size of organisms in an
ecosystem (Shannon et al., 2009). It is hypothesized that fishing reduces the
mean size of organisms in ecosystems therefore the turnover rate is expected
to increase with fishing (Shannon et al., 2009)

15 Entropy (H) H = −
∑

ij

Tij

TST
· log

(
Tij

TST

)
Where Tij is the flow between two compartments and TST is the sum of all
flows in the system

Entropy represents the total number and diversity of flows in the system
(Mageau et al., 1998). The diversity of flows is similar to diversity assessed by
the Shannon diversity index (Shannon-Wiener) but considered flows instead of
abundance (Ulanowicz and Norden, 1990)

16 Redundancy (R) R =

−

n∑
i=1

n∑
j=1

(Tij) · log

(
T2

ij∑n
j=1 Tij ·

∑n
i=1 Tij

) Where: Tij is the flow between two compartments

This index is considered as an index of the system’s resilience (Heymans et al.,
2007) and it has been linked with ecosystem stability (Christensen, 1995). It
describes the distribution of energy flow pathways in the system. If the R is
high, it indicates that they are many alternative pathways for energy flows to get
from one compartment/functional group to another that allows compensation
for the environmental stress, while lower R indicate that flows are constrained
and energy is channelled through more specific pathways

The PCA, based on the correlation matrix, was
performed separately on fishing mortality data (PCA_FM),
environmental/climatic variables (PCA_ENV_CLIM), observed
biomass (PCA_B_obs), modelled biomass (PCA_B_model)
and ecosystem indicators (PCA_indices). Before analysis, each
dataset was checked for cross-correlation (Pearson) and variables
that are highly correlated (>0.8, Supplementary Material S3)
were excluded from the PCA. The list of the variables included in
the PCA analysis is shown in Table 3. The number of meaningful
principal components (PC) that were considered further in the
analysis was assessed by the scree plot that shows how much
variation each PC captures from the data and the broken stick
plot that demonstrates how many PCs should be retained. Also,
variable loadings for each meaningful PC were checked and
the variables whose loadings values were < 0.3 were excluded
from further analysis. Year scores for the meaningful principal
components (mainly PC1 and PC2) were plotted against time to
display temporal relationships (PC trends). Then PC trends were
subjected to STARS analysis to detect the occurrence of regime
shifts in the ecosystem. Moreover, the relationship between
PC trends extracted from the data describing ecosystem state
and ecosystem drivers were explored with cross-correlation.
To identify significant shifts in mean values of a given time

series, STARS was performed separately on each time series
of the whole dataset and on the time series of PC scores (PC
trends). The STARS method is based on a sequential analysis
of change points in the time series using the Student t-test. At
each observation, the procedure calculates a regime shift index
(RSI) to determine whether the following observation values are
significantly different from the mean of the previous regime. The
method and its use in the detection of shifts in marine systems
were discussed in Strinimann et al. (2019). In order to account
for serial correlations (red noise component), the prewhitening
procedure that adjusts the significance level of the shifts by
calculating effective degrees of freedom, described in Rodionov
(2006), was used. In this study the red noise component was
modelled by the first-order autoregressive model (AR1) and
estimated based on the ordinary least squares (OLS) as suggested
by Marriot and Pope (1954) and Kendall (1954). Parameters
that control the scale and magnitude of potential regime shifts
(significance level and cut-off length) and weights assigned to
outliers (Huber’s weight parameter) were set a priori to 0.05,
10, and 3, respectively according to Tomczak et al. (2013) and
Heymans and Tomczak (2016). The magnitude of the detected
regime shifts was assessed using RSI when the positive value
indicates an increase and the negative value indicates a decrease.
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TABLE 3 | Variables used in principal component analysis (PCA) after selection process (criteria for selection: cross-correlation ≤ 0.8).

Name of PCA
analysis

PCA_FM PCA_ENV_CLIM PCA_B_obs PCA_B_model PCA_indices

Type of data used in
PCA analysis

Ecosystem drivers Ecosystem state

Fishing mortality Environmental/climatic
variables

Observed biomass Modelled biomass Ecosystem
indicators

Variables used in PCA
analysis (Cor ≤ 0.8)

Sardine SSTm Adult sardine Adult sardine Dem/Pel B

Anchovy SSTw Juvenile sardine Juvenile sardine Shannon

Horse mackerel AMOm Anchovy Anchovy Tot C

Mackerel NAOm Chub mackerel Horse mackerel Pred C

Blue jack mackerel NAOw Mackerel Hake TL catch

Hake NAOs Blue jack mackerel Rays R

Rays EAm Tunas Benthopelagic
invertivorous fish

FCI

Benthopelagic
piscivorous fish

EAw Hake Benthic Cephalopods H

Benthopelagic
invertivorous fish

EAs Rays Squids TotP/TotB

Demersal piscivorous
fish

UIm Benthopelagic
piscivorous fish

Stripped dolphin

UIw Benthopelagic
invertivorous fish

Suprabenthic
invertrebrates

UIs Demersal invertivorous
fish

Sparids

Flatfish

Sharks

Benthic cephalopods

Squids

Number of variables
used

10 12 17 11 9

The CC discontinuity analysis is a clustering technique that
groups only sequential samples and has been used to identify
the abrupt changes in time-series. It is used for multivariate
datasets and clustering is based on the calculation of a similarity
matrix of the time-series based on Euclidian distances. The CC
analysis was performed separately on the same data groups as
the PCA (fishing mortality, environmental/climatic variables,
observed biomass, modelled biomass, and ecosystem indicators).
According to Diekmann and Möllmann (2010), the significance
level α (considered as a clustering-intensity parameter) and
connectedness level were set to 0.01 and 50%, respectively.
To make results interpretable in relation to PCA, data were
standardised prior to the calculation of the similarity matrix.

RESULTS

Ecosystem Changes, Key Functional
Groups, and Key Drivers (PCA)
In PCA_FM that included fishing mortality variables, three PCs
that in total explained 72.8% of variance were retained (Table 4).
The time trajectory of PC1_FM presented a relatively stable

trend until around 1998, followed by a decrease till the end
of the study period (Figure 4A). Variables that contributed
the most and positively related to this PC trend were fishing
mortality of demersal piscivorous fish and rays (Table 4). The
trend of PC2_FM showed an initial decrease until 1996, followed
by an increase till 2006 and a further slight decrease until
the end of the study period (Figure 4A). The variables that
positively contributed to this trend were fishing mortality of
benthopelagic invertivorous fish and mackerel, while fishing
mortality of benthopelagic piscivorous fish, anchovy and hake
contributed negatively (Table 4).

The trend of PC3_FM showed an initial gradual decrease
with time till about 2008, followed by a sharp increase till
the end of the study period (Figure 4B). The variables that
contributed positively to this PC trend were fishing mortality of
blue jack mackerel, horse mackerel (both positively) and sardine
(negatively) (Table 4).

In the PCA_ENV_CLIM that included
environmental/climatic variables, two retained PCs explained
in total 54.6% of the variance (Table 4). The trend of
PC1_ENV_CLIM showed a gradual increase with time and
variables SST, AMO and EA showed the largest positive
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TABLE 4 | Contribution of each variable to meaningful principal components for each PCA performed.

Variable abbreviation Variable name Meaningful PCs loadings

PCA_FM PCA on fishing mortality PC1 PC2 PC3 Total

Variance explained (%) 33.8 22.7 16.2 72.8

F_DFP Demersal piscivorous fish 1.2 −0.4 0.1

F_Rays Rays 1.3 0.2 0.0

F_BFP Benthopelagic piscivorous fish 1.0 −0.8 −0.2

F_HOM Horse mackerel 0.8 0.4 0.8

F_BFI Benthopelagic invertivorous fish 0.2 0.8 −0.6

F_MAC mackerel 0.8 0.9 0.3

F_JAA Blue jack mackerel −0.6 −0.6 0.7

F_ANE Anchovy 0.2 –0.8 0.7

F_PIL Sardine 0.3 0.0 –0.5

F_HKE Hake 0.4 –0.8 −0.8

PCA_ENV_CLIM PCA on environmental/climatic variables PC1 PC2

Variance explained (%) 31.2 23.4 54.6

AMOm Annual average of Atlantic multidecadal oscillation 1.0 −0.2

NAOm Annual average of North Atlantic oscillation −0.7 0.9

NAOw Winter average of North Atlantic oscillation −0.3 1.1

NAOs Summer average of North Atlantic oscillation –0.5 −0.1

EAm Annual average of Eastern Atlantic pattern 1.0 0.3

EAw Winter average of Eastern Atlantic pattern 0.5 0.2

EAs 1.0 0.3

SSTm Annual average sea surface temperature 0.9 0.7

SSTw Winter average sea surface temperature 0.6 0.8

UI_m Annual average upwelling index −0.2 0.7

UI_w Winter average upwelling index −0.6 0.9

UI_s Summer average upwelling index 0.7 −0.2

PCA_B_obs PCA on observed biomass PC1 PC2 PC3

Variance explained (%) 34.1 23.1 16.1 80.7

B_ANE_o Anchovy –0.8 0.6 −0.1

B_PIL_o Adult sardine 1.0 −0.1 −0.1

B_PIL_Juv_o Juvenile sardine 1.0 0.0 0.0

B_MAC_o Mackerel –1.1 −0.2 0.0

B_MASo Chub mackerel –0.5 −0.5 −0.3

B_Sparids_o Sparids –1.1 −0.2 0.0

B_Flatfish_o Flatfish 0.1 0.2 0.9

B_Hake_o Hake 0.1 1.1 −0.2

B_JAA_o Blue jack mackerel −0.5 0.7 −0.3

B_DFI_o Demersal invertivorous fish −0.2 0.4 1.0

B_BFI_o Benhopelagic invertivorous fish 0.8 0.3 0.3

B_BFP_o Benthopelagic piscivorous fish −0.2 1.0 −0.1

B_Ben_Ceph_o Benthic cephalopods 0.0 −0.2 0.9

B_Squids_o Squids 0.4 0.9 0.1

B_Rays_o Rays –1.0 0.5 0.1

B_Sharks_o Sharks −0.2 0.1 0.9

B_Tunas_o Tunas 0.8 0.7 −0.2

PCA_B_model PCA on modelled biomass PC1 PC2

Variance explained (%) 47.0 32.4 79.4

B_Supra_inv_m Suprabenthic invertebrates −0.3 –0.9

B_PIL_m Adult sardine 0.9 −0.7

(Continued)
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TABLE 4 | Continued

Variable abbreviation Variable name Meaningful PCs loadings

PCA_B_model PCA on modelled biomass PC1 PC2

B_PIL_Juv_m Juvenile sardine 0.9 −0.7

B_ANE_m Anchovy –1.0 −0.4

B_BFI_m Benthopelagic invertivorous fish 0.1 –1.1

B_HOM_m Horse mackerel –1.3 0.0

B_Ben_Ceph_m Benthic cephalopods –1.1 0.1

B_Squids_m Squids –1.2 0.1

B_Rays_m Rays –1.1 −0.6

B_Hake_m Hake 0.1 –1.2

B_Stripped_dolphin_m Stripped dolphin −0.5 –0.9

PCA_indices PCA on ecosystem indicators PC1 PC2

Variance explained (%) 51.0 33.7 84.7

Dem_Pel B Demersal per Pelagic biomass –1.3 0.2

Shannon Shannon diversity index –1.0 0.1

Tot C Total catch –1.0 0.8

Pred C Predatory catch −0.6 1.1

mTLc The trophic level of the catch 1.1 0.0

R Redundancy −0.7 –1.2

FCI Fins cycling index –1.2 −0.5

H Entropy −0.2 1.3

TotP_TotB Turnover rate –1.1 −0.6

Loadings values in bold showed the highest contribution.

contribution to this trend (Table 4 and Figure 4C). The time
trajectory of PC2_ENV_CLIM fluctuated till 2010 without any
clear trend, then increased substantially (Figure 4C). This trend
was mainly explained by NAO and UI (both annual and winter
averages) (Table 4).

In the PCA_B_obs that included EwE input biomass data,
three retained PCs explained 73.5% of the variance (Table 4).
The time trajectory of PC1_B_obs which explained 33.8% of the
variance, showed a decreasing trend that represented the biomass
trend of sardine and benthopelagic invertivorous fish (Table 4
and Figure 4D). The variables that showed an opposite trend to
PC1_B_obs were pelagic fish (anchovy and mackerels), sparids
and rays (Table 4). Time trajectory of PC2_B_obs that explained
23.7 % of the variance and showed an initial sharp decrease until
1998 followed by a decrease (Figure 4D) represented the biomass
trend for blue jack mackerel, hake, demersal piscivorous fish and
squids (Table 4). The trend of PC3_B_obs that explained 15.9 %
of the variance, did not show any clear tendency and reflected the
biomass of demersal invertivorous fish and benthic cephalopods
(Table 4 and Figure 4E).

In the PCA_B_model that included EwE output biomass
data, two retained PCs explained 79.4% of the variance.
The time trajectory of PC1_B_model fluctuated without any
clear trend till around 2006, when it substantially decreased
(Figure 4F). It represented the modelled biomass trend for
sardine (Table 4). The opposite trend was observed for other
pelagics (horse mackerel and anchovy), cephalopods and rays.
The trend of PC2_B_model increased till 1996, then stabilised
and fluctuated till the end of the study period (Figure 4F).

It reflected the opposite trend to modelled biomass of hake,
benthopelagic invertivorous fish, suprabenthic invertebrates and
striped dolphin (Table 4).

Both PC1_indices and PC2_indices explained 51.0 and 33.7%
of the total variance, respectively (Table 4). The time trajectory
of PC1_indices showed an increasing trend (Figure 4G) that
reflected the trend of mTLc (Table 4). The opposite trend to
PC1_indices was observed for Tot C, Dem/Pel B, diversity
(Shannon), and ENA indices (FCI, and TotP/TotB) (Table 4).
The trend of PC2_indices sharply decreased until 1996, stabilised
and since 2010 increased again (Figure 4G). The variables that
reflected this trend were Pred C and H while R showed the
opposite trend (Table 4).

Relationship Between Ecosystem
Drivers and Ecosystem State
The PC trends extracted from the observed biomass data
group showed significant correlations with PC trends extracted
from fishing mortality and environmental/climatic data groups
(Table 5). The statistical correlation was observed between
PC1_B_obs and PC1_FM (R = 0.82, p < 0.01), PC1_ENV_CLIM
(R = −0.66, p < 0.01) and PC3_FM (R = 0.35, p = 0.05). The
largest correlations for PC2_B_obs and PC3_B_obs were found
for PC2_FM (R = 0.68, p < 0.01) and PC2_ENV_CLIM (R = 0.38,
p = 0.03), respectively.

A statistical correlation was also found between PC trends
extracted from modelled biomass and ecosystem drivers’ data
(Table 5). Here, the PC1_B_model had the largest statistically
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FIGURE 4 | Results of principal component analysis (PCA); time-trajectory of PC scores of PCA performed on (A) fishing mortality PC1 and PC2 (PCA_
FM_PC1_PC2); (B) fishing mortality PC3 (PCA_FM_PC3); (C) environmental/climatic variables PC1 and PC2 (PCA_ENV_CLIM); (D) observed biomass PC1 and PC2
(PCA_B_obs_PC1_PC2); (E) observed biomass PC3 (PCA_B_obs_PC3); (F) modelled biomass PC1 and PC2 (PCA_B_model); and (G) ecosystem indicators PC1
and PC2 (PCA_indices) (black dots – PC1, PC3 white dots – PC2).
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TABLE 5 | Spearman cross-correlation between PCs extracted from different groups of data.

PC1_B
_obs

PC2_B
_obs

PC3_B
_obs

PC1_B
_model

PC2_B
_model

PC1
_FM

PC2
_FM

PC3
_FM

PC1_ENV
_CLIM

PC2_ENV
_CLIM

PC1
_indices

PC2
_indices

PC1_B_obs 1

PC2_B_obs 0.02 1

PC3_B_obs −0.14 0.10 1

PC1_B_model 0.55 −0.77 −0.06 1

PC2_B_model −0.44 −0.61 −0.20 0.19 1

PC1_FM 0.82 −0.33 −0.20 0.76 −0.2 1

PC2_FM 0.32 0.68 −0.09 −0.38 −0.37 −0.04 1

PC3_FM 0.35 0.33 0.22 −0.02 −0.78 0.21 0.01 1

PC1_ENV_CLIM −0.66 −0.2 −0.03 −0.32 0.43 −0.62 −0.40 −0.16 1

PC2_ENV_CLIM −0.29 0.31 0.38 −0.46 −0.27 −0.41 0.02 0.27 0.02 1

PC1_indices −0.88 0.04 0.26 −0.52 0.34 −0.86 −0.22 −0.25 0.62 0.27 1

PC2_indices 0.14 0.86 0.03 −0.62 −0.70 −0.11 0.55 0.54 −0.23 0.41 −0.14 1

Values in bold indicate significant correlations (p ≤ 0.05).

significant correlation with PC1_FM (R = 0.76, p < 0.01) followed
by PC2_ENV_CLIM (R = −0.46; p < 0.01) and PC2_FM
(R = −0.38, p = 0.03). On the other hand, PC2_B_model shown
the largest correlation with PC3_FM (R = −0.78, p < 0.01),
followed by PC1_ENV_CLIM (R = 0.43, p = 0.01) and PC2_FM
(R =−0.37, p = 0.04).

Also, statistical correlations were found between the PC trends
extracted from the ecosystem indicators data group and both
types of ecosystem drivers (Table 5). PC1_indices had the largest
correlation with PC1_FM (R = −0.86, p < 0.01) followed by
PC1_ENV_CLIM (R = 0.62, p < 0.01) while PC2_indices showed
the largest correlation with PC2_FM (R = 0.55, p < 0.01),
PC3_FM(R = 0.54, p < 0.01) followed by PC2_ENV_CLIM
(R = 0.41, p = 0.02).

Regime Shift Detection (STARS and CC)
Significant shifts detected by STARS were observed for many
variables representing ecosystem drivers and ecosystem state
(Figures 5–8 and Supplementary Table 4).

Among fishing mortality variables, significant shifts in
the mid-90s were observed for fishing mortality of sparids,
bogue, mackerel, benthopelagic piscivorous fish, and anchovy
(Figure 5). The second shift in the mid-2000s was observed
for fishing mortality of piscivorous fish, rays, sparids, and
among small pelagic fish (SPF) for horse mackerel and anchovy
(Figure 5). The last shift in the mid-2010s was observed for
fishing mortality of all species (excluding fishing mortality of
piscivorous fish and bogue).

Considering environmental/climatic variables, STARS
detected significant shifts in the SST, AMO, EA in the mid-90s,
followed by mid-2010s (2011–2016) (Figure 5). For NAO
and UI, STARS detected only one shift in the mid-2010s
(2014–2016) (Figure 5).

Among observed biomass variables, STARS detected
significant shifts in the mid-90s for sardine, anchovy, mackerel,
sparids, piscivorous fish, squids and hake. The second shift in
the mid-2000s was observed for benthopelagic invertivorous
fish, bogue, sparids, and rays. The last shift in the mid-2010s was

observed for benthopelagic invertivorous fish and SPF (horse
mackerel and bogue) (Figure 6). For modelled biomass variables,
STARS detected significant shifts mainly in the mid-2000s and
mid-2010s. In the mid-90s a shift in biomass was detected
only for sardine, anchovy, blue jack mackerel, bogue, and
benthopelagic piscivorous fish. In the mid-2000s the shifts were
detected in the biomass of cephalopods, lower TL groups and
invertebrates, chub mackerel and fish feeding on invertebrates.
Further shifts in the mid-2010s, were detected for sardine
and other SPF (horse mackerel, chub mackerel, and bogue),
cephalopods and lower TL functional groups (Figure 7).

For ecosystem indices, significant shifts were mainly detected
in the mid-90s and mid-2010s. The shift in the mid-2000s was
only detected for Dem/Pel C and Kempton Q (Figure 8). Shifts
in the mid-90s were detected for catch related indices (Tot C,
Dem C, Pred C, and Dem/Pel C), Dem/Pel B, Kempton Q and
H (Figure 8). Shifts after 2010 were detected for Pred B, diversity
indices (Kempton Q, Shannon), catch related indices (Dem C,
Pel C, and mTLc) and ENA indices (FCI, R, H, and Tot P/Tot
B) (Figure 8).

Shifts at similar times were also detected by STARS performed
on PCA results (PC trends) and CC analysis performed on
separate data groups (Table 6). When performed on PC trends
extracted from the fishing mortality data, STARS indicated that
significant shifts occurred mainly in 1995 and 1999 (for PC2_FM
and PC1_FM, respectively), 2003 (for PC2_FM), and 2012–2016
(for PC1_FM and PC2_FM), while CC detected discontinuity in
the fishing mortality data in 1992 and 2003 (Table 5).

For STARS performed on PC trends of
environmental/climatic variables significant shifts were
detected in 1997 for PC1_ENV_CLIM and 2014–2016 for
PC2_ENV_CLIM and PC1_ENV_CLIM, respectively while CC
detected discontinuity in 1995, 2002, and 2009 (Table 6).

Considering PC trends of observed biomass, STARS detected
significant shifts in 1993 for PC2_B_obs, 2003–2005 for
PC2_B_obs and PC1_B_obs, respectively and 2013–2015 for
PC1_B_obs and PC2_B_obs (Table 6). The CC detected
significant discontinuity only in 1990 (Table 6).
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FIGURE 5 | Time-series of ecosystem drivers data that includes fishing mortality and environmental/climatic variables. Significant shifts detected by STARS analysis
are displayed on the plots as solid and dashed vertical line for shifts significant at p ≤ 0.05 and ≤0.1, respectively. Abbreviations, used in the figure, are explained in
Supplementary Table 4.

FIGURE 6 | Time-series observed biomass data. Significant shifts detected by STARS analysis are displayed on the plots as solid and dashed vertical line for shifts
significant at p ≤ 0.05 and ≤0.1, respectively. Abbreviations, used in the figure, are explained in Supplementary Table 4.

When performed on PC trends extracted from modelled
biomass data group, STARS detected significant shifts
in 1992 (for PC2_B_model), 2008 (for PC1_B_model),
and 2015 (for PC1_B_model) while, CC showed
discontinuity in the modelled biomass data in 1998 and
2013 (Table 6).

For STARS performed on PC trends of ecosystem indicators,
significant shifts in the ecosystem were detected in 1992 for
PC2_indices, 1999 for PC1_indices, and 2011 and 2012 for
PC2_indices and PC1_indices, respectively (Table 6). The CC
showed discontinuity in the ecosystem indicators data in 1990,
1999, and 2012 (Table 6).
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FIGURE 7 | Time-series of modelled biomass data. Significant shifts detected by STARS analysis are displayed on the plots as solid and dashed vertical line for
shifts significant at p ≤ 0.05 and ≤0.1, respectively. Abbreviations, used in the figure, are explained in Supplementary Table 4.

FIGURE 8 | Time-series of ecosystem indicators data. Significant shifts detected by STARS analysis are displayed on the plots as solid and dashed vertical line for
shifts significant at p ≤ 0.05 and ≤0.1, respectively. Abbreviations, used in the figure, are explained in Supplementary Table 4.

DISCUSSION

This study provides a comprehensive overview of the changes
observed in the PCSE in the last three decades (Figure 9).
Ecosystem changes were assessed by using a large dataset that
included information on ecosystem drivers and ecosystem state.
Observed changes were confirmed by the detection of significant
shifts in all used datasets.

Description of PCSE Changes
Changes in Ecosystem Drivers
The major changes in the ecosystem drivers occurred in the mid-
1990s. Firstly, we observed a decrease in the fishing mortality of
most functional groups. This can be related to the substantial
reduction of the Portuguese fleet that decreased by 30% between
1989 and 1996 (Instituto Nacional de Estatística, 1986-1996).
Secondly, in the mid-90s, an increase in SST, AMO, and EA, has
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TABLE 6 | Results of the sequential t-test analysis of regime shift (STARS) on principal component analysis (PCA) output and chronological clustering (CC) analysis.

Analysis

STARS on PCs CC

Data group PC1 PC2 PC3 RSI

Fishing mortality (FM)

1999↓ 1995↓ –0.9/–0.6 1992

2003↑ 2003↓ –0.4/–0.6 2003

2012↓ 2016↓ 2014↑ –0.7/–0.4/2.2 –

Environmental/climatic (ENV_CLIM)

1997↑ 1.0/ 1995

2002

2016↑ 2014↑ 0.7/0.7 2009

Observed biomass (B_obs)

1993↓ – –1.3 1990

2005↓ 2003↑ – –2.9/0.8 –

2013↓ 2015↑ – –0.1/0.4 –

Modelled biomass (B_model)

1992↑ 1.0 1998

2008↓ –2.1 –

2015↓ –1.6 2015

Ecosystem indicators (Indices)

1999↑ 1992↓ 0.6/–0.4 1990

1999

2012↑ 2011↑ 1.8/1.4 2012

STARS regime shift years were identified in time series of PC1, PC2 and PC3 scores using p ≤ 0.05 significance level. Regime shift index (RSI) values for PC1/PC2/PC3
are presented. Symbols ↑ and ↓ indicate increasing and decreasing trend, respectively.

been reported. Around 1995, AMO entered a warm phase and
since then the yearly SST means in North Atlantic including,
the Iberian upwelling region has been ≥0.5◦C higher than in
the previous 65 years (Alheit et al., 2014). Later in the mid-
2010s, we detected the change in winter NAO (that enters its high
phase) and in the intensity of the upwelling. Changes observed
in both these variables are in line with the findings by Borges
et al. (2003) that demonstrated that in the Iberian shelf, high
NAO phase is associated with more favourable upwelling winter
wind conditions.

Changes in Ecosystem State (Biomass)
During the studied period, we have seen considerable changes
in the biomass of many functional groups. In the mid-
90s the biomass of sardine, the main commercial pelagic
fish started to decline while an abundance of other SPFs
such as bogue and chub mackerel increased. Later, in the
mid-2000s further changes in the biomass of functional
groups in the ecosystem have been reported. During this
time, we observed not only a further decrease of sardine
and increase of other pelagics but also an increase of
lower TL groups (zooplankton and invertebrates), sparids
and cephalopods started to be apparent. After 2010, we still
observed a decrease in sardine with a concurrent increase
of other SPF and lower TL groups. Additionally, during this
time an increase in predatory, high TL and demersal fish
has been detected.

Changes in Ecosystem State (Indicators)
Changes in the ecosystem were also reflected in the ecosystem
indicators. The major changes in ecosystem indicators data were
observed in the mid-90s and later in the mid-2010s.

In the mid-90s a major change was described by a decrease in
Dem/Pel B, and catch related indices (Tot C, Dem C, Dem/Pel
C, and Pred C). A decrease in Dem/Pel B can be explained by an
increase in biomass of pelagic species, discussed above. On the
other hand, a decrease in catch related indices is probably related
to the reduction of fishing effort observed in the PCSE during
the last three decades (Bueno-Pardo et al., 2020). Later in the
mid-2010s, a further reduction in Dem/Pel B was observed. At
this time, an increase in TL indices indicating a rise of higher TL
fish has also been documented (mTLc, mTLco, Pred B, and Tot
P/Tot B). Moreover, around this time, the indices that describe
ecosystem stability and resilience shifted (FCI and R).

Causes of Ecosystem Changes
The correlation analysis indicates that the changes in ecosystem
trends (biomass and indicators) are statistically correlated with
the changes in fishing and environmental/climatic variables.

Fishing
Fishing has been documented as a major driver of the marine
ecosystems worldwide (e.g., Pauly et al., 1998; Coll et al., 2008;
Llope et al., 2011). Moreover, it has been highlighted as an
important driver of the PCSE (Szalaj et al., 2021).
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FIGURE 9 | A conceptual diagram displaying the changes in the Portuguese continental shelf ecosystem (PCSE) between 1986 and 2017. Variable names marked
by * means that for time series representing this variable shift was detected at p ≤ 0.1 significance level. For the remaining variables, shifts were detected at
p ≤ 0.05. Detailed information about detected shifts that were summarised in the conceptual diagram is presented in Figure 5 and Supplementary Table 4.
Abbreviations, used in the figure, are explained in Supplementary Table 4.

The important role of fishing detected in this study can be
explained by the considerable changes observed in the Portuguese
fishing sector in the last 50 years. Since the late 1980s, reported
landings dropped approximately 52%, from 197,000 to 94,700
t in 2014 (Bueno-Pardo et al., 2020). Moreover, after the
implementation of the European Common Fisheries Policy (EU
CFP) (since 1983), a steady decrease of fishing effort started to
be notable with a decrease of 75 and 50% in the number of
boats and fishers, respectively (Leitão et al., 2014b). A decrease in
fishing effort, observed after enforcement of EU CFP measures,
could affect an increase in biomass of some species observed in
the study. For example, an increase in predatory higher TL fish,
that manifested after 2010 can be linked with the reduction in
fishing pressure. Observed in this analysis, a decrease in fishing
mortality of most functional groups since the mid-90s (demersal

and benthopelagic piscivorous fish, rays, sparids, bogue, horse
mackerel, and mackerel), might have positively impacted the
high TL predatory fish and demersal fish whose abundance
increased and shifted after 2015 (with a time lag). A link between
fishing and high TL predatory fish established in this study
is based not only on the biomass data (observed increase in
the biomass of demersal and benthopelagic piscivorous fish)
but also based on ecosystem indicators. An increase in indices,
mTLc and mTLco, that are linked with the decreasing fishing
pressure (Pauly et al., 1998; Rochet and Trenkel, 2003), were
observed in this study. This is in line with the study by
Leitão (2015a) that assessed the profiles of Portuguese fisheries
landings since 1950. In this study, Leitão (2015a) documented
an increase in the mean TL of the catch, by approximately 0.2
units per decade.
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However, in this study, we used fishing mortality data for only
10 functional groups, and this considerably limits the assessment
of the impact of fishing on this system. Fishing mortality data
for eight commercial groups, that were included in the biomass
data (chub mackerel, sparids, flatfish, demersal and benthopelagic
invertivorous fish, cephalopods, and sharks) were not considered
as fishing drivers.

Environmental/Climatic Drivers
The PC trends extracted from environmental/climatic drivers
data showed significant correlations with all PC trends extracted
from ecosystem data.

The importance of environmental variability to drive marine
ecosystems has been reported worldwide (e.g., Parsons and Lear,
2001; Lehodey et al., 2020). This has been particularly prominent
in the large upwelling systems (e.g., Shannon et al., 1976). The
PCSE is located at the northern limit of the Canary Current
upwelling system and during spring and summer it is affected
by the seasonal upwelling (Wooster et al., 1976; Fiúza et al.,
1982). Moreover, changes in the PCSE have been linked to
environmental variability (e.g., Szalaj et al., 2021).

A decrease in sardine biomass and an increase in other pelagic
fish and rays were both represented by PC1 in both data sets
(observed and modelled biomass data groups). Additionally, in
the observed biomass dataset, PC1 was represented by sparids,
benthopelagic invertivorous fish, and tunas (for which data was
not introduced in PCA_B_model) while for modelled biomass
data set, PC1 was also represented by cephalopods. PC1_B_obs
and PC1_B_model showed a statistically significant correlation
with PC1_ENV_CLIM and PC2_ENV_CLIM, respectively.
PC1_ENV_CLIM represented SST, AMO and EA variables,
while PC2_ENV_CLIM represented NAO and UI trends.
Therefore, based on this analysis it seemed that all these
environmental/climatic variables might have played a role in the
overall biomass changes observed in the study.

It is possible that the changes in environmental drivers that
were apparent in the mid-90s (SST, AMO, EA) affected the
ecosystem and manifested with different time lag depends on
the functional groups. In the PCSE, the productivity of species
representing the functional groups for which significant shifts
were observed in the mid-2000s, has been already documented
as being influenced by environmental variability. Firstly, we
have a large number of studies that link sardine recruitment
and productivity with SST, chlorophyll concentration (Chla)
(Santos et al., 2012; Leitão et al., 2014a; Garrido et al., 2017),
NAO, wind conditions (Santos et al., 2012; Leitão et al., 2014a)
and coastal upwelling (Santos et al., 2001; Santos et al., 2012;
Malta et al., 2016).

Moreover, other pelagic species such as Atlantic horse
mackerel (T. trachurus) and anchovy (Engraulis encrasicolus)
catch rates were linked with upwelling, the magnitude of
northern wind and SST (Santos et al., 2001; Ullah et al.,
2012; Leitão, 2015b). Also, among cephalopods, cuttlefish (Sepia
oficinalis) catch rates were associated with the SST, winter NAO
and autumn wind magnitude (Ullah et al., 2012). Furthermore,
by using a statistical multi-model approach, Baptista et al. (2015)
found that environmental factors such as winter SST and NAO

affected short term variation of catch rates of common two-
banded seabream (Diplodus vulgaris) in the south and southwest
of Portugal. Also, they found that these species catch rates
were associated with autumn and a yearly wind magnitude
component, that can be treated as a proxy for the upwelling
condition. All these studies were performed using statistical
models. It is therefore encouraging that results from the study
using different methods such as the outputs of ecosystem model
and discontinuity analyses, established similar associations.

After 2010, we still observed a decrease in sardine and
a concurrent increase in other SPF and lower TL groups.
Additionally, during this time an increase in predatory, higher
TL and demersal fish was also detected. When analysing shifts in
data describing drivers, we observe that around this time the shift
in winter NAO (that enters its high phase) and in the intensity
of upwelling was detected. In the Iberian shelf, a high NAO
phase is associated with more favourable upwelling winter wind
conditions (Borges et al., 2003) that may favour lower trophic
groups (phytoplankton, zooplankton, benthos). This can quickly
promote the abundance of lower TL groups that rely directly on
plankton as a food source (Barth et al., 2007). An increase in lower
TL groups was initiated earlier in the mid-2000s but the shift in
NAO in the mid-2010s might have further enhanced the change
that initiated earlier.

Internal Drivers (Trophic Interactions)
The effect of environmental variability on some species
(functional groups) might have been intensified by the internal,
trophic interactions that exist between these species. The
importance of trophic interactions in the dynamics of the marine
ecosystems has been well documented worldwide (e.g., Coll et al.,
2008; Alexander et al., 2015). Also, it has been demonstrated as
the main factor driving PCSE dynamics between 1986 and 2017
(Szalaj et al., 2021).

In the context of this study, an increase in lower TL groups
due to the environmental conditions, could pronounce trough
the food web and promote the abundance of fish of prey that
consequently might have benefited the groups at higher TL
including cephalopods, demersal fish, and higher TL predatory
fish. Also, the effect of environmental variability on some species
(functional groups) might be exaggerated by the existence of the
predator-prey loop between these species. This can be a case
for sardine and chub mackerel. The increase in the biomass
of chub mackerel observed after 2001 (that possibly benefited
from increased temperature) may have caused increased pressure
on sardine recruitment as it has been established that sardine
eggs are chub mackerel’s preferred prey (Garrido et al., 2015).
At the same time, increased biomass of other species such as
bogue, horse mackerel and mackerel might have added pressure
on sardine due to the predation on its eggs and juveniles
(Garrido et al., 2015).

Implications to Ecosystem Structure and
Function (ENA Indices)
Other than the changes evident from the direct observations
and modelled biomass, the ENA indices provide information
about the changes that occurred at the whole ecosystem level.
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Analysis of ENA indices showed that not only has the abundance
of functional groups altered but also the cycles and pathways
that are implied by the ecosystem food web showed considerable
alterations within the last thirty years.

ENA indices (R, FCI, and A/C), indicate that after 2010, the
ecosystem became less stable and less resilient with reduced
maturity and complexity. Lower stability and resilience, reflected
by the R, is implied by the reduction in the number of
pathways through which energy flow is transferred. Moreover,
reduction in R and increase in A/C implies lower maturity of
the system which become more constrained and less complex.
Lower FCI indicates that the system’s recycling and its ability
to conserve nutrients are reduced and therefore, its capacity
to endure in the face of resource scarcity has diminished.
These characteristics indicate structural differences (Finn, 1976)
and decreased stability (DeAngelis et al., 1989; Loreau, 1994).
Reduced resilience and stability concur with the observed
decrease in diversity indices as it has been demonstrated that a
system with greater biological diversity is usually more resilient
than the one with less diversity (Oliver et al., 2015). It is not clear,
what has caused the changes in the ecosystem structure and its
flows. However, the most prominent change (the change of the
highest magnitude) observed in the last decades was the decline of
sardine. Indeed, the effects of the changes in dominant SPF on the
ecosystem food web in the upwelling systems, have been broadly
discussed (Cury et al., 2000). Moreover, based on the Ecopath
model and description of the Iberian shelf food web structure,
it has been demonstrated that sardine played an important
role in the Iberian ecosystem, being an important key linkage
between primary producers and top predators (Veiga-Malta
et al., 2019). Moreover, the ecosim simulations demonstrated
that sardine has an important role in a wasp-waist scenario
(Szalaj et al., 2021). This confirmed its key role in the Iberian
upwelling system as a biomass-dominant species at mid-TL s that
channel most of the energy flow in the ecosystem. Therefore, it
seems probable that sardine decline disturbed important trophic
links and pathways through which the flow of energy passes.
At the same time, the other SPF were not well linked to the
rest of the food web with few animals predating on them and
being not very important for the fishery. For example, bogue
was only caught as a bycatch of the purse seine fishery and
catches of chub mackerel only become important after 2000
when a decline of sardine occurred and fisheries managed to
find alternatives for economic compensation (Instituto Nacional
de Estatística, 2000-2018). Therefore, when pelagic energy flow
was redirected to the other SPF (that were not as important
prey for top predators and fisheries as sardine was before 1995),
disruption in the energy flow pathways occurred. Consequently,
ecosystem stability was reduced, and the ecosystem became
less resilient. Similar changes were described in the Northern
Benguela upwelling system, where a shift in dominant pelagic
species coincided with the simplification of the food web and
reduced resilience (Heymans and Tomczak, 2016).

Assessment of the Methodology
Methods that comprised of ITA methodology has been used
to detect ecological and climatic regime shifts and they have

been widely discussed and considered adequate (e.g., Rodionov
and Overland, 2005; Möllmann et al., 2009; Diekmann and
Möllmann, 2010; Tomczak et al., 2013). However, the use
of EwE outputs in this type of analysis is rare and to our
knowledge there are only two studies that applied this approach
to detect and describe regime shifts. One in the Baltic Sea
and the other in the Northern Benguela (Tomczak et al., 2013;
Heymans and Tomczak, 2016). The main advantage of this
approach is the possibility to use more data inputs, that EwE
provides, for example, the data of functional groups for which
observations do not exist and ecosystem indicators. Among the
latter, ENA indicators can be especially valuable in the studies of
ecosystem regime shifts as discussed by Tomczak et al. (2013).
For example, the redundancy that was linked with ecosystem
resilience (Heymans et al., 2007) is directly related to regime
shift definition. Therefore, we argue that using this approach
is very beneficial in the studies that aim to detect and describe
ecosystem regime shifts.

However, we are aware of the limitations of our analyses, such
as high cross and auto-correlations. Planque and Arneberg (2017)
criticised the use of PCA as a method for ecosystem assessment
of marine ecosystems because the ITAs inputs usually share a
similar trend and have autocorrelation properties. The authors
demonstrated that most of the patterns revealed by the PCA
can emerge from random time-series and that the fraction of
the variance that cannot be accounted by random processes is
minimal. In the context of our study these findings are worrying
and this limitation should be taken into consideration when
interpreting the results. We tried to minimalize this effect by
excluding highly correlated variables prior to PCA. Also, the ITA
methodology used in this study combines different methods and
not all of them rely on PCA. For example, STARS performed on
separate time series accounts for autocorrelation (prewhitening
method described in the “Material and Methods” section)
and detected shifts in similar years (time ranges) that STARS
performed on PCA output. Moreover, the CC method confirmed
dissimilarity in the datasets in similar years as STARS on PCA
results. However, to confirm and consolidate the conclusions of
this study, as a future recommendation we would suggest to
replicate the analysis using other methods that are not so sensitive
to cross and autocorrelation and compare its outputs with the
results obtained in this study.

Moreover, our analysis is fed with data that constitute the
output of a modelling approach therefore our results are affected
by the assumptions of the model. EwE is a commonly used
approach (Colléter et al., 2015) and its best practices, pros
and cons have been widely discussed (Heymans et al., 2016;
Walters et al., 1997). When building and calibrating the EwE
model for the PCSE, we considered the best practice guide
(Heymans et al., 2016), reported uncertainties and thoroughly
discussed limitations (Szalaj et al., 2021). Moreover, the model
was well fitted to most groups with observation data, and we
have confidence in the model and data it provided (Veiga-Malta
et al., 2019; Szalaj et al., 2021). This was also reflected in this
study because the results obtained from the analyses performed
on observed biomass are in line with the results obtained from
modelled biomass.
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Regime Shifts in the PCSE and North
Atlantic
The performed analyses allowed to detect three shifts in data, in
the mid-90s, mid-2000s, and mid-2010s. However, based on the
analysis of the results and the review of the literature, only two
of them, in the mid-90s and mid-2010s, could be considered as
shifts to a new regime.

The shifts in the mid-90s and mid-2010s were detected by
STARS on all PC trends regardless of the data group used, while
the shift in the mid-2000s was mainly detected in the biomass
data (when considering main PCs). Moreover, the timing of
the shifts detected in the mid-90s and mid-2010s in this study
coincided with the time of ecosystem regime shifts documented
in the other regions of the North Atlantic. The mid-90s shift
is well documented in the northern hemisphere and a large set
of previous studies described it and linked it with large scale
atmospheric variations (e.g., Cabrero et al., 2018; Alheit et al.,
2014; Beaugrand et al., 2015). For example, Alheit et al. (2014),
linked the complex ocean-atmosphere changes in the mid-90s
with a regime shift in the ecosystems of the Northeastern and
Central Atlantic. He discussed that when in the mid-1990s,
three events including (1) decrease of the NAO index, (2) the
weakening of the Atlantic Meridional Overturning Circulation
(AMOC), and (3) the contraction of the subpolar gyre (SPG)
occurred, a substantial redistribution of water masses in the
Northeast Atlantic happened. This affected most ecosystems in
the region causing a change in the abundance of the small pelagic
clupeoid fish and their northward migration. Moreover, Cabrero
et al. (2018) demonstrated that in the Iberian shelf, sardine
entered a new regime in the late 1990s triggered by large-scale
ocean climate processes. He concluded that the combination of
climate and oceanographic conditions, including NAO, EA, SST,
AMO, and UI intensity, contributed to this regime shift.

Also, a reference to the mid-2010s shift in the Northern
Atlantic appeared in the recent literature. For example, Tanner
et al. (2020) found that the abrupt changes in the growth of
two deep-sea scorpaenid fishes off the central islands of the
Azores and the island of Madeira occurred not only in the
late 90s but also around 2014. This coincides with a significant
shift in the mid-2010s detected in this study. Tanner et al.
(2020) associated the shift in 2014 with a large-scale abrupt
biological shift that was predicted by Beaugrand et al. (2019)
to occur after 2014 in response to a strong El Nino event
that affected the Northern Hemisphere climate. In the study
by Beaugrand et al. (2019), a model based on the numerically
generated thermal niche of pseudo-communities was used and
the shifts predicted by the model were validated with observed
community shifts in 14 oceanic regions. This study is of special
interest to us, as the shift in the mid-2010s, that was detected in
our analysis, is not well documented in the scientific literature.
A few substantial climate events occurred around this time:
exceptionally cold North Atlantic Ocean temperatures, 2015
severe European heatwave (Duchez et al., 2016) and the change in
AMO phase (Frajka-Williams et al., 2017). However, these events
are quite recent, and their ecological consequences are not yet
well studied and understood.

The mid-2000 regime shift that was detected in this study did
not relate to any relevant environmental pressure observed in the
North Atlantic in our dataset or the literature. Generally, the time
between 2005 and 2014 is considered a relatively quiet period
when referring to the climatic divers in the Northern hemisphere
(Beaugrand et al., 2015). Moreover, this shift was not reflected in
the changes observed in the ecosystem indicators analysed in the
study. Therefore, we considered the period between the first shift
in the mid-90s and the shift in the mid-2010s as the “transition
regime” during which the changes triggered by a previous shift in
the mid-90s manifested in the ecosystem with the time lag whose
length depends on the functional group.

From this analysis it is not clear whether the shift
was caused solely by the environmental/climatic causes
because both analysed ecosystem drivers’ trends (fishing and
environmental/climatic) correlated with ecosystem state trends.
However, based on the literature and a well-documented climatic
shift in the North Atlantic we can infer that climatic variability
played a major role. However, the effect of fishing pressure should
not be completely disregarded as fishing is a well-documented
driver of marine ecosystems worldwide (e.g., Coll et al., 2008;
Alexander et al., 2015) and substantial changes in the fishing
sector has been documented during the last three decades in the
PCSE (Leitão et al., 2014b; Bueno-Pardo et al., 2020). Moreover,
regime shifts are commonly triggered by a combination of
fishing and environmental/climatic factors acting together (e.g.,
Daskalov et al., 2007; Möllmann et al., 2009). In the case of
the PCSE, although we have documented a decrease in fishing
effort (Bueno-Pardo et al., 2020), many Portuguese fish stocks
are considered overfished (Leitão, 2015a). As we discussed in
section “Fishing,” the impact of fishing on the ecosystem has not
been fully captured in this study. Therefore, the hypothesis of
the fishing cause of the PCSE regime shift should be explored
in future studies.

At this stage, it is impossible to say if the current regime is
stable or reversible as the PCSE as an upwelling system might
have a wide range of natural variability (Black et al., 2014). If the
observed ecosystem food web changes are linked with sardine
decline as discussed above (in the previous subsection) then
it is unknown what effect sardine recovery may have on the
ecosystem. The latest ICES sardine stock assessment indicated
that the 2019 sardine recruitment estimate constitutes the highest
value since 2004 and is above the long-term geometric mean
(ICES, 2020). That might suggest that the sardine productivity
trend is shifting. However, at that stage it is unknown whether the
increase in sardine recruitment will continue and sardine stock
will recover to the level prior to the mid-1990s and what impact
would that potential increase have on the food web.

Implications for Management
The potential occurrence of regime shifts might have
considerable implications for the productivity of the commercial
stocks and consequently to the fisheries. Therefore, the awareness
of regime shift in the management of the ecosystems is of utmost
importance and should be included in the management plan
of marine systems (deYoung et al., 2008). This management
should include not only timely detection and adaptation to a new
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regime but also prevention (deYoung et al., 2008; Crépin et al.,
2012). The latter is crucial and should focus on building and
maintaining the resilience of desired ecosystem states (Levin and
Lubchenco, 2008). Nevertheless, sometimes, regime shifts cannot
be prevented, and in these circumstances, timely detection is
important in order to act quickly to alleviate the adverse effects
and adapt to a new reality (Crépin et al., 2012).

After the detection of regime shifts, the adaptation in the
form of adaptive management should take place. For example,
a regime-specific harvest rate strategy could be implemented
when an indication toward a shift to an alternate ecosystem state
exists (Polovina, 2005; MacCall, 2002). This study demonstrated
that one of the possible mechanism behind the described regime
shift is environmentally related therefore in the context of PCSE
management, efforts should be focused on establishing reference
points at which the change in environmental pressure might
result in an abrupt change in the ecosystem (Large et al., 2015).

CONCLUSION

The ITA presented in this study pointed to the occurrence of two
regime shifts in the PCSE in the mid-90s and around the mid-
2010s. Interpretation of results allowed for the identification of
three periods: “early regime” till the mid-90s, “transition regime”
till mid-2010s, and “late regime” since the mid-2010s in the
last three decades. Differences between “early regime” and “late
regime” are evident in all components of the ecosystem and
at multiple TLs. They include changes in species abundance
as well as community composition. Moreover, ENA indices
indicate that the internal food web structure and organisation
of the ecosystem have changed. Specifically, detected regime
shifts are characterised by changes in the pelagic community:
(1) it became more dominant when compared to the demersal
community; (2) a shift from the main commercial stock of
sardine to less commercially viable small pelagics had occurred.
Moreover, an increase in higher TL predatory fish and demersal
fish was observed.

Changes described in the ecosystem were probably caused by
two types of external drivers. First, environmental forcing (related
to an increase in SST, AMO, EA, NAO, and intensification of the
upwelling conditions) possibly affected lower TL groups and SPF,
and second, reduction in fishing pressure probably benefited high

TL predatory and demersal fish. Moreover, the internal triggers,
related to indirect trophic interactions also might play a role
in the observed ecosystem change. An increased abundance of
lower TL functional groups and fish of prey might benefit higher
TL groups such as cephalopods, demersal and predatory fish.
Furthermore, the competition and intraguild predation between
sardine and other pelagic fish might have contributed to the
changes in the pelagic community.
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Opportunistic macroalgal blooms have been used for the assessment of the ecological
status of coastal and estuarine areas in Europe. The use of earth observation (EO)
data sets to map green algal cover based on a Normalized Difference Vegetation
Index (NDVI) was explored. Scenes from Sentinel-2A/B, Landsat-5, and Landsat-8
missions were processed for eight different Irish estuaries of moderate, poor, and bad
ecological status using European Union Water Framework Directive (WFD) classification
for transitional water bodies. Images acquired during low-tide conditions from 2010 to
2018 within 18 days of field surveys were considered. The estimates of percentage
coverage obtained from different EO data sources and field surveys were significantly
correlated (R2 = 0.94) with Cohen’s kappa coefficient of 0.69± 0.13. The results showed
that the NDVI technique could be successfully applied to map the coverage of the
blooms and to monitor estuarine areas in conjunction with other monitoring activities
that involve field sampling and surveys. The combination of wide-spread cloud-coverage
and high-tide conditions provided additional constraints during the image selection. The
findings showed that both Sentinel-2 and Landsat scenes could be utilized to estimate
bloom coverage. Moreover, Landsat, because of its legacy program, can be utilized
to reconstruct the blooms using historical archival data. Considering the importance
of biomass for understanding the severity of algal accumulations, an artificial neural
networks (ANN) model was trained using the in situ historical biomass samples and the
combination of radar backscatter (Sentinel-1) and optical reflectance in the visible and
near-infrared (NIR) regions (Sentinel-2) to predict the biomass quantity. The ANN model
based on multispectral imagery was suitable to estimate biomass quantity (R2 = 0.74).
The model performance could be improved with the addition of more training samples.
The developed methodology can be applied in other areas experiencing macroalgal
blooms in a simple, cost-effective, and efficient way. The study has demonstrated that
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GRAPHICAL ABSTRACT | Overall research workflow showing data types, study area, model development and biomass results.

both the NDVI-based technique to map spatial coverage of macroalgal blooms and
the ANN-based model to compute biomass have the potential to become an effective
complementary tool for monitoring macroalgal blooms where the existing monitoring
efforts can leverage the benefits of EO data sets.

Keywords: Sentinel-1/2, Landsat, earth observation, macroalgal blooms, Ulva, green tides, biomass computation,
artificial neural network

HIGHLIGHTS

- Mapped green Ulva blooms across eight coastal
areas of Ireland.

- Bloom extent mapped using Normalized Difference
Vegetation Index delineation.

- Developed artificial neural networks (ANN) model to
compute bloom biomass.

- The biomass model utilized optical, radar, and in situ data
from field surveys.

- Developed technique could be used in conjunction with
traditional monitoring.

INTRODUCTION

Estuarine and coastal areas play a crucial socio-economic,
biological, and environmental role as these environments provide
multiple ecosystem goods and services, making them some of
the most valuable ecosystems on earth (Costanza et al., 1997;
Donkersloot and Menzies, 2015; Norton et al., 2018). Due to
their high value, these areas have been focal points of human
settlement and resource exploitation (Lotze et al., 2006), resulting
in a long history of over-exploitation, habitat transformation,
and pollution. This legacy has undermined ecological resilience

and has obscured the magnitude of degradation in estuarine and
coastal environments (Lotze et al., 2006; Airoldi and Beck, 2007).

Estuarine and coastal waters worldwide have been facing the
problem of eutrophication and macroalgal blooms (Teichberg
et al., 2010). In Europe, eutrophication is considered one of the
main threats for aquatic ecosystems (Airoldi and Beck, 2007;
Hering et al., 2010). This process is directly linked with nutrient
over-enrichment because of increasing anthropogenic nutrient
loadings, which significantly increased after the generalized use
of industrial fertilizers following the second world war (Cloern,
2001; Lotze et al., 2006; Diaz and Rosenberg, 2008). Due to
the hydrological and ecological characteristics of estuaries, they
are particularly susceptible to over-enrichment of nutrients and
other pollutants from anthropogenic activities (Sfriso et al.,
1992; Eyre and Ferguson, 2002). A clear sign of nutrient
enrichment and environmental degradation in estuaries is the
development of opportunistic macroalgal blooms and the loss
of seagrass meadows (Valiela et al., 1997; Teichberg et al., 2010;
Bermejo et al., 2019a). Considering the common usage of the
terms, macroalgal bloom and seaweed tides, these are used
interchangeably in the present paper.

Macroalgal blooms undermine the ecosystem services that
estuaries provide, and affect ecosystem functioning (Smetacek
and Zingone, 2013). As in other parts of the world, some
Irish estuaries contained large green tides in recent years
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(EPA, 2006; Ní Longphuirt et al., 2016; Wan et al., 2017). A recent
Environmental Protection Agency (EPA) report (EPA, 2019)
has found that transitional waters (i.e., estuaries and coastal
lagoons) in Ireland have poorer water quality when compared
with other water typologies (i.e., groundwater, rivers, lakes, and
coastal waters), with only 38% of water bodies in good or better
ecological status.

The EU Water Framework Directive (WFD) 2000/60/EC
(European Commission, 2000) and Marine Strategy Framework
Directive (MSFD) (2008/56/EC; European Commission, 2008)
are two of the most ambitious initiatives to prevent further
deterioration of water bodies and associated ecosystems (Wan
et al., 2017; Boon et al., 2020). These directives represent a change
in the scope of water management from the local to the basin scale
(Apitz et al., 2006). They are based on an ecological approach
rather than a traditional physicochemical assessment (European
Commission, 2000). This more recent approach is more holistic
since it puts the ecosystem at the center of management decisions
by considering ecology and biology at a larger scale (e.g., the
whole river basin or adjacent coastal area) (Borja, 2005). Both
directives require that coastal areas are periodically monitored
to assess their achievement of “Good Ecological Status” and
“Good Environmental Status” as per WFD and MFSD targets,
respectively. The large expansion in monitoring required by the
WFD and MFSD has created pressure from governments on
their regulatory agencies to reduce the costs of monitoring while
maintaining coverage and effectiveness (Borja and Elliott, 2013;
Carvalho et al., 2019).

Marine macrophytes, including macroalgae and angiosperms
such as saltmarsh and seagrass communities, are biological
quality elements used to monitor and assess the ecological status
of transitional and coastal waters for the WFD (e.g., Scanlan
et al., 2007; Wells et al., 2007; Bermejo et al., 2012, 2013). Across
the EU, monitoring of opportunistic macroalgal blooms is used
to assess the ecological status (Scanlan et al., 2007; Wan et al.,
2017), based on the relative coverage and biomass abundance
of opportunistic macroalgae (Wilkes et al., 2018). Monitoring of
coastal and estuarine environments can be demanding in terms
of time, labor, costs, and sometimes can pose significant logistical
challenges (European Commission, 2008) such as coordination
of field equipment, survey procedures, means of transportation,
field crew, and safety. The gathering of this information in muddy
environments, especially the mapping of macroalgal blooms,
can present several impediments as it frequently requires the
use of specialized vehicles such as hovercrafts, or can be very
labor intensive. Although these field surveys are systematic and
provide high-quality data regarding spatial coverage and biomass,
the cost of such works could range from medium to high
(Scanlan et al., 2007).

Remote sensing can offer an affordable complementary
solution to field-based environmental monitoring. Remote
sensing data sets can be freely available, provide wide spatial
and temporal coverage, and easily allow methodological
standardizations and comparability. A conventional remote
sensing technique such as aerial photography has been applied
to map seagrass and macroalgal distribution in coastal and
estuarine environments (Jeffrey et al., 1995; Hernandez-Cruz

et al., 2006; Nezlin et al., 2007). Similarly, the application of
earth observation (EO) satellite data to assess the severity and
extension of algal blooms in coastal environments has grown
in recent years (Cristina et al., 2015; Xing and Hu, 2016; Zhang
et al., 2019). With the continued development of technology,
unmanned aerial vehicles (UAV) are also being used to monitor
green tides and seaweed blooms in marine environments (Xu F.
et al., 2017; Bermejo et al., 2019b; Taddia et al., 2019; Jiang
et al., 2020). Remote sensing methods have been shown to
provide reasonable estimates of the algal coverage on the ground
(Hernandez-Cruz et al., 2006; Nezlin et al., 2007), but with
the availability of EO data sets with higher temporal, spatial,
and spectral resolution, further improvement and development
can be attained.

Different techniques such as image thresholding (Cavanaugh
et al., 2010, 2011; Cui et al., 2012; Bell et al., 2015), visual
interpretation (Donnellan and Foster, 1999; Gower et al., 2006;
Pfister et al., 2017), supervised classification (Volent et al., 2007;
Casal et al., 2011; Bermejo et al., 2020), and unsupervised
classification (Fyfe et al., 1999; Duffy et al., 2018) have been used
in vegetation mapping in coastal and estuarine areas. Among
the thresholding techniques, band ratios, vegetation indices,
density, and biomass are commonly used (Richards, 2013),
whereas for supervised classification, spectral angle mapper
and maximum likelihood classifications are more conventional
approaches (Schroeder et al., 2019). Regarding classification,
ground-truth data are used for supervised classification, whereas
such information is not utilized for unsupervised classification.
For both classification types, the results need to be validated
with ground-truth data. Despite its simplicity, one of the
disadvantages of supervised as well as the unsupervised
classification is that it results in errors due to digital noise and
these must be removed carefully (Schroeder et al., 2019). Unlike
classification methods, the image threshold is determined based
on the ground-truth data or a validation is performed to check
the effectiveness of the threshold.

Many machine learning-based studies applying aerial or
remote sensing imagery rely on the greenness of the imagery
to map green tides. Although this technique is effective, some
areas of the bloom could likely be underestimated, as the
technique cannot easily delineate the bloom in its entirety.
This unreliability results as the technique does not account for
the spectral information available in the near-infrared (NIR)
region where plants exhibit the majority of the photoactivity
such as reflection (Tucker and Sellers, 1986). The Normalized
Difference Vegetation Index (NDVI) is a proxy for vegetation
health and greenness, and its value ranges from −1 to 1, where
higher value corresponds to the healthy vegetation and lower
values correspond to the lack of vegetation (D’Odorico et al.,
2013; Ke et al., 2015; Zhu and Liu, 2015; Zhang H. K. et al.,
2018). Since the NDVI technique uses the NIR bands, which
are not visible to the naked eyes, it can detect the signature
of vegetation that can go undetected when only visible green
bands are used. Although there are numerous other vegetation
indices (Silleos et al., 2006; Bannari et al., 2009; Xue and Su, 2017)
used, including Enhanced Vegetation Index [EVI, primarily
for Moderate Resolution Imaging Spectroradiometer (MODIS)],
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Maximum Chlorophyll Index [MCI, primarily for MEdium
Resolution Imaging Spectrometer (MERIS)], and Floating Algae
Index (FAI), NDVI was employed in the present study primarily
because it incorporates the visible and NIR bands at 10 m
resolution which are available in Sentinel-2. Additionally, indices
developed for detecting vegetation or chlorophyll in aquatic
conditions such as FAI and MCI are not applicable in the current
context as macroalgal blooms are being mapped on tidal flats.
Other studies (Siddiqui and Zaidi, 2016; Siddiqui et al., 2019;
Taddia et al., 2019) have used NDVI and similar vegetation
indices for mapping seaweed, but these studies mainly focused
on seaweed immersed in the water. For the studies involving
seaweed species in water, data sets from ocean color sensors
have been used to obtain estimates of chlorophyll present in the
water (Gower et al., 2006, 2008). Considering the size of the
estuaries and the need to map these blooms at a higher spatial
resolution, ocean color sensor-based techniques are not relevant
to many estuaries globally. Recent studies have shown that NDVI
can be successfully used for mapping biomass and density of
intertidal macroalgae (Conser and Shanks, 2019; Praeger et al.,
2020; Salarux and Kaewplang, 2020).

The assessments of the algal blooms are usually accomplished
by comparing spatial coverage, but biomass can provide greater
insights about the severity of the blooms (Scanlan et al., 2007;
Rossi et al., 2011; Xiao et al., 2019). Furthermore, biomass results
are more helpful for allocating resources and adopting mitigation
measures. Despite the usefulness of biomass mapping, there are
minimal studies that focus on mapping biomass using remote
sensing data sets (Hu et al., 2017; Xiao et al., 2017, 2019). Most
of these studies relied on reflectance computed in the laboratory
environment in order to develop the biomass model. Those
models were later used to generate biomass using the data from
the MODIS optical sensor. Ocean color sensors such as MODIS
are ineffective in mapping bloom patches that are smaller than
a few hundred meters in size due to their coarse resolution of
500 m (Karki et al., 2018). Also, considering the spatial extent of
the estuarine areas, it is essential to use remote sensing data with
greater spatial resolution that can discriminate between various
magnitudes of biomass on the tidal flats.

In addition to optical sensors, application of radar, for
example, Advanced Land Observing Satellite-1 (ALOS) PALSAR
for biomass estimation, at larger scales such as in forestry is
common (Jha et al., 2006; Le Toan et al., 2011; Hame et al.,
2013); however, its application can be explored at a finer scale for
algal biomass estimation. In recent years, there have been many
successful applications of Sentinel-1 technologies for biomass
monitoring (Ndikumana et al., 2018; Periasamy, 2018; Crabbe
et al., 2019) including those combining radar and optical data sets
(Chang and Shoshany, 2016; Laurin et al., 2018; Navarro et al.,
2019; Wang et al., 2019) or using radar for bloom forming Ulva
species (Geng et al., 2020). The application of machine learning
in the field of macroalgal blooms is increasing as demonstrated
by recent studies (Zavalas et al., 2014; Kotta et al., 2018; Qiu et al.,
2018; Liang et al., 2019; Kim et al., 2020).

Although the application of NDVI is conventional, the present
study aims to optimize the benefit of NDVI combined with
the application of radar and artificial neural networks (ANN)

to predict the biomass of Ulva blooms. The benefit ANN
offers over the traditional linear regression-type approach is the
ability to model non-linear relationships (Huang, 2009; Karlaftis
and Vlahogianni, 2011). An ANN offers the potential to deal
with a large number of training samples and model complex
relationships taking advantage of multiple input variables
(Bourquin et al., 1998). Unlike other models, ANN offers the
scope for future additional optimization, by the inclusion of
more samples which in turn increases the robustness (Alwosheel
et al., 2018). Therefore, the addition of more samples and the
consideration of further variables provide a learning opportunity
to the ANN model which improves predictability over time
(Nadikattu, 2017). These neural networks when adequately
trained can model the natural environment making them suitable
to big-data applications such as remote sensing. Due to these
scalable and expandable qualities, the ANN-based technique
was adopted in the current study. Despite numerous benefits,
there are some drawbacks of ANN which can be considered
a “black box” because of its complex algorithms (Dayhoff and
DeLeo, 2001; Zhang Z. et al., 2018). In addition, machine
learning techniques require a comparatively large number of
training samples, which may be difficult for smaller scale
studies. More importantly, the requirement of robust computing
and programming platforms frequently discourages quick and
easy implementation.

The primary goal of the current study was to evaluate remote
sensing as a supplementary tool for the monitoring of macroalgal
blooms in Irish estuaries, where the presence of higher cloud
coverage places an additional constraint. In this study, macroalgal
bloom mapping based on satellite imagery was compared with
in situ mapping for ground-truthing and validation purposes.
The potential of machine learning methodologies was explored
to map the biomass distribution since the higher resolution of the
newer sensors, such as Sentinel-2 with 5-day revisit time and 10 m
spatial resolution, accompanied by the greater size of the data,
demands robust computing resources. The integration of these
approaches in EO can take advantage of the recent technological
advances in the field of data science and artificial intelligence
(Ali et al., 2015). To address this challenge, the potential of
an ANN was explored using the information extracted from
Sentinel-1 radar backscatter and Sentinel-2 optical reflectance.
The historical biomass data collected from field surveys were
combined with the data obtained from the EO to develop
the biomass model.

MATERIALS AND METHODS

Study Area
The current research was conducted on eight estuarine areas
most affected by macroalgal blooms across the Republic of
Ireland (Figure 1): (a) Clonakilty, Co. Cork (3,465,900 m2); (b)
Courtmacsherry, Co. Cork (4,471,200 m2); (c) Lower Blackwater
Estuary, Co. Waterford (2,873,700 m2); (d) Dungarvan, Co.
Waterford (12,399,300 m2); (e) Bannow Bay, Co. Wexford
(9,848,700 m2); (f) Tolka, Co. Dublin (1,135,917 m2); (g)
Malahide, Co. Dublin (4,075,200 m2); and (h) Rogerstown, Co.
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FIGURE 1 | Map of Ireland showing eight estuarine areas considered in this study with their ecological status based on the study conducted from 2013 to 2018
(EPA, 2019).

Dublin (4,488,300 m2). These areas show a moderate, poor, or
bad ecological status as assessed for the WFD, parameters driving
status included loss of seagrass meadows, general physico-
chemical properties, or the development of large macroalgal
blooms (EPA, 20191). Although there were different numbers of
estuaries in each category (moderate: 4; poor: 3; and bad: 1),
standard field surveying techniques were conducted regardless
of their status. Consistent with the field protocol, identical EO
mapping techniques were also applied. It was important to
include a varied range of ecological status conditions in this study
to make sure that the proposed technique for mapping blooms
was not limited to a narrow set of environmental conditions.

In this study, seaweed blooms resembling terrestrial
vegetation present in the estuaries and tidal flats, excluding
the salt marshes, were mapped during the low tides. These algal
patches must be mapped during the low tide condition when
there is no water above them. It is crucial to note that estuaries in
Ireland are intertidal in nature, and blooms present in the tidal
flat region may not have water above them except during high
tide conditions. In six of the eight sampling locations, seagrass
meadows were absent, or their presence was negligible (i.e.,

1www.catchments.ie

Clonakilty), and only Bannow Bay had conspicuous seagrass
meadows present. Bannow Bay primarily includes intertidal
zones with predominant macroalgal growth, and the distinction
between seagrasses and Ulva was not conducted because of
the interspersed, or sometimes negligible, growth of seagrasses
among the macroalgal blooms. Apart from the practical reasons,
green algae and seagrasses are difficult to separate from each
other at the current spectral and spatial signature (Kutser
et al., 2020). Since the discrimination between seagrasses and
macroalgae is not possible with Sentinel-2, the study aims to
develop a methodology so that field validation can be performed
where substantial levels of macroalgal growth occur and any
potential false positive incidences due to the presence of
seagrasses can be verified. This is an example of field monitoring
and EO complementing each other, reducing logistical and
human resource costs, and enhancing environmental quality
assessment. Seagrasses in Bannow Bay are routinely monitored
and mapped as a part of obligations under the WFD and the data
confirm no risk of false observations from the EO mapping.

Field Survey
In Ireland, as well as in other cold-temperate regions,
the maximum development or peak of macroalgal
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blooms occurs during the summer (Jeffrey et al., 1995;
Bermejo et al., 2019a, 2020). For this reason, the monitoring of
the estuaries and the field sampling were concentrated through
late June to early October. The current study focused on blooms
from 2010 to 2018, because of the lack of overlap between field
surveys and Landsat acquisitions prior to that date.

Bloom extension and biomass abundance were obtained from
the WFD surveys conducted by the EPA to assess the ecological
status of opportunistic algae blooms on the dates shown in
Table 1. The table shows the dates and locations for which
both field spatial coverage and biomass data sets were available
and were collected as a part of the WFD monitoring. Since the
WFD method primarily focuses on surveying of algal mats that
are mostly attached, spatial coverage and algal biomass were
assessed in situ. The outer edges of the algal accumulations were
mapped at low tide using a mapping grade Global Positioning
System (GPS) unit with accuracy of a meter. A light hovercraft
was used in areas where the sediment was too soft to allow
safe access or where the algal beds were too large to allow safe
mapping during a single tidal cycle (Wilkes et al., 2017). A series
of transects were taken through each patch and haphazardly
distributed 0.5 m2 quadrants were taken along each transect,
and their GPS locations were recorded. The percentage cover
and algal biomass in each quadrant were recorded. Biomass
from each quadrant was collected, washed, and rinsed in fresh
seawater to remove sand and debris, squeezed dry, and the weight
recorded as g/m2 wet weight. The data were compiled into five
sub-metrics (i.e., total percentage cover, total patch size as a
percentage of available intertidal habitat, average biomass on the
intertidal area, average biomass in affected area, and percentage
of quadrants with algae entrained into sediments) to provide a
WFD assessment for the estuaries (Scanlan et al., 2007; Wan et al.,
2017). To meet the requirement for sufficient training data for
model development, additional data collected as a part of the Sea-
MAT Project (Bermejo et al., 2019b), not shown in Table 1, were
used. This biomass abundance (g/m2) data, collected between

TABLE 1 | Dates of the field investigation and corresponding source of EO data
sets: Landsat-5 TM (L5), Landsat-8 OLI (L8), or Sentinel-2 MSI (S2) missions.

2010 2013 2014 2015 2016 2017 2018

1. 17-Sep
L8:4-Oct

16 Sept
L8: 5-Sep

10-Jul
S2:17-Jul

21-Sep
S2:5-Sep

2. 19-Sep
L8:4-Oct

15-Sep
L8: 5-Sep

11-Jul
S2:17-Jul

21-Sep
S2:5-Sep

3. 5-Jul
L5:19-Jun

18-Sep
L8:4-Oct

11-Jul
S2:17-Jul

4. 27-Sep
S2:10-Oct

5. 2-Oct
L8:11-Oct

27-Sep
S2:10-Oct

6. 7-Jul
L8:19-Jul

26-Sep
S2:10-Oct

7. 25-Jun
L8:11-Jul

15-Jul
L8:12-Jun

6-Jul
S2:18-Jul

12-Jul
S2:25-Jun

8. 5-Jul
S2:18-Jul

11-Jul
S2:28-Jun

The dates of field survey are italicized, and the serial number on the left column
corresponds to the locations shown in Figure 1.

June 2016 and August 2017 following a similar methodology,
were exclusively used for ANN training and validation.

Earth Observation Mapping of the
Spatial Coverage
The mapping of macroalgal blooms using satellite imagery
comprises several steps starting from data download to the
generation of the map (Figure 2). The study utilizes the EO data
sets from the Sentinel-2 and Landsat (5 and 8) missions to acquire
the temporal coverage from 2010 to 2018. The Landsat mission
from the National Aeronautics and Space Administration
(NASA) has been operational since 1972, although the availability
of free and open-source data is a more recent practice that started
in 2008 (Zhu et al., 2019). To get better temporal coverage from
2010, data sets from Landsat-5 Thematic Mapper (TM; data
availability:1984–2012) and Landsat-8 Operational Land Imager
(OLI; data availability: 2013–2018) were used. The data sets
are freely available from the United States Geological Survey
(USGS)’s Earth Explorer2.

Both, Landsat-5 and Landsat-8 missions provide the images
with a swath width of 185 km and a temporal resolution
of 16 days (USGS, 2020). These missions are identical from
the application and data processing point of view, especially
for the bands being considered for this study. Landsat bands
in the visible region (red, green, and blue) and NIR are
available at 30 × 30 m resolution. Unlike Landsat missions,
Sentinel-2 Multispectral Instrument (MSI), under European
Space Agency (ESA)’s Copernicus Program, is the newest EO
mission and provides the acquisitions since 2015. It consists of the
constellation of Sentinel-2A and 2B MSI sensors with a combined
revisit time of 5 days at the equator and swath coverage of 290 km
(ESA, 2019). The bands required for natural color (red, green,
and blue) imagery and vegetation mapping (red and NIR) are
available at 10 × 10 m resolution. These data sets are available
freely from ESA’s Sentinel Hub3.

Data Acquisition
The identification of the dates was based on the availability of
the field survey data collected from 2010 to 2018 as a part of
the WFD monitoring program. In response to the number of
field data accompanied by the need to find matching EO scenes
with low tide and cloud-free conditions, images acquired either
before or after the field surveys were indiscriminately considered
for the study. This is considered the accepted practice in the
field of remote sensing and is unlikely to affect the outcome
of the study for mapping Ulva blooms. For each location, the
archival Sentinel-2 data were screened for cloud-free scenes
within two and half weeks of the field monitoring program under
conditions of low tide. In the absence of Sentinel-2 MSI scenes
(10 m resolution, 2015–2018), Landsat-8 OLI (30 m resolution,
2013–2018) scenes were used. For scenes prior to 2013 (2010–
2012), Landsat-5 TM (30 m resolution; 1984–2012) images were
used. Table 1 provides the detailed information about the field
survey and corresponding source of EO data sets for each of

2https://earthexplorer.usgs.gov/
3https://scihub.copernicus.eu/
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FIGURE 2 | The workflow developed for mapping blooms using the NDVI delineation technique.

the eight locations. Considering the small number of historical
WFD monitoring data with associated geospatial information
followed by the difficulty in finding corresponding EO scenes,
data from 2010 were selected despite the fact that there were no
matching scenes for the two subsequent years (2011 and 2012).
Additionally, 2010 is the only year for which Landsat-5 data
were used, which is identical to Landsat-8 from the application
point of view. Thus, the inclusion of 2010 despite a gap of two
years and the usage of Landsat-5 was important for this study.
Sentinel-2 Level 2A (atmospheric corrected) products covering
the areas under consideration were identified and downloaded
from ESA’s Sentinel Hub website. Similarly, Level 2 Landsat-5 TM
and Landsat-8 OLI products were downloaded from the USGS
Earth Explorer’s website.

Pre-processing
The second step involved pre-processing of the scene in order
to reduce the size of the files to allow quick processing in freely
available Sentinel Application Platform (SNAP) software from
ESA. In the case of Sentinel-2, pre-processing was accomplished
as a first step to resize the entire image to the resolution of
10 m bands (either blue, green, red, or NIR). This step helped to
synchronize all the coarser bands (20 and 60 m) to a resolution
of 10 m. This is the most essential step before doing spatial
and spectral sub-setting since it helps to significantly reduce the
computing time. After resampling, each scene was resized and
clipped to the extent of each location under investigation. During
the same step, the spectral sub-setting was completed to retain
the specific bands required for further processing (blue, green,
red, and NIR). In the case of Landsat-5 and Landsat-8, the scene
was resampled to the extent of 30 m band prior to spatial and
spectral sub-setting.

NDVI Calculation
Although several remote sensing indices are in use for
vegetation mapping, NDVI is the most widely used index
(Xue and Su, 2017). The method used in this study is based on
the NDVI for mapping and delineating the bloom. It utilizes
the characteristic increased reflectance in the NIR region and
decreased reflectance in the red regions of the electromagnetic
spectrum exhibited by the vegetation (Jensen, 1986; Tucker and
Sellers, 1986). The NDVI is calculated using Eq. 1.

NDVI =
(NIR− Red)

(NIR+ Red)
(1)

The next step was to compute NDVI using red and NIR bands
in SNAP software. During the band specification, corresponding
bands were identified for Sentinel-2, Landsat-8, and Landsat-5.
All the processing after this step was done using ArcGIS software
and Python 2.7. Since NDVI computation involves the uses of
NIR band, it can overestimate the bloom coverage by including
microphytobenthos present in the sediment that contributes to
the primary production in an estuarine environment (Launeau
et al., 2018). To prevent this risk, the results from NDVI
needed to be verified with field data. One important advantage
of using NDVI was its ability to detect live vegetation, due
to the consideration of NIR reflectance exhibited only by
photosynthetically active plants.

Generation of Algal Bloom Map
The Corine (Coordination of Information on the Environment)
land cover data set4 was used to define area of interest (AOI,
i.e., intertidal mudflats) for each location. Following Corine
land cover classification, the classes of interest corresponded

4https://www.epa.ie/pubs/data/corinedata/
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with the tidal flats (4.2.3) and estuaries (5.2.2) labels. This
facilitated the removal of terrestrial vegetation and saltmarshes
from the consideration.

The visual inspection was done to determine the threshold
of the NDVI values that corresponded with the bloom-forming
seaweed in the natural color composite. In most cases, NDVI
values greater than 0.15 and 0.20 for Sentinel-2 and Landsat
images, respectively, represented Ulva blooms. For each location,
the vegetation pixels were segregated after determining the
threshold. This technique was able to segregate bloom patches
bigger than a few meters.

Manual verification, subjective judgment, and refinements
are essential steps of the mapping workflow to assure that the
bloom pixels are represented correctly. Spatial delineation of the
macroalgal blooms using the NDVI technique was the initial
step, and subsequently the computation of biomass relied on the
spatial extent outlined. Correct spatial delineation ensured that
healthy Ulva tissue, as opposed to decomposing tissue, was only
considered. In specific locations, it was necessary to eliminate
areas which corresponded to terrestrial vegetation. Due to the
coarse resolution of Corine land cover data sets, a few areas also
included artificial structures and salt marshes. The minimum
mapping area for Corine land cover data sets is 50,000 m2 for land
cover change and 100 m for linear units. For features smaller than
these minimum mapping units, a generalized class is reported in
the Corine database. Because of such boundary generalizations
for small features, these areas were carefully clipped out from
the AOI polygons. The final step involved the generation of the
vector and raster outline of the algal blooms for all locations. The
area of the bloom was computed, and the percentage coverage
was calculated by taking into account the AOI of each site under
consideration using the following Eq. 2.

Percentage Cover

=
Area delineated by NDVI technique in the AOI

AOI
× 100 (2)

Validation and Statistical Analysis
To test the comparability and consistency of macroalgal blooms
mapping using satellite imagery and field surveys, and to
identify possible disagreement between methodologies, Pearson
correlation analyses and paired t-tests (Xu M. et al., 2017) and
Cohen’s kappa analyses were conducted. The limited number
of samples for Landsat show marginal significance compared to
other groups, whereas Sentinel with native bands shows higher
significance. Similarly, the root-mean-square error (RMSE) was
calculated to examine the error where lower value indicated
better estimates. Similarly, to assess the influence of the temporal
gaps between field surveys and satellite images, the correlation
between relative mismatches and the time lapse between
samplings was evaluated. All statistical analyses were performed
using Minitab software, ArcGIS, and Python packages. When
necessary Shapiro–Wilks and Levene’s tests were used to ensure
compliance with normality and homoscedasticity assumptions.
In all statistical analysis, significance was set at 5% risk error.

The time gap between the EO data acquisition and field
survey varied from same day to a maximum of 18 days
(+/−) with an average of 12 days for 22 pairs of observations.
Out of those 22 observations, 12 were Sentinel-2 and 10
were Landsat acquisitions, as we primarily focused on finding
Sentinel scenes and selected Landsat only when the former
was not available. Since it was not possible to obtain both
Sentinel and Landsat scenes for each location for the same date
during the scene selection, more direct comparison between
the influences of resolutions on identical conditions was not
possible. To address this, the Sentinel bands were resampled
to 30 m in order to compare the findings from the 10 m
Sentinel-2 bands. This helped to compare the overall effects of
resolution on the estimated coverage at the same location with
fine and coarse pixels on the same day. Further, the upscaling
of the Sentinel bands to 30 m facilitated the comparison with
original Landsat bands.

Computation of Algal Biomass Using
Machine Learning
Building upon the spatial coverage extracted using the NDVI
delineation approach, an ANN model was developed to quantify
the biomass distribution in the estuarine area. Sentinel-1
Synthetic Aperture Radar (SAR) and Sentinel-2 MSI were used
to develop the ANN model. The in situ biomass samples (point
locations in g/m2) collected as a part of WFD monitoring
program and those obtained under Sea-MAT project (Bermejo
et al., 2019b) were compiled as a response variable for the
model. The entire biomass computation process can be broken
down into data acquisition and processing, identification of
determining variables, model development, and application, as
shown in Figure 3.

Data Acquisition and Processing
Sentinel-2 scenes acquired for mapping spatial coverage of
Ulva blooms were also used for biomass calculation. In
addition to NDVI, two more products, percentages of green
and red reflectance, were calculated using visible and NIR
bands. Altogether 11 Sentinel-2 scenes corresponding to biomass
surveys were used for computing optical variables. Apart from
optical data, Sentinel-1 SAR scenes, acquired from ESA’s site,
provide the radar information in C-band at a spatial resolution
of around 10 m. Sentinel-1 images were acquired in either
ascending or descending modes covering the study area. The
standard radar data processing chain (Small and Schubert,
2008; Small, 2011; Filipponi, 2019; Veci, 2019) were followed
using ESA’s Sentinel Toolbox. The processing steps include:(i)
radiometric calibration and calculation of radar backscatter;
(ii) speckle filtering; and (iii) terrain flattening and geometric
correction. The final product of the processing was radar
backscatter in decibels (Raney et al., 1994). Sentinel-1 SAR is
dual polarized, capable of HH/HV and VH/VV acquisition, but
VH/VV is the default mode. Polarization can impact on the
results, and cross-polarized (VH) data were found to provide
better results. Altogether 16 radar scenes corresponding to the
biomass field survey data were processed which were acquired
within 5 days of the data collection. In addition to satellite
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FIGURE 3 | The workflow developed for computing biomass using ANN.

derived variables at the resolution of around 10 m, biomass
data collected at the field resolution of 0.5 via field survey were
used in the study.

Identification of Determining Variables
The independent variables were identified, which would explain
the variability of biomass in the study area. At first, all
the potential variables that could be related to biomass
were considered. Among such variables, NDVI, percentage
reflectance in green, red, and infrared wavelengths were selected
as determining variables. Similarly, radar backscatter was
considered as one of the determining variables since it is the
measure of surface roughness. The test of significance and
redundancy was carried out using variance inflation factor (VIF)
analysis (O’Brien, 2007) through correlation before selecting the
independent variables, and only four variables were shortlisted
for inclusion in the model training because these were found
significant as well as non-redundant. Inclusion of these additional
variables for their non-linear contribution is expected to prevent
the potential saturation of NDVI at higher biomass values (Huete
et al., 2002; Garroutte et al., 2016; Xiao et al., 2017).

Development of the Model
An ANN models the relationship between the dependent and
independent variables with the help of training and validation
data. The model consists of multiple inputs, activation functions,
hidden layers, and an output which are connected via artificial

neurons and transmit information through structured layers
(Dayhoff and DeLeo, 2001). These interconnected neurons
work exactly like the neurons present in the nervous system
of organisms where it learns the relationship among input
variables through multiple iterations or epochs (Zurada, 1992;
Agatonovic-Kustrin and Beresford, 2000; Hu et al., 2018). An
ANN consists of different combinations of input variables with
associated empirical weights and bias terms (Huang, 2009).
Backpropagation is one of the techniques where parameters
such as the number of inputs, bias terms, and weights are
adjusted in forward and backward fashion until the minimum
error is achieved (Rumelhart et al., 1986; Aggarwal, 2018; Hu
et al., 2018). The model training and, hence hyperparameter
tuning, is attained in several iterations until a stable solution
is achieved. With each iteration of the ANN model, these
configurations are tuned so that the structured layers of neurons
can model the expected output (Bardenet et al., 2013). During
the ANN development, a small number of validation data
sets are set aside to prevent overfitting (Shahin et al., 2005;
Piotrowski and Napiorkowski, 2013). This step assures that
the model is generalized enough, and its robustness does not
degrade outside of the training samples. Thus, during the
model training, the samples should be representative so that the
neurons can learn to model the complex relationships adequately
and appropriately.

The ANN model was developed using the total of 346 biomass
samples where the magnitude of biomass (g/m2) was the response
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variable, and remaining variables (NDVI, percentage of green
reflectance, percentage of red reflectance, and radar backscatter)
were used as determining variables. Out of the total samples,
20% of the data points were used as validation data, where these
prevent the model from overfitting due to excessive training. The
hyperparameters, such as the number of hidden layers and the
number of iterations to achieve a stable solution, were determined
based on the error statistics reported by the model by using
backpropagation-based learning algorithms (Huang, 2009). The
fully trained ANN model was achieved with five hidden neurons
when the number of epochs reached 50. The learning process
was continued until the model performance plateaued where the
error was minimal for both validation (20%) as well as training
(80%) data sets. The entire process was accomplished using
Google’s TensorFlow (Abadi et al., 2016), a free and open-source
application using Python programming language. The input data
preparation was done using ArcGIS, where a table consisting of
all input variables was generated.

Application of the Model
After the development of the model, the ANN model was applied
to generate the biomass values using the input variables. In
order to apply the model, the input data sets were extracted and
compiled in the form of a table. The TensorFlow generated results
were later converted to geographic information system (GIS)
raster for mapping and further analysis. The biomass quantity
can be predicted for any area as long as input data sets are
available for any area.

RESULTS

Spatial Coverage of the Bloom
The extension of the macroalgal blooms from field surveys
ranged between 213,100 and 5,425,900 m2 for Lower Blackwater
Estuary (2017) and Tolka (2017), respectively. There was a total
of 22 EO estimates with corresponding field survey data, some of
which are shown in Figure 4. A significant correlation between
EO estimate and survey measurements was observed, which was
independent of the satellite missions used (p-values < 0.01).
All the correlation analyses yielded coefficients of determination
close to 1 (between 0.93 and 0.98) and a good fit between the
observations (Figure 5). The spatial coverages from EO show
more detailed delineation than those mapped on the ground since
the field campaign was more concentrated on the predominant
and accessible regions of the Ulva blooms. The scatter plots for
all the observations made for eight estuaries using Sentinel-2 and
Landsat are presented in Figure 5 together with R2 value, slope,
and intercept for each plot.

Although resampled Sentinel-2 bands, upscaled to 30 m, are
a derivative of bands acquired originally at 10 m resolution, it
provided a similar level of performance in terms of delineation
of the green algal blooms and one-to-one correspondence with
the field data. The EO data sets show a slight overestimation
compared with the field data, as shown in Figure 5. This
overestimation is slightly higher in Figures 5B,C which
corresponds to Sentinel-2 original and resampled products,
respectively. For each scatter plot, the equation of the trend
line shows the magnitude of the bias, and the slope of the

FIGURE 4 | Eight locations showing selected sites with coverages from EO and the corresponding field surveys. Scale bar shows 1 km in all the locations.
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FIGURE 5 | Scatterplots showing the comparison between coverage computed using the EO and coverage obtained using the field survey for four groups based on
the resolutions of the EO data sets: (A) resampled Sentinel-2 30 m and Landsat 30 m, (B) Sentinel-2 10 m, (C) resampled Sentinel-2 30 m, and (D) Landsat 30 m.
The equation of the trend line, the associated R2 values have been shown for each plot. The 45◦ line with 1:1 correspondence between EO and field data has been
shown as a dotted line for reference.

trend line shows the level of estimation (over or under)
between EO and field survey. Comparing the rate of over-
and underestimation, Landsat seems to be consistent, although
exhibiting a slight overestimation as indicated by the upward
shift of the trend line compared to the 1:1 dotted line. Sentinel-2,
in contrast, shows overestimation for lower magnitudes and a
slight underestimation for higher magnitudes of coverage. These
under- and overestimations of Sentinel-2 and Landsat imagery
seem to be compensating each other on the combined scatter plot
in Figure 5A. The slope of the regression lines (Figure 5) was
close to 1 for all correlation analyses, and the results of the paired
t-test (Figure 6 and Table 2) suggest no methodological bias. The
p-value for all groups of observations shows values higher than
0.05, as shown in Table 2. Overall, there was no bias as can be
seen from Figure 5 and suggested by the paired t-test.

Regarding the error statistics, the result of the t-test shows
that the RMSE is lowest for Landsat, followed by the RMSE
for the combination of resampled Sentinel-2 and native Landsat
bands at 30 m. The Pearson correlation showed the correlation
between EO estimates and field measurements, where Landsat
shows the best results followed by the combination of Sentinel-
2 and Landsat observations. Based on the RMSE and Pearson
correlation values, the Landsat appears to have performed better
than Sentinel with finer resolution. Nevertheless, the low number

of observations for Landsat may not statistically prove that
it is performing better than the Sentinel. Overall, the results
show that native Sentinel-2 bands perform better than resampled
bands, as evidenced by lower RMSE. In addition, the resampled
Sentinel-2 still managed to provide better results and did not offer
significantly higher error than the native bands.

The error analysis was done by comparing the distribution of
the residuals computed between the EO estimates and the field
survey data. After these inter-comparisons of the residuals, it
is equally important to see if there was any notable correlation
between the difference/discrepancies in percent coverage (EO
estimates and field measurements) with the corresponding time
lag between them. Thus, the relationship between the differences
in percent coverage was analyzed against the time lags. Figure 6
shows the differences in bloom coverage estimated using EO and
field surveys. From the magnitude of the residuals, it is evident
that the differences cannot be considered different to zero in all
the cases except marginal difference in the case of Landsat. With
very few observations for less than 1 week and more than 2 weeks,
it was difficult to draw any conclusion about the magnitude of the
effect due to the time gap. Figure 7 shows the number of days
between those observations and the absolute difference between
the percentage coverages. The individual breakdown of Cohen’s
kappa for each Sentinel-2 and Landsat observation is indicated
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FIGURE 6 | The box plots showing the residuals computed between the EO estimates and field coverages. The upper and lower bounds of the box represent the
first and third quartiles, whereas the dotted line represents the median. The long horizontal line shows the zero value. The whisker shows the range of the residual
data.

TABLE 2 | Results of the two-sample paired t-test for EO estimates and field
measurements.

Number of
Samples

RMSE
value

P-value (paired, two
sample for means)

Pearson
correlation

Sentinel-2 (30)
+Landsat (30)

22 0.71 0.35 0.97

Sentinel-2 (10 m) 12 0.93 0.99 0.96

Sentinel-2 (30 m) 12 0.96 0.92 0.96

Landsat (30 m) 10 0.36 0.06 0.99

by its label and color code. This figure aids visualization of the
distribution of data in relation to Cohen’s kappa which highlights
the measure of agreement between field and EO estimations.
Cohen’s kappa value also provides important information about
changes in the position of the bloom or the degree of spatial
agreement between EO and field data. Most of the observations
clustered around 10–13 days without showing any trend with
the difference in the percentage coverage or Cohen’s kappa
(Figure 7), and the Pearson correlation coefficient indicated no
correlation (Pearson’s r < 0.01) between them.

Biomass Computation of the Algal
Blooms
The ANN model was developed by using NDVI, percentages
of green and red reflectance, and radar backscatter to compute

the biomass in g/m2. Only the non-redundant and significant
variables were used in the ANN model development based on the
result from the redundancy test using VIF (O’Brien, 2007) and
correlation analysis. Figure 8 shows the scatter plots of biomass
with each of the determining variables where the correlation with
red reflectance was highest, followed by NDVI, green reflectance,
and the radar backscatter. The predicted result was compared
with the biomass data measured from the field survey with RMSE
value of 471.70 and adjusted R2 of 0.74, as shown in Figure 8E.

The ANN model was used to compute the biomass images for
several estuarine areas. The biomass image shows the distribution
of biomass blooms within the areas delineated by the spatial
coverage mapping technique based on NDVI. Figure 9 shows
the biomass distribution where both the EO scenes acquisition
and the field survey were conducted in the summer of 2016
and 2018 for Clonakilty (Figure 9A) and Courtmacsherry
(Figure 9B), respectively. Similarly, the computed biomasses
for Malahide and Tolka for the summer of 2017 are shown in
Figures 9C,D, respectively.

DISCUSSION

Spatial Coverage of the Bloom
The current study used the visible and NIR bands from the
optical sensors and used the NDVI delineation technique along
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FIGURE 7 | The scatter plot for the time gap between EO and field surveys versus the difference in percentage coverage. The number next to each observation and
the intensity of color represent Cohen’s kappa coefficient and its magnitude.

the tidal flats. Overall, the NDVI technique showed a fine-scale
delineation of blooms than those measured in the field. The
reason for a generally better delineation for the EO estimation
could be due to its sensitivity to even small algal patches
including microphytobenthos present in the sediment (Launeau
et al., 2018). It seems more evident on Sentinel-2 than Landsat,
most likely because of its higher spatial resolution. In contrast,
the field survey is generally restricted to the main areas of
the intertidal environment that can be accessed, as shown in
Figure 4. Considering the increasing average monthly rainfall
in Ireland (80–130 mm; Walsh, 2012) and associated cloud
coverage, it is difficult to limit the temporal gaps to a couple of
days or exclusively select scenes either before or after the field
surveys. Despite this, a good correlation was obtained followed
by a negligible bias and a slope close to one between satellite
estimates and field survey results, as during the peak bloom
phase (from June to September), the bloom extension might
remain more or less constant (relative standard deviation 13–
18%; Monagail et al., 2021, unpublished data).

Despite these satisfactory results, there may be small variations
in the estimates due to the growth of the bloom during the
time between the satellite overpass and the field surveys. This
may explain relatively lower Cohen’s Kappa in few locations
(around 0.4, Figure 7). Similarly, the movement of the large

quantities of seaweed biomass because of wind and tidal
currents (Gower et al., 2008; Qiao et al., 2009; Cui et al.,
2012) has not been considered in this study because algal mats
producing blooms in Irish estuaries are mostly attached to
the substrate. Additionally, variation in NDVI can arise from
the different stages of macroalgal blooms such as healthy and
photosynthetically active versus decomposing macroalgal tissue
that can give rise to slightly different measures of NDVI leading
to small variations in the spatial coverage. The NDVI-based
technique eliminates the need to filter out dead or decomposed
vegetation mapped in contrast to other indices that rely entirely
on the spectral reflectance on the visible part of the spectrum
such as red, green, or blue regions. Due to the seasonal
growth of the macroalgae, the rate of photosynthesis varies
with time, thus the use of NDVI can correctly account for the
corresponding variation in electromagnetic signals indicative of
vegetation health (Erener, 2011; Turvey and Mclaurin, 2012).
This is particularly important in our case because macroalgal
blooms may consist of algae at various states of life cycle
such as mature algal tissue or actively decomposing mass.
Furthermore, minor discrepancies may have resulted from
the methodologies currently being adopted during the field
measurements including human error and sampling bias. These
issues were unavoidable considering environmental constraints
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FIGURE 8 | Scatterplots showing the correlation between biomass data from field surveys and other determining variables: (A) NDVI, (B) green reflectance, (C) red
reflectance, and (D) radar backscatter. Scatterplot on the bottom (E) shows the field survey biomass data versus the predicted biomass from the ANN model.

such as high-cloud coverage, high-tide conditions, and field
limitations such as field safety and accessibility. Planning of
the field surveys around the satellite overpass can help avoid
inconsistencies due to daily changes in coverages (Carl et al.,
2014). Additionally, there could be some unavoidable errors in
the estimation due to the signal mixing that occurs when blooms
are present along a pixel boundary. Regardless of the sources
of error, our data showed an excellent fit when assessing bloom
coverage with very high R2 (0.94) value with average Kappa value

of 0.69 ± 0.13 suggesting a good agreement between field and
EO observation.

The above observations provide evidence that the mapping
results from 10 and 30 m resolutions did not differ significantly
at the current scale of monitoring of algal blooms. This
finding is especially helpful in an Irish context, where the
number of scenes is particularly limited by the cloud cover
as well as low-tide conditions. For areas with optimal weather
conditions, it offers the additional advantage of more frequent
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FIGURE 9 | Biomass distribution for four estuaries: (A) Clonakilty, (B) Courtmacsherry, (C) Malahide, and (D) Tolka. The field measured samples from the in situ
survey are shown as points. The dates of field survey and Sentinel-2 acquisitions are also shown.

monitoring. Taking into account the average monthly rainfall
of 80 mm even during the drier months (April–July) and
130 mm during the wetter months (October–January) (Walsh,
2012) in Ireland, it is important to note that rainfall and
cloud conditions are relatively higher here than in many
other countries. Amid these limitations, in the situation
where appropriate Sentinel-2 scenes are not available, Landsat
acquisitions could still be used for mapping the blooms in
these estuaries without greatly compromising the quality of the
results. In addition, data from the legacy Landsat acquisitions

or any other optical missions could be utilized to reconstruct
and analyze the trend of historical blooms in any area (e.g.,
Bermejo et al., 2020).

The results from the current study show the higher overall
effectiveness of the NDVI technique compared to similar findings
elsewhere (Cavanaugh et al., 2010; Siddiqui and Zaidi, 2016;
Siddiqui et al., 2019; Taddia et al., 2019). Intertidal green algae
and giant kelp were mapped using the Sentinel-2 imagery,
where only 66% of field survey locations showed the presence
of kelp within a distance of 300 m (Mora-Soto et al., 2020).
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A similar study (Fauzan et al., 2017) conducted using Sentinel-
2 for acquiring the percentage coverage of seagrass showed an
overall accuracy of 61% with a coefficient of determination of
0.51. Occasionally, the adopted technology was only limited
to the size of the study area (area > 10,000 m2; Mora-
Soto et al., 2020), whereas the current study could map the
bloom to the minimum extent of a few pixels using the NDVI
delineation technique. The greater effectiveness in the present
study can be explained by the combination of the adopted AOI
delineation technique and the greatly reduced biodiversity of
eutrophic mudflats which are mostly covered with Ulva alone.
This approach may be challenging to implement in other more
biodiverse intertidal areas.

Biomass Computation of the Algal
Blooms
The biomass showed a high level of correlation with the red
reflectance of the Ulva bloom (Figure 8C). This is expected
because of the increased reflectance of the plants in the visible
and NIR region (Jensen, 1986). Reflectance in the green region
of the electromagnetic spectrum also shows good correlation
with the algal biomass, like any green vegetation. The radar
indicates low levels of correlation, but the inclusion of the
backscatter slightly improved the model performance, probably
because of the non-linear contribution of radar that is considered
in ANN. The correlation with red reflectance was negative,
whereas it was positive with the rest of the variables. Inclusion
of NDVI, which is a quantitative measure of healthy vegetation,
ensured that only live and photosynthetically active algal tissue
was considered. This is the reason why the biomass model
was applied only in the area primarily delineated by the
NDVI technique.

The biomass predicted using the input variables was compared
with the biomass data collected from the field survey (Figure 8E).
There seems to be a higher level of correspondence between the
modeled and true value as exhibited by the R2 value (0.74) and
the low RMSE (471.70) considering the relatively small number of
training samples (number size: 346). Movement of bloom patches
due to tides, wind, positional error due to GPS, or the growth of
blooms during the time period between field surveys and satellite
acquisitions might be responsible for outliers in the scatterplot
which are not explained by the independent variables (i.e., 26%
unexplained by R2). With a greater number of iterations and the
addition of hidden layers, the R2 value could be increased further,
but that could lead to model overfitting, thereby reducing model
predictability (Zhang et al., 1998; Jin et al., 2004; Liu et al., 2008).
Thus, to preserve the model generalization, the model was trained
optimally with the help of error statistics reported during the
ANN development. The model training was stopped when the
model convergence was reached where the error was minimum
for both training and validation.

The distribution pattern of the biomass corresponds with
the point data collected during the field surveys. The range
of the observed and computed biomass also matches for all
the sites. Figure 9 shows the computed biomass for Clonakilty
(2016), Courtmacsherry (2018), Malahide (2017), and Tolka

(2017). The higher magnitude of biomass seems to be scattered
uniformly over the areas where point samples were collected in
Clonakilty. In contrast, higher biomass is concentrated mostly
in the areas where most of the point samples were taken in
case of Malahide which shows some level of sampling bias in
the adopted methodology. The biomass distribution in both
Courtmacsherry and Tolka show the uniform distribution and
good correspondence with the field survey data points as shown
in Figure 9. Although the results from the ANN are not optimal,
the model can be significantly improved with the inclusion of
more training samples. With the addition of more samples, the
robust point-to-point data calibration and validation exercise
could be accomplished in the field considering the biomass
estimation at 10 m resolution.

CONCLUSION

This work involves the validation of EO data-processing
techniques to develop a methodology for mapping spatial
distribution and biomass of estuarine and coastal macroalgal
blooms that can be easily implemented. The predicted results
were compared with previously collected historical field survey
data for ground-truthing the model outputs. The application
of EO data sets from Sentinel-2, Landsat-5, and Landsat-8 was
investigated to map seaweed blooms at eight different estuarine
locations covering moderate, poor, and bad ecological status
as designated by the WFD monitoring program. The study
combined EO imagery and field survey data from 2010 to
2018 to map green algae, mostly Ulva blooms. The percentage
coverage was computed and compared with the results from the
ground, where EO estimates showed a good correlation with the
corresponding field results which is very satisfactory for WFD
monitoring. Both Sentinel-2 and Landsat imagery provided better
estimates despite their different spatial resolutions. The findings
show that the resampled Sentinel-2 bands still provide results
close to the ones from the original bands.

An ANN model was developed using several determining
variables to compute the biomass in the areas already delineated
by the NDVI mapping technique. The results of the biomass
computed using the ANN show excellent correspondence with
the general distribution of the biomass survey results. The model
presents significant potential for improvement with the addition
of more data points. The current work presents the exploratory
efforts to investigate the use of machine learning and artificial
intelligence for remote sensing. The ANN model showed the
R2 value of 0.74 with an RMSE of 471.70. Therefore, this
study demonstrates that with the combination of remote sensing
derived variables, it is possible to delineate as well as quantify the
magnitude of the seaweed blooms.

Future work could involve planning of fieldwork intending
to study the influence of resolution on the estimation of
coverage. The sampling methodology should be improved to
reduce sampling bias and sampling coverage should be increased.
These improvements will help to account for variance in the
biomass currently not explained by the modeling. Preparation
of the fieldwork includes scheduling of the fieldwork during the
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satellite overpass time around cloud-free days to optimize the
number of scenes. This will help obtain more accurate estimates
by minimizing the temporal gap between scene acquisition and
field surveys. Additional biomass samples will be collected to
retrain the ANN model so that the error could be minimized,
and optimum performance could be achieved. The developed
technique is easily replicable, cost-effective, and has the potential
to be implemented as an effective monitoring tool because
of its low overhead and extensive geographical coverage. The
study has demonstrated that both the NDVI-based technique
to map spatial coverage of macroalgal blooms and the ANN-
based model to compute biomass have the potential to become an
effective complementary tool for monitoring macroalgal blooms
where the existing monitoring efforts can leverage the benefits
of EO data sets.
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Analyzing the presence and quantifying trace elements is of paramount importance to
understand natural environmental processes and monitor the degree of anthropogenic
disturbance to mitigate impacts already caused. Here, we aimed to establish a baseline
of the trace elements profile and concentrations in sandy sediments of intertidal areas
of three Amazonian beaches (Brazil). For each beach, sediments were collected from
three different sectors (south, center, and north) and five shoreline distance levels (from
the high- to the low-water mark), totalizing 15 samples per beach. The concentration of
the different trace elements (Mg, Al, P, S, Ca, Ti, V, Cr, Mn, Fe, Co, Ni, Cu, Zn, As, Br, Rb,
Sr, Y, Zr, Cd, Sn, I, Hg, and Pb) was determined by Total reflection X-ray Fluorescence
spectrometry. Sediment was also characterized for its grain size, organic matter, and
pH. To assess possible enrichment due to anthropogenic activities we compared trace
element levels with the values for the Earth’s crust and calculated pollution indexes:
geoaccumulation index (Igeo), ecological risk index (RI), contamination factor (CF),
pollution load index (PLI), and sediment quality guideline (SQG), threshold effects level
(TEL) and probable effects level (PEL). Individual trace metal concentrations did not vary
significantly between beaches, sectors, or sample levels, evidencing a homogeneity of
trace elements composition and concentrations across this environment. Igeo indicated
62.2% of the sampling stations uncontaminated, 20.0% from uncontaminated to
moderately contaminated, and 4.44% (two sampling stations) strongly contaminated,
the same two areas classified as high ecological risk by RI. Most of the sampling points
presented low CF. Cadmium and Hg were the only elements that showed moderate to
very high values of CF. According to the SQGs, 77.7 and 8.8% of the sampling points
presented values above the moderate threshold effect level (SQG-TEL) and probable
effect level (SQG-PEL), respectively. All points were classified as non-polluted according
to the PLI. Our results show that the three beaches present safe levels of almost
of the elements demonstrating the good state of preservation. Most of the indexes
classified the sampling points as non-polluted, except for Cd and Hg in a few specific
sampling points.

Keywords: trace elements, Amazonian beaches, contamination indexes, intertidal sediment, baseline, pollution
indexes
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INTRODUCTION

Intertidal sediment characteristics are major drivers of its fauna
and flora diversity, and thus affect the resources available for
human use. Determining which trace elements, and in which
extent are present in the sediment, allow a greater understanding
of environmental processes, whether its composition pattern
stems from a natural source, the matrix rock, or due to
human activities, and identify eventual harmful levels, due to
bioaccumulation and potential toxicity effects (Selvi et al., 2019).

Studies of geochemical background aim to characterize and
record these environmental features ideally in its natural form,
that is to say before anthropogenic impacts (Gałuszka and
Migaszewski, 2011), supporting the elaboration of guidelines
for environmental legislation, allowing monitoring programs
to rely on a pre-established baseline assessment (Dung et al.,
2013). There are studies carried out with sediments and soils
from different parts of the world and of rocks from different
origins, which provide overall, global reference values (Turekian
and Wedepohl, 1961; Hans Wedepohl, 1995; Rudnick and
Gao, 2013). Regional backgrounds, and their correspondence to
proper reference values, reveal variations within- and between
habitats, which includes the detection of environments that are
naturally enriched with some elements, and therefore should not
be interpreted as polluted by anthropogenic actions (Rasmussen,
1998). The use of interpretative tools, such as indexes and
quality guidelines, provides guidance for decision-making and
management strategies regarding the analyzed area (Macdonald
et al., 1996; Liu et al., 2017).

Given its importance, the characterization of the sediment that
makes up the intertidal zones has been the object of study for a
long time in many countries of all over the world, mostly because
sandy beaches are the most extensive coastal physiognomy across
the globe, and of utmost touristic importance as well. However,
in tropical areas, studies of this nature are still scarce, including
the Amazon region. The Amazon Coastal Zone (ACZ) is very
peculiar and covers a substantial extent of the Brazilian coastal
ecosystem, about 35%, and encompasses three federal units,
namely: Amapá, Pará, and Maranhão (de Menezes et al., 2008;
Szlafsztein, 2012). The ACZ is one of the most preserved and
extensive coastal areas in the world, composed of beaches,
intertidal flats, mangroves, estuaries, and forests (de Menezes
et al., 2008; Szlafsztein, 2012). This area has unique features,
such as the presence of the mouth of the world’s largest river,
which discharges massive amounts of solid suspended matter
and freshwater to the adjacent marine ecosystem as far as
Venezuela, thus shaping its turbidity, water column nutrient
availability, and salinity (Anthony et al., 2010). The South
Equatorial Current leads this river flow mainly westwards, where
is located the Amapá Coastal Zone of all other Brazilian coastal
provinces. This coast has been subjected to a great Holocene
progradation and is divided into two sub-provinces, south- and
a northern one, the latter where marine processes prevail over
fluvial processes, and where all sandy beaches and flats occur.
These beaches are fine-grained, have a large, flat slope, and
are submitted to tidal ranges on the order of 9 m. Except for
one beach, they lack land accesses; human settling in these

areas there are only a few, small communities, whose economy
is based primarily on fishing and rearing of livestock. These
beaches are, therefore, highly preserved, free from activities
such as tourism, industries, and intense urbanization. There
are, though, gas and oil exploitation plans to the adjacent
continental shelf of this region, which are likely to compromise
its environmental quality.

There are only two studies on the sediment characteristics for
this entire west ACZ: one that evaluated mercury concentrations
on the continental shelf (Siqueira et al., 2018) and another one
that evaluated 23 elements in the estuary of the Cunani River
(Xavier et al., 2020). To fill this knowledge gap for such a vast
and peculiar region, this study aimed to establish a baseline of the
trace elements profile and concentrations, including metals and
metalloids in the intertidal sediments of sandy beaches north to
the Amazon river mouth. This baseline will support monitoring
action in the ACZ, future studies on geochemical backgrounds in
sandy beaches in the area and elsewhere.

MATERIALS AND METHODS

Study Area
Three sandy beaches were sampled, Samaúma (2◦48′4.50′′N;
50◦55′13.73′′W), Goiabalinho (2◦40′19.41′′N; 50◦51′52.91′′W),
and Goiabal (2◦37′28.28′′N; 50◦50′43.11′′W) located in the ACZ,
west to the Amazon river mouth, specifically within the oceanic
subprovince, northernmost Brazilian shore (Figure 1). These
beaches are dissipative, macro to mega-tidal beaches (about 9 m
tidal amplitude) (Santos et al., 2016), heavily influenced by the
Amazon River plume, which reaches up to the Orinoco River
in Venezuela and has an average annual sediment discharge of
about 754× 106 tonnes y−1 (Anthony et al., 2013). Several other
rivers drain through the region, shaping homogeneous, concave
beaches. Climate is humid to super humid tropical, with average
annual temperatures ranging from 26 to 28◦C. The region has
abundant rainfall, with records above 3,000 mm y−1, making
it the region with the highest rainfall in Brazil. The region is
sparsely populated and comprises an area of 14,117,297 km2

(IBGE, 2004d). Its main use is for livestock breeding and fishing;
upstream adjacent areas have mining activities for over 100 years.
The Samaúma beach is 1.88 km long and the sampled intertidal
zone ranged from 0.95 to 1.43 km. Goiabalinho beach is 2.08 km
long and ranged from 0.76 to 1.40 km in intertidal extension.
Goiabal beach is 4.07 km long and its intertidal zone ranged from
1.43 to 1.97 km (Figure 1).

The regional geological structure consists of Holocene fluvio-
marine deposits, composed of sand, silt, clay, and gravel accretion
in river mouth plains in the coastal region which are subject
to tidal influence. It also may contain pre-Holocene terraces
(IBGE, 2004a,b,c). Regarding the local geomorphology, the area
is characterized by unconsolidated sedimentary deposits that
form fluvio-marine and fluvio-lacustral plains, thus establishing a
flat area resulting from marine accumulation, comprising beach
ridge systems, high tide sandy beaches, and tidal flats. The soil
in the region of the beaches has not been characterized so far,
but the entire area around it is formed by a typical Plinthosol
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FIGURE 1 | Map of the study area and sampling sites. (A) Samaúma, (B) Goiabalinho, and (C) Goiabal. Sampling stations are pinpointed with black dots.

FIGURE 2 | Graphical representation of the sample collection scheme applied to each beach. X meters: distance between levels, defined from the high-water to
low-water line of each beach divided by 4; Y meters: distance between the South, Center, and North regions, defined by the size of each beach divided by 3. The
black circles indicate where the samples were collected.

Argiluvic Dystrophic and a typical Dystrophic Haplic Gleisol
(IBGE, 2004a,b,c).

Sampling
Samples were collected in September and November 2018 in
the intertidal zone during the spring tide on three beaches. The
studied beaches are north- and south-limited by rivers of with
discharges that flow to the west by the strong oceanic current.
To cover spatial differences within beaches, three sampling
transects, 100 m long each, were equidistantly set in each area,

and are herein named as sectors south, center, and north.
South and North transects were set at least 300 m from beach
extremes to ensure homogeneity between sectors. Within each
sampling transect, five equidistant levels were defined, from
the high- to the low-water mark (Figure 2). At each level,
two samples were collected from a randomly selected sampling
point within the 100 m. For one of the samples, we took
3 cm3 (3 × 3 × 3) of superficial sediment with the aid of a
polyethylene spatula and placed it in a polyethylene container.
This sample was used to assess pH, water content (%) and
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trace elements. The other sample was collected in the immediate
adjacent area of the previous sample and was used to assess
the granulometry. In this sample we took about 100 g of the
superficial sediment (up to 3 cm) with a plastic shovel and put
it in a plastic bag. The samples were taken to the laboratory and
kept at 4◦C.

Physical-Chemical Sediment Parameters
The grain-size was obtained using the method of sequential
sediment-sieving. The sediment samples were dried in a drying
oven for 72 h at 60◦C and sieved in analytical sieves (>355 mm,
355–250, 250–180, 180–125, 125–90, 90–63, >63 µ) to assess
the size-fractions of the grain. The total organic matter was
obtained by weight loss after combustion at 550◦C for 4 h.
The pH was obtained according to Forster (1995) using 1 g of
sediment sample mixed with 10 ml of KCl 1M, left at room
temperature for 1–2 h and the pH value was measured with a
pH meter. The water content (%) of the samples was estimated
as the difference between the wet and dry weight of the sediment,
after freeze-drying.

Element Analysis
Samples were freeze-dried, and a sub-sample (≈100 mg) was
mineralized using an acid mixture of HCl:HNO3 (7:1 v/v)
at 110◦C for 3 h in a closed Teflon vessel. After cooling,
the mineralization products were filtered by Whatman 42
filter and added with an internal standard (Gallium, final
concentration 1 mg/L) and stored at 4◦C until analysis. Elemental
quantification was performed through Total X-Ray Fluorescence
spectroscopy (TXRF) element analysis, which is a reliable,
environmentally friendly and efficient method (Klockenkämper
et al., 2001; Towett et al., 2013; Al Maliki et al., 2017). The
cleaning and preparation of the TXRF quartz glass sample
carriers were performed according to Towett et al. (2013)
and 5 µL of the digested sample was added to the center
of the quartz carrier. The carriers with the samples were
aligned in a sample holder containing a carrier with arsenic
for gain correction (mono-element standard, Bruker Nano
GmbH), a carrier with a nickel standard for sensitivity and
detection limit (mono-element standard, Bruker Nano GmbH),
and a carrier with a multi-element kraft for quantification
accuracy (Kraft 10, Bruker Nano GmbH). Element measurements
were made in a portable benchtop TXRF instrument (S2
PICOFOXTM spectrometer, Bruker Nano GmbH) for 800 s per
sample (Human et al., 2020). The accuracy and precision of
the analytical methodology for elemental determinations were
assessed by replicate analysis of certified reference material
BCR-146. The normalization was done according to Loring
and Rantala (1992) through the ratio of the reference metal
Aluminum and the element Yttrium (Turekian and Wedepohl,
1961; Prokisch et al., 2000; Bau et al., 2018). Blanks and
the concurrent analysis of the standard reference material
were used to detect possible contamination/losses during
analysis. The TXRF spectra and data evaluation interpretation
were performed using the Spectra 7.8.2.0 software (Bruker
Nano GmbH, Germany).

Pollution Indexes
Five pollution indexes were calculated having as basis the
trace element profiles obtained: geoaccumulation index (Igeo),
ecological risk index (RI), sediment quality guideline (SQG),
contamination factor (CF), and pollution load index (PLI), in
order to facilitate the comparison with other published studies.

For these calculations were used the elements that typically
correspond to have anthropogenic driven increases: Cr, Ni, Cu,
Zn, As, Cd, Hg, and Pb (Sousa et al., 2012; Human et al., 2020).

Geoaccumulation index was calculated according to the
following equation:

Igeo = log2

(
Cx

1.5Bx

)
where, Cx represents the concentration of the element x in
the sample and Bx is the geochemical background value of
the element in sedimentary rocks (sandstones). The constant
1.5 is included to accommodate for possible variations in the
background values due to lithologic variations in the sediments.
Table 1 contains the classification of the sediment according to
the result of Igeo (Müller, 1969).

The ecological risk index (RI) is defined as the sum of the
proportion of the trace elements concentrations in the sediment
in relation to the background, multiplied by a pre-established
toxicological factor (Hakanson, 1980; Yang et al., 2009). RI is
calculated by the following equation:

RI =
n∑

i = 1

(
Ti ×

Ci

C0

)
where n is the number of heavy metals, Ti is the toxic-
response factor for a given substance (elements), Ci represents
the trace element content in the sediment and C0 is the
regional background value for the same elements. As there
are no regional background values available for the heavy
metals we assessed, we used the average metal concentrations
for the world sandstones (Turekian and Wedepohl, 1961).
According to the RI result, the sediment sample is classified into
three categories: RI < 300 = ecological risk low to moderate,
300 ≤ RI ≤ 600 = ecological risk high, RI > 600 = ecological
risk extremely high.

Contamination factor is the ratio between the trace
element concentration and the background value. This

TABLE 1 | Categories of sediment characterization according to the result of the
value of Igeo and its classes.

Igeo value Igeo class Designation of quality

>5 6 Extremely contaminated

4–5 5 Strongly to extremely contaminated

3–4 4 Strongly contaminated

2–3 3 Moderately to strongly contaminated

1–2 2 Moderately contaminated

0–1 1 Uncontaminated to moderately contaminated

0 0 Uncontaminated
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was calculated according to Hakanson (1980) using the
following equation:

CFx = Cx
s /C

x
b

Where Cx
s represents the measured value of element x and Cx

b
represents the corresponding background value. To evaluate the
pollution of each metal, we categorized the CF in four classes:
Low degree CF < 1, moderate degree 1 ≤ CF < 3, considerable
degree 3 ≤ CF < 6 and high degree CF≥.

Pollution load index is used to assess the toxicity status of
each site, which was calculated using the concentration of trace
elements in the samples and the trace elements concentration for
the world sandstones average as background value (Turekian and
Wedepohl, 1961). The PLI is obtained as a function of the CF of
each metal by using the following equation:

PLI = n
√
CF1 × CF2 × CF3 × · · · × CF4

where n is the number of trace elements and CF is as defined
above. According to the PLI value, we classified the sample into
two categories: (1) value <1 indicating no metal pollution and (2)
>1 indicating pollution.

Sediment quality guideline were calculated for the minimum
and maximum values of each contaminant, per sampling point,
according to Long et al. (1998). Two SQGs were analyzed: The
threshold effects level (TEL) and probable effects level (PEL)
(Macdonald et al., 1996). These two values defined three ranges of
chemical concentrations: (1) no impact, (2) moderately impacted,
or (3) highly impacted.

The indexes have different peculiarities. The CF uses
background values, which in dynamic environments, such as
estuaries, may not represent inputs by land (Brady et al., 2015).
PLI, which uses a combination of CFs, presents the same
problem and is, therefore, oversensitive. On the other hand,
the IGEO that multiplies the background value by 1.5 in an
attempt to correct this problem. However, this generalization
can lead to a lack of sensitivity in some cases (Birch, 2017).
Both SQG and RI are indices that consider changes in the
sediment’s biotic community. However, the fact that RI is unable
to differentiate between lithological and sedimentary inputs is
a negative aspect of this index. Despite of this, both SQG and
RI offer important answers about possible damages that can be
caused to the biotic community, which includes an important
aspect in the environmental assessments of the sediment. Indexes
are tools used to help interpret data and assist in mitigating
future environmental problems. All indexes have particularities
that must be assessed on a case-by-case basis by the researcher so
that the best approach can be taken.

Statistical Analysis
The statistical analyses were performed in the R software,
version 3.6.2 (R Core Team, 2019). We used Pearson correlations
between all pairs of metals evaluated, and a principal component
analysis – PCA to analyze correlation patterns between the
variables, followed by an analysis of variance – ANOVA, which
is robust to normality violations (Schmider et al., 2010; Blanca
et al., 2017), to verify differences in the values of the extracted

principal components between beaches, sectors, and levels. We
used Ordinary Least Squares models to evaluate whether the first
axis of the principal component analysis, which summarizes the
profile of trace elements in the sediment, is related to sediment
granulometry (proportion of sand and silt), organic matter, and
pH. We ran a null model and every combination between these
predictors and compared the models based on their AICc (Akaike
Information Criterion corrected for small samples). We also used
ANOVA with Tukey post hoc tests to verify differences in the
granulometry, organic matter and pH of the sediment between
beaches, sectors, and levels.

RESULTS

Physical-Chemical Sediment Parameters
The granulometry showed that the sediment of all sampling
points throughout the three beaches is composed mostly of very
fine sand (63–125 µm), with an overall average of 97.93± 0.37%
of sand. Silts (<63 µm) and organic matter were unrepresentative
in the samples, with averages of 1.54 ± 0.40 and 0.85 ± 0.21%,
respectively. The average pH recorded was 5.98 ± 0.17 and the
average water content in the samples was 19.82± 1.80%.

The proportion of sand in the sediment varied between the
levels of the beaches (p = 0.036), but not between beaches
(p = 0.564) or beach sectors (p = 0.264). The proportion of sand
was higher in the first level compared with the second level but
was similar between all other levels. Similarly, the proportion
of silt also varied between levels (p = 0.003), but not between
beaches (p = 0.836) or sectors (p = 0.223). The proportion of
silt was higher in the second level compared to the first, fourth
and fifth levels, but was similar between the other levels. The
amount of organic matter differed between beaches (p = 0.015),
but not between sectors (p = 0.738) or levels (p = 0.375). The
beach of Goiabal presented lower amounts of organic matter than
the other two beaches. The pH did not vary between beaches,
sectors, or levels (p > 0.05).

Sediment Trace Element Profile
Strong correlations between several trace elements could be
assessed. Among the 300 possible correlations between the 25
metals, 97 (32.3%) presented r > 0.6 (MS1). Due to these strong
correlations, the first two axes of the PCA captured 61.3% of the
variance contained in the data (Figure 3). The first axis alone
captured 50.5% of the variance and showed non-zero positive
loads for almost all elements (except As, Cd, Co, and I), that
is, points that have high amounts of a given metal present high
amounts of almost all the other metals, while points that had low
amounts of a given metal, had low amounts of almost all other
metals. The values for this axis (principal component) did not
vary between beaches, sectors, and levels (Table 2). The trace
element profile, represented by the first axis of the principal
component analysis, was not related to sediment granulometry,
organic matter, or pH, i.e., the null model was the model with
higher support (MS2).

The results of the ratio between the levels of the elements
recorded on the beaches and the background values are shown in
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FIGURE 3 | Principal component analysis biplot showing the elements (arrows) and sampling points (dots) of sediment samples from three beaches: Goiabal,
Goiabalinho, and Samaúma.

Figure 4. Cadmium, Sn, and Zr presented high concentrations
on all three beaches. Cobalt and Pb concentrations were
found to be higher in the sediments collected at Goiabalinho
and Samaúma beaches in relation to the Earth’s crust
background. Samaúma beach sediments also had a slightly
high concentration for Br and Hg.

The average concentration per beach and standard deviation
of each element are presented in Table 3 and the comparison of
this results with other studies is presented in MS3.

Igeo
The results obtained for the Igeo showed that 62.2% of
the sampling points of the three beaches were classified as
uncontaminated, 20.0% were classified as uncontaminated to
moderately contaminated, 13.3% moderately contaminated,
and 4.4% strongly contaminated (Figure 5). All three
beaches had between 60.0 and 66.7% of the points
classified as uncontaminated. Cadmium and Hg were
the elements that had a high concentration in all three
beaches, thus raising the Igeo value found in the sediment
samples. Igeo’s pattern of values was similar between the
three beaches.

RI
The result for the RI of the samples indicated that only two
sampling points (one at Goiabal and another at Samaúma) were
classified as high ecological risk (Figure 6). All other sample

points were classified as low to moderate ecological risk. This
index did not show any variation pattern between beaches,
sectors, or levels.

PLI
The PLI values ranged from 0.02 to 0.20. Thus, all points of
the three beaches were classified as non-polluted (Figure 7). As
with other indices, PLI did not show divergent patterns between
beaches, sectors, or levels.

CF
Most of the assessed trace elements presented low CF in all
sampling points. Cadmium and Hg were the only elements
that showed moderate to very high values of CF in the three
beaches (Figure 8). In fact, five out of the 11 points where Cd
was detected had very high CF for this element, and another
six had considerable CF. For Hg, one point had very high CF,
whereas the other 15 points presented moderate CF. At 13 points
the calculated CF for Hg was assessed as low. As with the
other indexes, the CF values did not present different patterns
between the beaches.

SQG
The SQG showed that 22.2% of the 45 analyzed points were
classified as not impacted and 77.7% as moderately impacted in
relation to the TEL. The analysis of the PEL classified 91.1% of
the points as not impacted and 8.9% as moderately impacted.
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TABLE 2 | Results of the analysis of variance (ANOVA) assessing if the first
principal component that summarizes the profile of metals in the sediment varied
between beaches, sectors (south, center, and north), and levels.

Df F p

Beach 2 1.434 0.252

Level 4 1.300 0.289

Sectors 2 0.017 0.983

Residuals 36

These results demonstrate that although the majority of the
points were classified as moderately impacted in relation to TEL,
the fact that the PEL classification for most points was not
impacted demonstrates the low probability that toxic effects will
happen in this environment.

DISCUSSION

This first study of trace elements in ACZ beaches showed strong,
positive correlations between most elements, which indicates a
unique source and a single transport route in the environment
(Pereira et al., 2015; Ahmad et al., 2020). The homogeneity in
the distribution of these elements, across and within beaches,
and the overall ratios with background values close to 1 or lower,
indicate that the origin of trace metals is from natural weathering
of the bedrock and that the form of release or the source of
weather is the same.

The relatively homogeneous distribution of trace elements
in these beaches denotes biological communities, inhabiting the
oceanic coastal zone in northern Brazil, are exposed to very
similar conditions on what concerns these elements (Sun et al.,
2017). Beaches were chosen based on their similarity, but some
difference in trace elements composition among sectors was

expected, due to the influence of the rivers that limit these
beaches: they flow to the west, thus affecting more strongly the
south sectors of the beaches, with a marked influence on the
composition of sediments in the bordering regions of the beaches.
According to our data, sediment composition characteristics
driven from the Amazon river plume influence, overcome the
effects of smaller water-courses. Among levels (across-shore)
some differences could also be expected however only minor
differences were identified in the granulometry, but not in
the metal profile, indicating that metal leach occurs equally
through this dynamic ecosystem, constantly submitted to high
temperatures, high wave energy, and high tidal influence.

One of the factors that probably contributed to the presence
of low levels of the trace elements in the study area is the
fact that the sediment is composed mostly of sand (fine grains)
with low amounts of organic matter (Duarte et al., 2008).
The gentle topography and high energy of the studied beaches
results in a fine sand composition of the substrate (Wright and
Short, 1984; Bramha et al., 2014), which has an acknowledged
negative correlation with trace metals (Siqueira et al., 2018).
Quartz has negative charges causing low adsorption of organic
matter, decreasing its retention, and leaching out the associated
metals (Mondal et al., 2021). In the studied beaches, most points
presented a good sediment quality in relation to the background
levels of the Earth’s, in agreement with the low human use of these
areas, and with no or little anthropogenic inputs in terms of the
trace elements surveyed.

Ratio Between the Recorded Levels and
the Earth Crust’s Levels
The ratio between the levels of the assessed elements and the
most suitable background available for this environment showed
that the elements Al, As, Ca, Cr, Cu, Fe, I, Mg, Mn, P, Rb, S, Sr,
Ti, V, Y, and Zn did not exceed the background values and did

FIGURE 4 | Ratio between the recorded levels of 25 elements of sediment samples from three beaches (Goiabal, Goiabalinho, and Samaúma) and the Earth Crust’s
levels. The dashed line represents a ratio of 1, indicative of sediment concentrations near the ones determined for the Earth’s crust.
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TABLE 3 | Average concentration per beach and standard deviation of each
element analyzed through (TXRF).

Beaches

Element
(µg/g DW)

Goiabal Goiabalinho Samaúma

Al 375.6 ± 170.34 400.64 ± 181.1 404.05 ± 164.23

As 0 ± 0 0.04 ± 0.15 0 ± 0

Br 0.63 ± 0.29 0.57 ± 0.21 1.1 ± 0.7

Ca 108.97 ± 44.08 97.28 ± 32.9 132.02 ± 56.79

Cd 0.44 ± 077 0.2 ± 0.6 0.32 ± 0.73

Co 0 ± 0 1.05 ± 1.18 1.38 ± 1.56

Cr 1.38 ± 0.54 1.32 ± 0.49 1.66 ± 0.4

Cu 0.69 ± 0.32 0.7 ± 0.39 1.01 ± 0.68

Fe (*) 2756 ± 1000.4 3058.04 ± 988.79 3378.12 ± 844.45

Hg (**) 0.03 ± 0.04 0 ± 0 0.06 ± 0.09

I 0.41 ± 0.53 0.5 ± 0.6 0.5 ± 0.61

Mg 77.82 ± 44.62 91.56 ± 53.2 62.46 ± 45.48

Mn 20.75 ± 7.94 22.07 ± 7.07 24.63 ± 5.39

Ni 1.42 ± 0.65 1.18 ± 1.36 1.33 ± 0.35

P 25.51 ± 9.67 28.4 ± 9.87 30.5 ± 8.66

Pb 6.67 ± 2.77 7.59 ± 6.67 7.88 ± 2.58

Rb 2.12 ± 0.85 2.38 ± 0.88 2.44 ± 0.7

S 27.66 ± 13.23 25.58 ± 11.22 27.02 ± 12.1

Sn 6.03 ± 2.47 6.29 ± 2.37 4.7 ± 3.77

Sr 1.86 ± 0.72 1.85 ± 0.61 2.32 ± 0.62

Ti 42.65 ± 20.47 39.15 ± 17.84 48.16 ± 11.85

V 2.26 ± 0.93 2.31 ± 0.87 2.69 ± 0.7

Y 0.68 ± 0.38 0.6 ± 0.3 0.72 ± 0.21

Zn 5.83 ± 2.16 5.94 ± 1.84 6.7 ± 1.49

Zr 597.07 ± 258.56 639.9 ± 258.2 599.77 ± 285.01

Fe (*), mg/gr; Hg (**), ng/gr.

not increase in relation to the ratio/background, indicating its
natural origin and reduced influence of anthropogenic activities.
Bromine and Ni showed slightly increased levels. Seawater is
the main source of bromides for coastal sediments (Mansouri
et al., 2020) and Br generally has high correlations with iodine
and organic matter (Leri et al., 2010). Although some points
showed an increased level of Br in the sediment, they still
presented low concentrations when compared to other areas
(Mansouri et al., 2020).

The higher observed ratios in relation to the background levels
were, in descending order, Cd, Co, Hg, Zr, Pb, and Sn, indicating
possible anthropogenic contamination. Cadmium showed, along
with Co, the highest relative levels among all assessed elements,
so some environmental pollution by these elements may be in
course. The recorded Cd concentrations were similar to other
studies conducted on beaches along of the coasts of China (Zhao
et al., 2016), India (Bramha et al., 2014), and Cameroon (Ekoa
Bessa et al., 2020), where such levels were related to the presence
of pollution caused by sewage, fertilizers, and industrial activities.

Cobalt values assessed were also indicative of some degree
of contamination. However, the highest concentrations recorded
by our study (2.87 and 3.53 µg/g DW) are lower than those
recorded in a nearby estuary (13.82 µg/g DW: Xavier et al., 2020).

Also, the values recorded in the present work are 5–30 times
lower compared to other beaches already assessed (Vidinha et al.,
2006; Vetrimurugan et al., 2016). Cobalt has an affinity with
Fe (Ekoa Bessa et al., 2020), however, no correlation between
these elements was observed in our study, which together with
high relative levels of Co, could configure anthropogenic input
of this element into the environment. But again, the lack of a
specific background of the area hinders a conclusive diagnosis.
When associated with human pressures, high Co levels have
already been related to oil spills, industrial waste, and boat traffic
(Vetrimurugan et al., 2016; Ekoa Bessa et al., 2020).

Mercury concentrations detected are assignable to pollution,
but do not characterize necessarily an anthropogenic source
of contamination. In beaches from the coast of Spain, values
of Hg were higher than in the present study and attributed
to local environmental characteristics (Sanz-Prada et al., 2020).
The studies carried out in areas closer to ours, a nearby
estuary (Xavier et al., 2020) and continental shelf (Siqueira
et al., 2018), had similar Hg values. There are, indeed, gold
mining activities in surrounding upstream areas, but the scale
of these activities and the amount of mercury they generate
would hardly influence the adjacent continental shelf in a similar
way. There are also other environmental particularities, such as
soil type (Roulet and Lucotte, 1995), intense fluvial discharge
of organic matter (Anthony et al., 2013; Siqueira et al., 2018),
and mining activity (Lacerda and Pfeiffer, 1992; Siqueira et al.,
2018) that may affect the levels of Hg in Amazonian soils
(Marchand et al., 2006; Siqueira et al., 2018; Xavier et al.,
2020). Seasonal analyses that quantify the different forms of this
element are necessary to answer properly the questions about
Hg source and environmental risk (Lacerda and Pfeiffer, 1992;
Siqueira et al., 2018).

We recorded high levels of Zr in our samples in comparison to
the ratio/background, indicating an increase in its concentration
in relation to the levels of the Earth’s crust. Our results, on
average (597.07, 599.77, and 639.9 µg/g DW), are slightly
above the results found for another beach in southern
Brazil (419–499 µg/g: de Barros et al., 2010). These higher
values found in our study may indicate intense natural
sedimentation of the bedrock.

The Pb levels recorded were slightly above the background
values, but much lower than those found in other coastal
environments, beaches included, especially compared to places
with large industries, intense tourism, and high population
density (Vidinha et al., 2006; Bramha et al., 2014; Zhao et al.,
2016; Salam et al., 2021). The concentrations recorded in the
present study are below the values found in the nearby estuary,
Cunani (Xavier et al., 2020), which recorded roughly twice the
value found here. Thus, despite the lack of background values, the
available information supports that the Pb local levels are most
likely from natural origin.

Similarly, relative levels of Sn were only slightly increased.
Compared to the results found by the study conducted in
the Cunani estuary (3.38 µg/g: Xavier et al., 2020), the levels
found in our study were higher. However, when compared to
other locations, such as an estuary and a gulf on the coast
of Spain (11–113 µg/g: Arambarri et al., 2003; 8.1–24 µg/g:
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FIGURE 5 | Geoaccumulation index (Igeo) of eight elements from sediment samples from three beaches: Goiabal, Goiabalinho, and Samaúma. The dots represent
element levels for each sampling point. The dashed lines divide Igeo classes.

DelValls et al., 2002), they were much lower. Tin is found in
its organic and inorganic forms in the environment, being its
organic form the most toxic to living organisms (Arambarri et al.,
2003; Selvi et al., 2019). We evaluated the total form of the
element, and it would be necessary to quantify, separately, its
organic and inorganic fractions to determine if, and to which
extent, there is an effective level of Sn toxicity in the environment.

Indexes
The geoaccumulation load index, CF, and RI indicated that
most of the points among the three beaches were in the
uncontaminated class, low CF, and low to moderate ecological
risk, respectively. With this record, we can infer that sediment
of the three beaches is mostly in good condition, in agreement
with the beaches low use and environmental preservation, more
specifically in relation to the level of contamination by metals
As, Cr, Cu, Ni, Pb, and Zn. However, Cd and Hg reached high
levels in some points, causing these indexes to reach levels that
indicate contamination for these elements (Igeo, CF, and IR).
Cadmium levels were classified as high in nearly half of the
samples, across sampling areas, while Hg was detected in a
concerning amount in only one sampling point, in Samaúma
beach. Studies in the same region found similar results of Igeo,
CF, and IR (Siqueira et al., 2018; Xavier et al., 2020), where most
metal elements were classified into categories that indicated an
unpolluted environment, except Hg, which as well as in our study
presented high levels.

Cadmium levels were not assessed by the studies conducted
in nearby areas (Siqueira et al., 2018; Xavier et al., 2020). The
classification recorded for Cd by Igeo and CF demonstrates
anthropic contamination of the aforementioned sampling points
(Nobi et al., 2010; Bramha et al., 2014; Orani et al., 2018).
The most frequent sources of Cd contamination are domestic
sewage, industrial waste, fertilizers, paint industries, and ship
paint (Nobi et al., 2010; Watts et al., 2017; Radomirović et al.,
2020). Unlike regions in which Cd contamination is caused by
industries and residential areas in their surroundings (Bramha
et al., 2014; Salam et al., 2021), the possible contamination
cause is not clear in our study area, since the region has
low population density and does not have large industries
or large agricultural areas that use fertilizers. Although the
flow of vessels exists (Brasil, 2010; Kaluza et al., 2010), it
is uncertain whether their intensity is sufficient to cause
these Cd levels. Therefore, there is a need to monitor
Cd levels in the region and investigative possible sources
of contamination.

Cadmium behaved differently than most other metals, which
indicates that this element may have a more specific source of
contamination than the remaining evaluated elements (Pereira
et al., 2015). This combined with the fact that Cd presented
a high concentration in relation to the background reinforces
its possible anthropic origin. Due to its concentration and
the possibility of bioaccumulation, this increased level of Cd
concentration can be toxic to the aquatic biota, mainly to
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FIGURE 6 | Ecological risk index (RI) of eight elements from sediment samples from three beaches: Goiabal, Goiabalinho, and Samaúma. The different shapes and
colors represent levels and sectors, respectively. The dashed lines divide RI classes.

FIGURE 7 | Pollution load index (PLI) of eight elements from sediment samples from three beaches: Goiabal, Goiabalinho, and Samaúma. The different forms and
colors represent levels and sectors, respectively.
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FIGURE 8 | Contamination factor (CF) of eight elements from sediment samples from three beaches: Goiabal, Goiabalinho, and Samaúma. The dots represent
element levels for each sampling point. The dashed lines divide CF classes.

benthic organisms, which live in close association with substrates
(Chakraborty et al., 2012). Therefore, its monitoring should be
considered in this environment.

Most of our sampling points had low to moderate ecological
risk, which is favorable for the biotic community that inhabits
the sediment and for the other animals in higher levels in the
trophic chain. Only two points showed worrying results (high
ecological risk) from high levels of Cd and Hg. An analysis of
the biomagnification of Hg metalloid in the trophic chain of
an estuary showed that concentrations increase with the trophic
level (Fonseca et al., 2019). The presence of Hg in fish has
already been recorded in rivers that flow near the studied beaches
(Viana et al., 2020).

Cadmium and Hg are among the most widespread metals
in the environment and in the group of non-essential and
highly toxic metals (Selvi et al., 2019). The presence of high
levels in the environment is worrying, as these metals have
bioaccumulation capacity that can lead to contamination of
polychaetes (Castiglioni et al., 2018), fish (Amirah et al., 2013;
Bosch et al., 2016), birds (Hosseini et al., 2013), and even humans
(Bosch et al., 2016). The fishing activity reinforces the risk
to human beings in our study area (Brasil, 2010). Only some
chemical forms of metals are able to bioaccumulate in living
beings, and high levels of bioavailable forms are necessary for
this contamination to occur (Bosch et al., 2016). Our results
highlight the importance of investigating how many of these
elements, focusing on Cd and Hg, are bioavailable to the
benthic community.

Similar to the other calculated indexes, the PLI classified
all three beaches as not contaminated, despite the results for
the elements Cd and Hg. The PLI is a more robust index,
encompassing higher threshold levels of all elements evaluated.
The available studies for areas in this same region did not focus
on this index, hindering such information comparison. Actually,
geochemical baseline studies in areas that are similar to ours,
i.e., sandy beaches preserved from direct impacts, are very few,
as most beaches suffer intense anthropogenic pressure (Orani
et al., 2018; Ekoa Bessa et al., 2020). Only two beaches had
results that indicated an unpolluted environment: one on the
coast of Turkey (Yalcin, 2020) and another on the coast of India
(Vineethkumar et al., 2020).

The SQG also confirms this diagnosis, since all the points
were within the TEL, where toxic effects are unlikely and did
not exceed the PEL values, which could represent probable
toxic effects to biota. Regarding Hg only, this result is similar
to the analysis performed in sediments of the sediment of the
continental shelf for this same region, where 86% of the analyzed
samples were below the TEL (Siqueira et al., 2018). In a study
conducted off the coast of Yemen, for the elements Cu, Zn, Cd,
Pb, and Ni, all points were below the TEL, except for Ni, for
which some points exceeded PEL (Saleh, 2021). In sediments
from coastal China, a more impacted area, high levels of Cd
were observed, exceeding the PEL in relation to the elements
Ni and Cr (Bramha et al., 2014). Despite the conservation
status, Cd showed the highest relative values in our study areas.
According to the SQG/TEL analysis, though, there is a low
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probability of Cd toxicity to the local biota. The lack of a local
background evaluation for the region prevents more assertive
inferences about whether some of the trace elements evaluations
are not in accordance with primary conditions. Further regional
evaluations can now rely on the present data to assess eventual
changes over space and time. At a global scale these results
will also be useful for comparison with similar sandy dissipative
beaches with low human impact.

CONCLUSION

Trace element profiles are essential to evaluate the anthropogenic
impact in a certain area. This information was lacking for the
Amazonian beaches and thus the need for a baseline study, such
as the one presented here is reinforced. Most of the samples
collected presented safe levels of the trace elements evaluated
when compared with the composition of the Earth’s crust.
Due to the lack of bibliography regarding similar environments
and/or reference values for this specific beach typology the
application of contamination indexes is of utmost relevance for
the classification of the sampling sites and comparison with
published data from bibliographic references. The application
of these indexes allowed us to assess that the sampled beaches
are in most cases classified as non-polluted, with only Cd and
Hg showing some values of concern in specific sampling points,
indicating punctual contamination by these elements. Thus, this
baseline study in the Amazonian beaches is of key relevance
for future monitoring and impact assessment studies, providing
baseline reference trace element concentrations and indexes
of environmental chemical quality for future studies in these
important ecosystems.
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Increased nutrient loading associated with rapid population growth is the leading
cause of deteriorating water quality in urbanized estuaries globally. Small estuaries
are particularly sensitive to changes when connection with the marine environment is
restricted, or lost, because of high water retention. The temporarily closed Hartenbos
Estuary (South Africa) is an example of how such pressures can culminate in a severely
degraded ecosystem. Wastewater treatment work (WWTW) discharges introduce
substantial volumes of freshwater (8,000 m3 d−1) and nutrient loads (38 kg DIN d−1 and
22 kg DIP d−1) into this estuary. This constant inflow has necessitated frequent artificial
breaching (inducing alternating states) of the estuary mouth to prevent flooding of low-
lying developments and, occasionally, to mitigate against extreme events such as fish
kills and sewage spills. This study investigated the efficacy of artificial mouth breaching
practices in eliciting responses in selected abiotic and biotic parameters. Microalgal
(phytoplankton and benthic diatoms), benthic macrofauna and fish community dynamics
were assessed in response to mouth state and water quality conditions using a seasonal
monitoring programme. The hypereutrophic nature of the Hartenbos Estuary was
highlighted by persistent high-biomass phytoplankton accumulations (>100 µg Chl-a
l−1), extreme dissolved oxygen conditions (0.4–20.5 mg O2 l−1) and the predominance
of harmful algal bloom (HAB) events comprising Nannochloropsis sp. and Heterosigma
akashiwo. Artificial breaching of the mouth facilitated limited tidal exchange and
occurred approximately bimonthly once water levels exceeded 1.9 m above mean sea
level (MSL). Current pressures and management interventions have culminated in an
ecosystem void of natural fluctuations and instead characterised by low diversity and
shifts between undesirable states. This is highlighted by the near year-round dominance
of only a few opportunistic species/groups tolerant of adverse conditions (e.g.,
Nannochloropsis sp., Halamphora coffeiformis, oligochaetes, estuarine round herring
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Gilchristella aestuaria, and southern mullet Chelon richardsonii). Therefore, catchment-
scale interventions such as the diversion of WWTW discharges and restoration
of hydrodynamic variability are management priorities for improving the health and
biodiversity of small, closed microtidal systems such as the Hartenbos Estuary.

Keywords: eutrophication, harmful algal blooms, hypoxia, mouth management, nutrient loading

INTRODUCTION

The issue of coastal eutrophication has been researched
extensively (Nixon, 1995; Cloern, 2001; Bricker et al., 2008;
Le Moal et al., 2019; Lemley and Adams, 2019; Malone
and Newton, 2020) due to its worldwide prominence and
close linkages with anthropogenic global change pressures
(e.g., nutrient enrichment, warming, hydrological modifications).
The eutrophication process is driven by an increased rate
of supply of nutrients and organic matter that stimulates
excessive primary producer growth, which, in turn, causes an
array of indirect and undesirable secondary responses, such as
oxygen depletion, harmful algal blooms (HABs), habitat loss,
reduced biodiversity, and trophic restructuring. The variety of
manifestation pathways related to eutrophication is diverse and
complex, often culminating in drastic, potentially irreversible,
shifts to the structure and functioning of coastal ecosystems, i.e.,
alternate states (Duarte et al., 2015). Estuaries are particularly
susceptible to such perturbations because of their positioning
at the nexus between terrestrial and marine exchanges that
facilitates inherent spatiotemporal variability regarding physical,
chemical, and biotic properties along the salinity gradient (Cloern
et al., 2017). Thus, the continued deterioration of coastal and
estuarine ecosystems has led to widespread restoration efforts
that aim to alleviate the pressures that cause degradation
(Duarte and Krause-Jensen, 2018; Boesch, 2019; Le Moal et al.,
2019). Such efforts, typically centred around a combination of
nutrient reduction strategies and engineering solutions, tend to
emanate from legal policies (e.g., Clean Water Act, United States;
Water Framework Directive and Marine Strategy Framework
Directive, Europe; National Water Act, South Africa) that prompt
management interventions when an ecosystem is classified as
being in an undesirable condition (Lemley and Adams, 2019).
Successful abatement of eutrophication is complicated by shifting
ecological baselines and the dissimilar trajectories of ecosystem
degradation and recovery (Duarte et al., 2015). Recovery typically
requires a greater reduction in pressure compared to that which
initiated degradation to reduce or remove negative feedback
loops (e.g., internal nutrient loading, altered food webs) that act
to maintain the degraded state. This was exemplified by Duarte
et al. (2009) that highlighted the convoluted recovery trajectories,
and inability to return to past norms, of four European
estuaries that underwent significant nutrient load reductions
(oligotrophication). This highlights the importance for scientists
and managers to consider any environmental changes that
have occurred relative to natural conditions (or desired states)
when setting restoration targets. Moreover, the recovery of
estuarine ecosystems is closely linked to the (1) severity of

the disturbance/pressure, and (2) degree of connectivity with
adjacent healthy ecosystems.

Microtidal estuaries (tidal range <2 m) that occur in low
rainfall climates are prone to periods of prolonged water
residency and mouth closure (i.e., ranging from weeks to
years) that promotes accumulation of contaminants and, thus,
increased susceptibility to anthropogenic pressures (Warwick
et al., 2018; Adams et al., 2020). This heightened sensitivity to
global change perturbations, compared to well-flushed estuaries
with increased marine connectivity, occasionally necessitates the
implementation of unique management interventions geared
toward mitigating the frequency and severity of deleterious
events (e.g., HABs, oxygen depletion, fish kills). Similar to
other Mediterranean-like regions (e.g., Australasia, Portugal,
California and Texas, United States), small microtidal estuaries
with intermittent marine connectivity represent the numerically
dominant ecosystem type in South Africa, with >75% of the
290 estuaries classified as either temporarily or predominantly
closed (van Niekerk et al., 2020). Of these systems, approximately
30% have been classified as being under high to very high
pollution pressure, mainly stemming from wastewater treatment
work (WWTW) discharges, agricultural return flows, and
urban runoff (van Niekerk et al., 2019; Adams et al., 2020).
Unlike developed regions where restoration efforts have been
widely adopted and implemented, these anthropogenic nutrient
pressures are currently increasing in South Africa. The resultant
degradation of estuarine health, together with floodplain
development and altered freshwater inflow patterns, has also
increased the occurrence of mouth manipulation interventions
(van Niekerk et al., 2019).

The potential efficacy of artificial mouth breaching as a
management approach to improve water quality in South Africa
is justified by enhanced tidal exchange (increased salinity),
decreased nutrient concentrations, and dilution of micro- and
macroalgal biomass (Human et al., 2016; Lemley et al., 2019).
However, premature (low water level) and mistimed (unseasonal)
breaching is a concern given that it inhibits the flushing potential
and enhances sedimentation. The hypereutrophic Hartenbos
Estuary is an example of a small, high-retention South African
system that is subject to prolonged periods of mouth closure,
significant nutrient pressures, freshwater inflow alterations,
and regular mouth manipulation (Lemley et al., 2015). These
anthropogenic perturbations have resulted in an ecosystem
characterised by excessive primary producer biomass, reduced
biodiversity, hypoxic conditions, and intermittent mass fish
mortality events. Thus, it provides a suitable case study from
which to investigate the management interventions required
to improve and/or restore ecosystem functionality in similar

Frontiers in Marine Science | www.frontiersin.org 2 June 2021 | Volume 8 | Article 68893381

https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/marine-science#articles


fmars-08-688933 June 8, 2021 Time: 16:50 # 3

Lemley et al. Managing Small, Closed Hypereutrophic Estuaries

heavily degraded microtidal systems. Accordingly, this study
aimed to assess whether existing mouth breaching practices are
an adequate long-term solution to achieve desirable responses in
selected water quality parameters and biotic communities.

MATERIALS AND METHODS

Study Area
Classified as a large temporarily closed system, the Hartenbos
Estuary is located along the warm temperate south coast
of South Africa, with the mouth (34◦7′2.69′′S; 22◦7′27.12′′E)
situated approximately 9 km northeast of Mossel Bay (Figure 1;
van Niekerk et al., 2019). The restricted nature of the inlet
allows for only periodic marine connectivity via semidiurnal
microtidal (≤1 m) exchanges with the adjacent Indian Ocean.
With a relatively small catchment (170 km2) and open water
(42 ha) area (van Niekerk et al., 2015), the Hartenbos Estuary
is approximately 4 km in length and is characterised by shallow
water depths (<0.5–2 m). The system has undergone substantial
anthropogenic manipulation in recent history, dating back to
1970 when the construction of the Hartebeeskuil Dam, with
a total storage capacity of 7.2 × 106 m3, was completed
(Bickerton, 1982). Following its construction, the dam water
was declared unsuitable for human consumption or irrigation
purposes due to the brackish nature of the springs in the
Hartenbos catchment. Thus, despite minimal allocations for
livestock watering, the Hartebeeskuil Dam serves as a major
freshwater obstruction to the downstream estuary, culminating
in a poorly flushed ecosystem with little hydrodynamic variability
and a loss of natural ecosystem functionality. This lack of
natural dynamism was further confounded by the Hartenbos
Regional WWTW that became operational in 1986, despite
evidence highlighting the potential for deleterious consequences
(Bickerton, 1982). At present, the Hartenbos WWTW employs
activated sludge, biological nutrient removal, and screw press
dewatering technologies to treat sewage (Department of Water
Affairs, 2012). Situated within the estuarine functional zone
(Figure 1), the Hartenbos WWTW is estimated to discharge
5.3 × 106 m3 of mostly treated effluent to the Hartenbos Estuary
annually (Lemley et al., 2014). This volume exceeds both the
natural (4.6 × 106 m3) and present-day (2.8 × 106 m3) mean
annual runoff estimates for the catchment (van Niekerk et al.,
2019). These WWTW discharges contribute disproportionately
high dissolved inorganic nitrogen (38.3 kg DIN d−1), and
phosphorus (21.5 kg DIP d−1) loads to the estuary, particularly
given the small size and predominantly closed nature of the
system (Lemley et al., 2014). These WWTW inputs, together
with the pressures associated with the surrounding urban (e.g.,
stormwater drains) and agricultural (e.g., fertilizer application)
developments (Figure 1), have resulted in the Hartenbos Estuary
being classified as persisting in a predominantly hypereutrophic
condition (Lemley et al., 2015). Additionally, the estuary inlet
has been artificially breached at lower than natural water levels
for decades, resulting in a loss of scouring potential during
breaching and potentially contributing to the shallow depths in
the lower reaches. The near steady-state inflow of nutrient-rich

WWTW effluents has necessitated the formulation and adoption
of an expanded mouth management protocol that enables the
management authority to breach the mouth when water levels
exceed 1.9 m mean sea level (MSL) to prevent flooding of
surrounding developments and/or in response to extreme events
(e.g., fish kills, sewage spills).

Sampling Design
Five sampling surveys were conducted during the period from
February 2019 to January 2020 to characterise the variability of
selected abiotic and biotic parameters in the Hartenbos Estuary
in response to management interventions (e.g., artificial mouth
breaching). The seasonal sampling programme encapsulated
each of the distinct mouth conditions typical of temporarily
closed estuaries in South Africa (sensu Snow and Taljaard, 2007),
namely: open (February 26, 2019), semi-closed (i.e., open at high
tide, closed at low; May 04, 2019 and January 25, 2020) and
closed (July 16, 2019 and September 18, 2019). During each
survey, samples were collected at five fixed locations along the
length of the estuary (Figure 1) to assess the spatial variability
typical of transitional waters. Of the selected parameters,
abiotic (physico-chemistry, inorganic nutrients) and microalgal
(phytoplankton, benthic microalgae) components were assessed
on each sampling date, while fish and macrobenthic fauna
data were not available for the first (February 26, 2019; open)
and last (January 25, 2020; semi-closed) surveys, respectively.
However, despite this, the available data for each component is
representative of each season.

Abiotic Variables
Water level data, encompassing the period from January 24,
2019 to January 25, 2020, were obtained from the Department
of Water and Sanitation (DWS), South Africa. The monitoring
station (K1T010) is located in the mid- to lower reaches (near
to Site 2) of the estuary (34◦07′02.0′′S; 22◦06′59.0′′E) and the
data it records is used by the local management authority as an
indicator (water level ≥1.9 m MSL) to initiate the enactment
of a mouth management protocol that provides pre-approval
for breaching. On each sampling occasion, in-situ depth-
interval measurements of abiotic parameters, taken at 0.5 m
increments from surface to bottom-waters, were recorded at the
fixed sampling localities using a YSI ProDSS multiparameter
water quality meter. These included salinity, water temperature
(◦C), dissolved oxygen (mg l−1), pH, and turbidity (FNU).
Water samples for inorganic nutrient analyses were collected
at each site using a weighted pop-bottle at specified depths,
i.e., surface (0 m), 0.5 m (when water depth ≥1 m), and near-
bottom. Samples were filtered onboard through hydrophilic
polyvinylidene difluoride (PVDF) 0.47 µm pore-size syringe
filters and placed into acid-washed polyethylene bottles before
being frozen. Orthophosphate (PO4

3−), ammonium (NH4
+) and

total oxidised nitrogen (NOx = NO3
−
+ NO2

−) concentrations
were determined using standard spectrophotometric methods
(Bate and Heelas, 1975; Parsons et al., 1984). Subsequently,
inorganic nutrients were categorised as dissolved inorganic
nitrogen (DIN = NH4

+
+NOx) and phosphorus (DIP = PO4

3−)
and expressed in mg l−1.
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FIGURE 1 | Distribution of the sampling stations, wastewater treatment works (WWTW), and urban developments within the estuarine functional zone (EFZ) of the
temporarily closed Hartenbos Estuary, South Africa.

Biotic Communities
Multiple biotic communities (i.e., primary producers,
consumers) were selected as indicators to provide a robust
assessment of estuary health (O’Brien et al., 2016) in response
to mouth breaching events. Taxa were identified to the
minimum taxonomic resolution required to adequately describe
community patterns and responses to changes in water quality
and hydrological conditions (see Garmendia et al., 2013; Lemley
et al., 2019; Gerwing et al., 2020; Ribeiro et al., 2020).

Water samples for phytoplankton analyses were collected
concomitantly with those for inorganic nutrient analyses.
Phytoplankton biomass, measured as chlorophyll-a
concentration (expressed as µg Chl-a l−1), was determined
by filtering replicate samples of a known volume of water
(ranging from 100 to 250 ml) through 1.2 µm pore-sized
glass-fibre filters (Munktell© MGC). The filters were then placed
in aluminium foil and frozen prior to analysis. Once in the
laboratory, chlorophyll-a was extracted by placing thawed filters
into glass scintillation vials with 10 ml of 95% ethanol (Merck©

4111) for 24 h in a cold (ca. 2◦C), dark room. Thereafter, any
suspended particles were removed by re-filtering the extracts.
Next, the absorbance of the cleared extracts, before and after
acidification with 1N HCl, was read using a Thermo ScientificTM

GENESYSTM 10S UV–Vis spectrophotometer at a wavelength of

665 nm. Chlorophyll-a concentration was calculated using the
equation set out in Snow et al. (2000) that was derived from
Nusch (1980). For the purposes of phytoplankton identification
and enumeration, depth-interval water samples were fixed with
25% glutaraldehyde solution (Sigma-Aldrich R© Chemicals G5882)
to a final concentration of 1% (by volume). Next, 10 ml of
each fixed sample was placed into 26.5 mm diameter Utermöhl
chambers and allowed to settle for 24 h before identification and
enumeration (cells ml−1; as per Snow et al., 2000) were conducted
using an inverted Leica DMIL phase contrast microscope at a
magnification of 630×.

Benthic microalgal communities were sampled along the
adjacent shoreline at each of the five sampling stations.
Microphytobenthic (MPB) biomass (expressed as mg Chl-a m−2)
was determined by collecting four replicate sediment samples
(two cores per replicate) from the subtidal zone (0.3–0.5 m depth)
using a Perspex twin-corer with an internal diameter of 20 mm.
Samples were placed into acid-washed polypropylene specimen
containers and frozen prior to analysis. The determination
of MPB biomass followed a similar procedure described for
phytoplankton biomass, with the only differences being related
to the extraction process, i.e., 15 ml of 95% ethanol (Merck 4111)
added to the samples and extraction for 6 h (Brito et al., 2009).
Samples for benthic diatom community analyses were collected
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from surface sediments (top few millimetres) in the subtidal zone
at each site and living diatoms were harvested using the cover slip
method (Bate et al., 2013). The process of diatom preparation for
identification was performed according to the method described
by Taylor et al. (2005). A minimum of 400 diatom valves were
counted using a Zeiss Axioplan light microscope with Differential
Interference Contrast (DIC) optics at a magnification of 1000×.

Subtidal macrobenthic fauna were collected at each of the
five localities that benthic microalgae samples were collected.
A 30 cm2 van Veen stainless steel grab was pushed into the
sediment to a maximum depth of 5 cm and triplicate sediment
cores were placed in a 20 L bucket (Teske and Wooldridge, 2001).
Estuary water was then added, and the sediment homogenised
and suspended by swirling (Pillay and Perissinotto, 2008). The
suspension was poured through a 500 µm mesh whereafter
the process of adding water and resuspension was repeated at
least three times until only sediment and large inorganic matter
remained in the bucket, which was then rinsed over 2 mm
mesh in a box sieve (Pillay and Perissinotto, 2008). The rinsed
sample on the 500 µm mesh and any macrofauna (e.g., molluscs)
retained in the box sieve were placed into acid-washed plastic
bottles with 250 ml of estuary water containing 5% formalin
(preservative) and Phloxin-B (pink tissue stain to facilitate
invertebrate sorting) (Teske and Wooldridge, 2001; Pillay and
Perissinotto, 2008). In the laboratory, each sample was rinsed
homogenously onto a 22 cm diameter 500 µm sieve. Random
sub-sampling by weight, following the techniques of Glozier
et al. (2002), occurred when large amounts of non-invertebrate
organic matter were present or if macroinvertebrate counts were
large (>1,000 per taxon). The entire or sub-divided sample was
sorted in a large tray with a small volume of water added and
each specimen was isolated, identified to at least class level, and
counted such that abundance could be reported as count per
square meter of benthic sediment.

Seine nets, which capture juvenile and smaller species, were
deployed to sample the fish community in the Hartenbos Estuary.
The seine net was 30 m long and 2 m deep, with a 15 mm bar
mesh and a 5 mm bar mesh in the middle 10 m that includes
the cod-end. Deployments occurred in the littoral habitats at
the five sampling stations during daylight hours. The seine net
was deployed from a dinghy in a semi-circle formation and
subsequently hauled to shore by four people, i.e., the mean area
swept per haul was 160 m2. Fish collected in the seine nets
were placed into buckets of estuarine water and then sorted to
the lowest taxonomic level. Once the fish were identified, they
were returned alive to the system. Fish species were categorised
into guilds based on their dependency on estuaries using the
international estuarine functional guild classification proposed
by Potter et al. (2015), using Whitfield (2019) as a guide for fishes
occurring in South African estuaries. For comparison, regular
fish surveys of two nearby estuaries the Klein Brak (4 km N)
and similarly sized Groot Brak (12 km N) were co-ordinated to
overlap with the Hartenbos trips.

Data Analysis
All statistical analyses and graphical illustrations were performed
in the R environment (version 3.6.1, R Core Team, 2020). The

“vegan” package was used to calculate the effective number of
species (ENS) for each of the biotic communities based on
species/group abundance. The ENS is the number of equally
abundant species required to produce a particular value of a given
index; in this case, Shannon’s H′ index, where ENS = exp(H′)
(Jost, 2006). The ENS metric is a standardised measure of
true species diversity and is more robust against sampling and
statistical issues than species richness and other diversity metrics
that are related to entropy (uncertainty) (Jost, 2006). This unified
approach provides an effective means of interpreting the effect
of ecological drivers on biodiversity (Chase and Knight, 2013;
Rishworth et al., 2020). Non-metric multidimensional scaling
(NMDS) was applied (“vegan” package) to abundance data for
phytoplankton, benthic diatom, benthic macrofauna, and fish
groups/species to illustrate the variation in community structure
between different mouth conditions. A three-dimensional
solution (k = 3) was chosen to reduce high stress values.
Additionally, selected environmental vectors (salinity, water
temperature, dissolved oxygen, pH, turbidity, DIN, DIP, and
halocline extent) were fitted (permutations = 999) to the NMDS
plots to assess which variables best explain (squared correlation
coefficient, r2) community assemblage variance. The Shapiro–
Wilk W test was used to evaluate data normality. The interactions
between selected abiotic and biotic parameters were evaluated
using the non-parametric Spearman’s rank correlation. All
analyses were tested at a significance level of α < 0.05.

RESULTS

Abiotic Variables
Water level in the mid- to lower reaches of the Hartenbos
Estuary ranged from 0.98 to 2.03 m MSL throughout the study
period (Figure 2A). Estuarine water levels display a largely
cyclical pattern, with breaching events occurring approximately
bimonthly due to the consistent nature of effluent discharges
entering the system from the Hartenbos WWTW. A total of
7 authorised breaching events occurred in 2019, including:
February 18, April 18, June 14, August 01, September 04, October
10, and December 11. As outlined in the mouth management
protocol, the majority of these breaching events were initiated
during spring tides (i.e., maximum tidal exchange) once estuarine
water levels exceeded 1.9 m MSL. The open mouth conditions
and semidiurnal tidal variability observed (Figure 2B1) during
the first sampling interval (February 2019) highlight the efficacy
of this approach. Mouth manipulations at water levels below
the prescribed guideline (≥1.9 m MSL) occurred on September
04 (1.78 m MSL) and December 11 (1.81 m MSL) and were
initiated in response to a mass fish mortality event and socio-
economic requirements (holiday season), respectively. Notably,
the reduced water levels during excavation of the inlet on
September 4, 2019 occurred on a neap tide, which prevented
tidal exchanges and facilitated rapid mouth closure (Figure 2B4).
Similarly, an unauthorised mouth breaching event took place on
January 3, 2020 (1.61 m MSL) at very low water levels during
a neap tide and subsequently closed 5 days later. The estuarine
inlet breached again approximately 2 weeks later (1.72 m MSL),
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FIGURE 2 | Six-minute interval water level variability (A) recorded throughout the study period (January 24, 2019 to January 25, 2020) at DWS Station K1T010
situated near Site 2 (see Figure 1). Short-term fluctuations are indicated for each of the sampling occasions, i.e., February 2019 (B1), May 2019 (B2), July 2019
(B3), September 2019 (B4), and January 2020 (B5). A 14-day period prior to the sampling date was chosen for this to represent a full tidal cycle that would
encapsulate any overwashing events during closed mouth conditions. Sampling intervals (*) are demarcated according to the degree of mouth connectivity with the
marine environment on the day of sampling; including open (blue), semi-closed (green), and closed (red) mouth conditions.

reportedly in response to overwashing from the adjacent coastal
environment and rainfall in the hardened lower catchment
(stormwater runoff). However, the moderate water levels prior to
this natural breaching event culminated in perched, semi-closed
mouth conditions prevailing, with seawater only overwashing
during high tides (Figure 2B5). High water levels at breaching
are required to facilitate scouring of accumulated sediments, thus
enabling prolonged periods of open mouth conditions thereafter.
The importance of adequate water levels prior to breaching was
highlighted by a period of prolonged marine connectivity during
October 2019 when an effective breaching event (>2 m MSL;
October 10) coincided with spring storm tides (max. 1.96 m MSL;
October 27). While semi-closed and closed mouth conditions
are not easily distinguished from each other, the water level
dataset indicates that periods of marine connectivity (i.e., daily
water level amplitude ≥10 cm) only occurred for 12.3% of
the study period.

The restricted nature of tidal exchange in the Hartenbos
Estuary was highlighted by the predominance of meso- (salinity:

5–18) and polyhaline (18–30) conditions throughout the study
period (Figure 3). The open mouth phase was characterised by
largely homogenous polyhaline conditions (21.1 ± 3.0), while
mesohaline conditions (11.5 ± 3.7) were typical of the closed
mouth phase (i.e., dominant state under present conditions).
Sampling dates classified as exhibiting semi-closed mouth
conditions were dissimilar, with polyhaline and mesohaline
conditions observed during the May 2019 (19.0 ± 3.9) and
January 2020 (8.9 ± 3.1) intervals, respectively. The reduced
salinity and limited intrusion of seawater observed during
the January 2020 sampling interval can be attributed to the
unauthorised breaching event that occurred 3 weeks prior, when
estuarine water levels were low (1.61 m MSL) (Figure 2A).
Vertical salinity profiles, hereafter referred to as the halocline (i.e.,
difference between bottom and surface salinity), were observed in
the middle reaches (Sites 2–4) during both semi-closed sampling
intervals and the closed mouth conditions in September 2019
(Supplementary Table 1). The degree of stratification varied
between these dates, i.e., May 2019 (8.0 ± 1.5), September
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FIGURE 3 | Physico-chemical [salinity, water temperature, dissolved oxygen, pH, and turbidity (FNU)], inorganic nutrients [dissolved inorganic nitrogen (DIN) and
phosphorus (DIP)] and phytoplankton biomass (chlorophyll-a) variability recorded on each sampling occasion. The degree of estuary connectivity with the marine
environment on each sampling date is indicated, i.e., open (blue), semi-closed (green), and closed (red) mouth conditions. Boxplots represent median values (solid
line), interquartile range (IQR = 25th and 75th percentiles; box), ± 1.5 × IQR (whiskers), and outlier values.

2019 (9.7 ± 4.5) and January 2020 (3.9 ± 2.6). Notably,
continuous freshwater discharges from the Hartenbos WWTW
were evidenced by distinct haloclines in the upper reaches (Site
5) on all sampling occasions (Supplementary Table 1).

Due to the shallow nature of the system, water temperature
reflected typical climatic seasonal variations, with the highest
temperatures recorded in summer (February 2019: 25.8± 1.7◦C;
January 2020: 25.0 ± 1.5◦C) and the lowest in winter (July
2019: 16.1 ± 1.2◦C). Additionally, moderate conditions were
typical of the autumn (May 2019: 18.2 ± 1.5◦C) and spring

(September 2019: 20.5 ± 1.6◦C) sampling intervals. Surface
waters were predominantly warmer than bottom-waters yet
typically displayed only marginal fluctuations (thermocline
gradient <2◦C) due to the shallow-nature of the estuary
(Supplementary Table 1). Dissolved oxygen conditions were
highly variable throughout the study period, ranging from near-
anoxic (0.4 mg l−1; 5.4%) to supersaturated (20.5 mg l−1)
levels. This represents a marked deviation from historical records
that reported more stable dissolved oxygen conditions prior to
1982, i.e., ranging from 4.2 to 7.7 mg l−1 (Bickerton, 1982).
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FIGURE 4 | The effective number of species (ENS) for each of the biotic communities–per sampling date–is indicated in the left-hand column, while a quantitative
measure for each of these communities is presented in the right-hand column, i.e., phytoplankton (cells per ml), benthic diatoms (microphytobenthic chlorophyll-a),
benthic macrofauna (individuals per m2), and ichthyofauna (fish per haul). The degree of estuary connectivity with the marine environment on each sampling date is
indicated, i.e., open (blue), semi-closed (green), and closed (red) mouth conditions. Boxplots represent median values (solid line), interquartile range (IQR = 25th and
75th percentiles; box), ± 1.5 × IQR (whiskers), and outlier values.

Supersaturated surface waters (>18 mg l−1; >185%) were
recorded during all sampling intervals representing closed
and semi-closed mouth phases, while the open mouth phase
(February 2019) was characterised by homogenous and well-
oxygenated conditions (6.9 ± 0.9 mg l−1; 95.0 ± 11.6%).
Instances of bottom-water hypoxia (<2 mg l−1) were recorded
in the middle reaches in May 2019 (1.8 mg l−1 or 23.1%;
semi-closed) and September 2019 (0.4–2.0 mg l−1 or 5.4–25.4%;
closed) concomitant with marked haloclines. These fluctuations
in dissolved oxygen conditions were primarily correlated with

salinity (P < 0.001; r = −0.82) and phytoplankton biomass
(P < 0.01; r = 0.44). Similarly, pH (P < 0.001; r = 0.63) and
turbidity (P < 0.01; r = 0.37) were positively associated with
increased chlorophyll-a concentrations. Severe hypereutrophic
conditions (>100 µg Chl-a l−1; log10(x+1) = 2.0) were recorded
throughout the study period, with the excessive magnitude
thereof evidenced by the phytoplankton biomass maxima
observed in February 2019 (178.8 µg l−1), May 2019 (2,209.6 µg
l−1), July 2019 (1,039.0 µg l−1), September 2019 (523.9 µg l−1),
and January 2020 (205.4 µg l−1). Furthermore, closed mouth
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conditions (580.1 ± 325.4 µg l−1) supported elevated and more
widespread phytoplankton biomass levels compared to the semi-
closed (226.8 ± 449.2 µg l−1) and open (136.7 ± 19.1 µg l−1)
mouth phases. A similar trend was observed for pH, with more
basic conditions recorded during the closed phase (9.7 ± 0.4)
compared to periods of inlet connectivity (8.6 ± 0.4). Using a
percentile-based approach (sensu Lemley et al., 2015), inorganic
nutrients were classified as being in an overall “Poor” state
(eutrophic) for dissolved nitrogen (DIN = 3.3 mg l−1) and
phosphorus (DIP = 0.6 mg l−1). The autochthonous origin
of DIN (i.e., WWTW inputs) was highlighted by an inverse
correlation with salinity (P < 0.001; r = −0.47). Yet, despite
surface water DIP concentrations typically increasing from the
mouth to the upper reaches, indicative of WWTW inputs, an
overall positive association (P < 0.001; r = 0.51) with salinity
suggests bottom-water remineralisation processes as a key source.

Biotic Communities
A strong inverse correlation (P < 0.001; r =−0.90) was observed
between total cell abundance and the ENS for the phytoplankton
community (Figure 4). The ENS for phytoplankton was
typically low (ca. 1) throughout the study period due to the
prevalence of high-biomass and monospecific (>98% relative
abundance [RA]; see Table 1) blooms of Nannochloropsis sp.
(Class: Eustigmatophyceae), that ranged in abundance from
0.7 × 106 to 2.5 × 106 cells ml−1. During the semi-closed
mouth interval in May 2019, a more diverse phytoplankton
community was observed (ENS: 3.3 ± 1.1), despite the
proliferation of a Heterosigma akashiwo (Class: Raphidophyceae)
bloom (max. 7.7 × 105 cells ml−1) in the stratified middle
reaches (Table 1). Accordingly, NMDS demonstrated shifts
in phytoplankton community structure between the different
mouth conditions (Figure 5A). The presence of a halocline was
identified as a key variable explaining (P = 0.01; r2 = 0.34)
phytoplankton composition during semi-closed mouth periods,
while increased turbidity (P < 0.001; r2 = 0.51) and DIN
availability (P = 0.04; r2 = 0.22) best explained assemblages during
the closed mouth phase.

Increased salinity (P < 0.001; r2 = 0.51) was highlighted
as the environmental vector that best explains benthic diatom
community structure during the open and semi-closed mouth
phases (Figure 5B). Additionally, the ENS for benthic diatoms
showed an inverse association (P = 0.03; r = −0.42) with
microphytobenthos (MPB) biomass levels, which ranged from
11.3 to 181.3 mg Chl-a m−2. As such, the ENS for benthic
diatoms (Figure 4) declined as tidal exchange became more
restricted and MPB biomass increased, i.e., open mouth
(8.2 ± 2.1) > semi-closed mouth (4.4 ± 3.0) > closed
mouth (3.2 ± 0.4). During closed mouth periods, high
pH conditions (P < 0.001; r2 = 0.82) and increased DIN
concentrations (P < 0.01; r2 = 0.37) contributed to the
reduced diversity of benthic diatom assemblages. The brackish
Halamphora coffeiformis species was the most abundant (>50%
RA) taxa recorded during all sampling intervals (Table 1).
However, the abundance of H. coffeiformis decreased (<35%
RA) during the open mouth phase, with other marine (e.g.,

Navicula agnita, Navicula duerrenbergiana) and brackish (e.g.,
Navicula dehissa, Navicula vandamii) species presiding in
the lower and middle reaches. Diatom species classed as
preferring freshwater conditions (e.g., Aulacoseira granulata,
Navicula cryptotenelloides, Pseudostaurosira elliptica, Tryblionella
apiculata) were confined to the middle and upper reaches during
periods of restricted tidal exchange (Table 1), albeit in relatively
low abundances (<15% RA).

Benthic macrofauna group diversity demonstrated little
variability throughout the sampling period, with similar ENS
values recorded during open (3.2± 0.7), semi-closed (3.3± 1.1),
and closed (3.4 ± 0.8) mouth conditions (Figure 4). No
correlation (P > 0.1) was observed between ENS and overall
density, despite marked increases in benthic macrofauna counts
during the open mouth phase (21,236 ± 16,470 indiv. m−2)
compared to the closed (10,289 ± 8,318 indiv. m−2) and
semi-closed (11,783 ± 4,559 indiv. m−2) periods. Moreover,
NMDS highlighted significant overlap (Figure 5C) regarding the
composition of macrofaunal assemblages between the designated
mouth states, with only turbidity being highlighted as a vector
potentially explaining (P = 0.06; r2 = 0.29) community variability.
In terms of composition, Oligochaeta were the most abundant
and frequently observed group along the length of the estuary
on all sampling occasions (Table 1), while Chironomidae were
present in the lower to middle reaches throughout. Amphipoda
were abundant (>30% RA) in the middle and upper reaches, yet
their abundance declined in May 2019 (semi-closed) concomitant
with high-biomass accumulations of H. akashiwo in the middle
reaches. Polychaeta were abundant (18–50% RA) in the mid-
to upper reaches during periods of marine connectivity and
declined during the closed mouth phase (<10% RA).

The fish community in the Hartenbos Estuary demonstrated
low diversity throughout the study period (Figure 4). That
said, marginal increases in the ENS were recorded during semi-
closed mouth conditions (2.3 ± 0.9) compared to the closed
phase (1.4 ± 0.5). Despite considerable overlap (Figure 5D), fish
assemblages were best explained by higher salinity (P = 0.09;
r2 = 0.23) and water temperature (P = 0.02; r2 = 0.37)
during periods of marine connectivity (semi-closed), while
increased turbidity (P = 0.02; r2 = 0.34) was a key factor
shaping communities during periods of mouth closure. Mean
fish catches (Figure 4) were similar during the closed mouth
state (July 2019: 3,320 ± 2,479 fish haul−1; September 2019:
2,743 ± 4,245 fish haul−1) and more variable during the semi-
closed sampling dates (May 2019: 818 ± 633 fish haul−1;
January 2020: 4,408 ± 3,798 fish haul−1). The total number
of fish species recorded on each sampling date ranged from
9 to 15, with a total of 17 throughout the study (Table 2).
Of these, taxa categorised as being marine estuarine-dependent
were the most frequent (but low in abundance), whilst species
belonging to the marine estuarine-opportunist (e.g., southern
mullet Chelon richardsonii) and freshwater estuarine-opportunist
(Mozambique tilapia Oreochromis mossambicus) guilds were
present during each sampling occasion. Two species, the
estuarine round herring Gilchristella aestuaria (solely estuarine)
and C. richardsonii, were abundant throughout the study
period (Table 2). G. aestuaria was dominant (Table 1) in
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TABLE 1 | Relative abundance (%; RA) of the dominant groups/species (min. ≥ 1%) observed for each biotic community along the length of the Hartenbos Estuary.

Community Group/
Species

February 2019 (Open) May 2019 (Semi-closed) July 2019 (Closed) September 2019 (Closed) January 2020 (Semi-closed)

S1 S2 S3 S4 S5 S1 S2 S3 S4 S5 S1 S2 S3 S4 S5 S1 S2 S3 S4 S5 S1 S2 S3 S4 S5

Phytoplankton Bacillariophyceae 21 1

Cryptophyceae 52 34 4 46 53 1

Dinophyceae 18

Eustigmatophyceae 100 100 100 100 100 99 99 99 99 99 99 98 99 99 99 99 99 99 99 98

Raphidophyceae 33 88 20

Benthic Diatoms Amphora exigua 6

Amphora gacialis 10 21

Aulacoseira granulata 14

Diploneis vacillans 11

Entomoneis alata 20

Halamphora coffeiformis 26 34 29 35 75 11 56 55 79 46 28 29 31 74 51 86 39 60 19 15

Haslea duerrenbergiana 30

Navicula agnita 28 46 45

Navicula
cryptotenelloides

7

Navicula dehissa 18 19

Navicula directa 11

Navicula erifuga 12

Navicula lanceolata 36

Navicula normaloides 18 15

Navicula salinicola 15

Navicula vandamii 18 15 12

Navicula veneta 4

Pleurosigma delicatulum 12 7 9

Pseudostaurosira
elliptica

10

Tryblionella apiculata 11 3 13

Benthic Macrofauna Chironomidae 20 8 19 38 28 57 34

Gastropoda 30

Nematoda 53 31 58 24 40 No Data

Oligochaeta 58 53 31 21 90 50 61 16 28 20 42 22 28 56 44 26

Polychaeta 30 23 18 50 9

Fish Chelon dumerili 35 3 39

Chelon richardsonii 94 49 6 89 33 94 1 1 1 83 28 12 60 80 38

Gilchristella aestuaria No Data 32 87 10 93 98 98 97 13 64 81 99 100 24 60 93

Psammogobius
knysnaensis

3

Rhabdosargus holubi 3 39 10 3
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the middle and upper reaches of the estuary, particularly
during mesohaline and closed mouth conditions (80–100% RA)
(Figure 3). C. richardsonii was prevalent throughout the estuary
during periods of marine connectivity, while its distribution was
largely confined to the lower reaches during the closed phase.
Yet, despite being abundant (33–94% RA) during the semi-closed
phase in May 2019, the abundance of C. richardsonii declined (ca.
6% RA) in the middle reaches (Site 3) concomitant with biomass
maxima of H. akashiwo. Lastly, the abundance of the Cape
stumpnose Rhabdosargus holubi (marine estuarine-dependent)
increased in the lower (39% RA) and middle (10% RA) reaches
during semi-closed mouth conditions in January 2020.

Of 37 fish species caught across all three estuaries, 17 were
caught in the Hartenbos compared to 36 and 32 in the Klein
Brak and Great Brak, respectively (Table 3). One was only caught
in the Hartenbos Estuary, the freshwater estuarine-opportunist
O. mossambicus, a translocated species. The number of species
recorded per haul in the Hartenbos Estuary ranged from 4 to 10
species haul−1, with increased variability observed in the Klein
Brak (1–17 species haul−1) and Great Brak (1–15 species haul−1)
estuaries. Density ranged from 2,822 fish haul−1 in the Hartenbos
to 243 fish haul−1 and 306 fish haul−1 in the Klein Brak and
Great Brak, respectively. The large difference in catch between
the Hartenbos and the other two estuaries was almost entirely
due to the contribution (2,634 fish haul−1) of G. aestuaria and
C. richardsonii in that system. This was also the reason that solely
estuarine (G. aestuaria) and marine estuarine-opportunist (e.g.,
C. richardsonii) species comprised 93% of the Hartenbos fish
catch compared to 46% in both the Klein Brak and Great Brak.
Obligate marine estuarine-dependent and estuarine and marine
guilds, in particular benthic species, were poorly represented
(<5% of mean abundance) in the Hartenbos Estuary compared
to the other two systems.

DISCUSSION

In South Africa, national legislation recognises the inherent
socio-economic and ecological importance of estuaries and
necessitates the formulation of continually revised estuarine
management plans (EMP) that set management objectives and
guide effective implementation strategies (Adams et al., 2020).
The considerable socio-economic value and long history of
anthropogenic perturbations in the Hartenbos Estuary prompted
the development of such an EMP, with the second generation
thereof completed in 2018 (Mossel Bay Local Municipality,
2018). Some of the key management objectives identified in
the Hartenbos EMP were to (1) restore a degree of estuarine
functionality and health (e.g., re-establish natural flow regime,
enhance tidal exchange), (2) improve water quality (e.g., WWTW
discharges), (3) effectively manage mouth interventions, and
(4) promote research and monitoring. Understanding baseline
conditions and being cognisant of the fact that these shift with
concurrent global change pressures is critical to establishing the
efficacy of management measures in achieving these objectives
(Duarte et al., 2009, 2015).

Artificial breaching of the Hartenbos Estuary mouth is the
most frequently implemented practice geared toward addressing
the EMP management objectives. The near bimonthly frequency
of mechanical breaching highlighted in this study is necessitated
by the continuous supply of nutrient-rich effluent discharges
from the Hartenbos WWTW (Lemley et al., 2014). These
WWTW inflows have facilitated the predominance of mesohaline
and polyhaline salinity conditions (5–30) during all mouth
states and represent a loss of the marine and hypersaline states
that characterised the estuary prior to the WWTW becoming
operational in 1986 (Bickerton, 1982). Additionally, augmented
flow regimes have resulted in aseasonal mouth breaching at
low water levels (i.e., to protect low-lying developments) that
has led to increased sedimentation, restricted tidal exchanges,
and premature mouth closure. This reduced flushing potential
is further confounded by the loss of natural hydrodynamic
variability that ensued after the construction of the upstream
dam in 1970 (i.e., dam capacity exceeds mean annual runoff).
The loss of freshwater inflow, together with steady-state WWTW
inputs and premature breaching, have also impacted the
seasonal recruitment signals to the marine environment. Such
conditions culminate in an ecosystem with high accumulation
potential and increased vulnerability to anthropogenic pressures
(Warwick et al., 2018). Accordingly, the Hartenbos Estuary
was shown to preside in a hypereutrophic state throughout
this study, as evidenced by persistent and excessive (1) in-
situ inorganic nutrient concentrations, (2) dissolved oxygen
and pH fluctuations, (3) phytoplankton blooms, and (4) low
trophic biodiversity. Despite partial restoration of the salinity
gradient during periods of marine connectivity, increased
tidal exchange only elicited responses in primary producer
communities (increased diversity, community shifts), while
consumer communities were less responsive. The severity of this
state shift is highlighted by previous studies (James and Harrison,
2008; Lemley et al., 2014, 2015) that reported similar trajectories
of ecological degradation in the system. This heavily utilised
and managed estuary serves as a useful case-study for other
comparable estuaries globally facing similar pressures.

High-biomass phytoplankton blooms (>100 µg Chl-a l−1)
are at the forefront of eutrophication-induced symptoms in
the Hartenbos Estuary. During this study, dense and largely
monospecific (ENS∼ 1) HABs of Nannochloropsis sp. dominated
during well-mixed and/or prolonged water residency conditions,
with peak biomass maxima (>1,000 µg Chl-a l−1) observed
during the closed phase. Similar blooms of Nannochloropsis
sp., albeit to a lesser extent, have been recorded in an
intermittently open Australian estuary during the closed phase
characterised by meso- to polyhaline conditions and significant
internal nutrient loading (Scanes et al., 2020). Notably, despite
enhanced tidal exchanges promoting increased phytoplankton
diversity (ENS > 3) in the Hartenbos Estuary, a shift to a
temporary alternate state was evidenced by an exceptional HAB
of H. akashiwo (ca. 2,200 µg Chl-a l−1) in the polyhaline
and stratified (i.e., well-defined halocline) middle reaches. This
species has been shown to cause extensive, and potentially
recurrent, HABs in brackish (meso- to polyhaline) and stratified
waters of numerous predominantly open estuaries along the

Frontiers in Marine Science | www.frontiersin.org 11 June 2021 | Volume 8 | Article 68893390

https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/marine-science#articles


fmars-08-688933 June 8, 2021 Time: 16:50 # 12

Lemley et al. Managing Small, Closed Hypereutrophic Estuaries

FIGURE 5 | Non-metric multidimensional scaling (NMDS) plots (k = 3) of sampling stations based on phytoplankton [(A); stress = 0.05; non-metric fit, r2 = 0.998],
benthic diatoms [(B); stress = 0.12; non-metric fit, r2 = 0.985], benthic macrofauna [(C); stress = 0.08; non-metric fit, r2 = 0.993], and fish [(D); stress = 0.10;
non-metric fit, r2 = 0.990] group/species abundance, indicating the distinction between assemblages occurring during open (blue), semi-closed (green), and closed
(red) mouth conditions.

south coast of South Africa (Lemley et al., 2017). Nannochloropsis
sp. and H. akashiwo are both considered non-toxic species,
instead imparting harmful effects on the ecosystem indirectly
through oversynthesis of growth phase by-products (e.g., reactive
oxygen species, mucus) and facilitation of unfavourable abiotic
conditions. During this study, the accumulation and subsequent
collapse of an extensive Nannochloropsis sp. bloom caused
a drastic shift in dissolved oxygen (supersaturated to near-
anoxic) and pH (>10) levels that culminated in a mass
fish mortality event on September 2, 2019. This prompted a
breaching event at low water levels (1.78 m MSL) 2 days later
(Figure 2), followed by rapid mouth closure and recolonisation
of dense Nannochloropsis sp. blooms. The effects of the
mucus-forming H. akashiwo bloom observed during this study
were evidenced by supersaturated surface waters (>17 mg
l−1), hypoxic bottom-waters (<2 mg l−1), reduced amphipod
abundance, and HAB avoidance by the otherwise abundant
marine estuarine-opportunist, C. richardsonii. Thus, although
artificial breaching facilitates shifts in phytoplankton community
composition, the continuous supply of nutrient-rich WWTW
discharges maintains undesirable conditions irrespective of
estuarine mouth condition.

Benthic diatom assemblages in the Hartenbos Estuary were
primarily structured by salinity and water residency fluctuations.
Periods of enhanced tidal exchange were characterised by
increased species diversity, presence of marine taxa (lower
reaches), and microphytobenthic (MPB) biomass dilution.
Contrastingly, the onset of mouth closure elicited a reduction
in diversity, MPB biomass accumulation, and the increased
prevalence of freshwater species (upper reaches). Yet despite
these responses, the overall degraded state of the benthic
diatom community in the Hartenbos Estuary was exemplified
by the persistently low diversity (ENS < 8, which equates
to Shannon H′ < 2) and predominance of the brackish
H. coffeiformis species throughout the study period. Moreover,
high pH levels (>9) and increased internal nutrient loading
(i.e., driven by extreme oxygen fluctuations; Bartoli et al.,
2021) stemming from high-biomass HABs of Nannochloropsis
sp. are likely responsible for contributing to the low benthic
diatom diversity (ENS < 4) observed during the closed
mouth phase. The hypereutrophic nature of the system is
highlighted by the elevated benthic diatom diversity recorded
in two less-impacted neighbouring temporarily closed estuaries,
namely the Klein Brak (H′ > 3; oligotrophic) and Great Brak
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TABLE 2 | List of fish species recorded during each sampling interval and mouth condition (red, closed; green, semi-closed) categorised according to functional guilds,
general feeding preferences, and relative abundance (*light grey: >0 but <10% RA; dark grey: ≥10% RA).

Species Family Guild Feeding Preference May 2019 July 2019 September
2019

January 2020

Caffrogobius gilchristi Gobiidae E&M Benthophagous

Chelon dumerili Mugilidae MED Detritivorous and Planktivorous

Chelon richardsonii Mugilidae MEO Detritivorous and Planktivorous

Chelon tricuspidens Mugilidae MEO Detritivorous and Planktivorous

Diplodus cervinus Sparidae MEO Omnivorous

Gilchristella aestuaria Clupeidae SE Zooplanktivorous

Lichia amia Carangidae MED Carnivorous

Lithognathus lithognathus Sparidae MED Benthophagous

Monodactylus falciformis Monodactylidae MED Benthophagous and Planktivorous

Mugil cephalus Mugilidae MED Detritivorous and Planktivorous

Oreochromis mossambicus Cichlidae FEO Omnivorous

Pomadasys commersonnii Haemulidae MED Benthophagous

Psammogobius knysnaensis Gobiidae E&M Benthophagous

Pseudomyxus capensis Mugilidae MED Detritivorous and Planktivorous

Rhabdosargus holubi Sparidae MED Omnivorous

Solea turbynei Soleidae E&M Carnivorous

Tilapia sparrmanii Cichlidae FS Omnivorous

Fish guild key: SE = solely estuarine species, E&M = estuarine and marine species, MEO = marine estuarine-opportunist species, MED = marine estuarine-dependent
species, FEO = freshwater estuarine-opportunist species, FS = freshwater stragglers (Potter et al., 2015; Whitfield, 2019).

(H′ > 2.5; mesotrophic) estuaries (Lemley et al., 2015). Current
pressures on the Hartenbos Estuary, such as WWTW inputs
and premature mouth breaching, limit the extent of tidal
exchanges and promote the dominance of opportunistic nutrient-
tolerant taxa, thus, constraining benthic diatom diversity and
colonisation by marine/freshwater taxa. These conditions may
alter trophic relationships between benthic microalgae and
primary consumers, with deposit-feeding benthic macrofauna
and ichthyological taxa being limited by the dominance of less
palatable and potentially harmful (Lassus et al., 2016) diatom
species (e.g., H. coffeiformis).

TABLE 3 | Fish guild composition and abundance (%) in the Hartenbos and
nearby Klein Brak and Great Brak estuaries sampled over the same study-period.

Guild Hartenbos Klein Brak Great Brak

Marine estuarine-dependent 4.63 22.53 30.14

Solely estuarine 74.37 25.85 35.66

Estuarine and marine 0.25 30.47 23.87

Estuarine and freshwater 0.02 0.04

Freshwater
estuarine-opportunist

1.77

Freshwater stragglers <0.01 0.07 0.06

Marine estuarine-opportunist 18.97 21.07 10.23

Marine stragglers 0.01

No. fish per haul (mean) 2822.35 242.79 305.59

Species richness per haul
(mean)

6 6 5

Species richness per haul
(range)

4–10 1–17 1–15

Total No. of species 17 36 32

Benthic macrofauna displayed consistently high density
(mean > 10,000 indiv. m−2) and low group diversity (ENS < 3.5)
throughout the study period. These observations support the
hypothesis that small microtidal and intermittently closed
estuaries are dominated by many individuals of few species
(Teske and Wooldridge, 2001, 2003; Coelho et al., 2015) that
are broadly euryhaline tolerant (Wooldridge and Bezuidenhout,
2016). Yet, similar to microalgal communities, the relatively
stable community composition observed here represents
opportunistic taxa with a high level of tolerance to adverse
environmental conditions (e.g., extreme oxygen fluctuations,
HABs). The ubiquitous presence of oligochaetes, chironomids,
and polychaetes in this study is supported by the expected
shift toward deposit feeding taxa that are tolerant of unstable
eutrophic conditions characterised by high organic loads and
instances of oxygen depletion. Their persistence and the near
absence of burrowing crustaceans, such as Kraussillichirus kraussi
(common sandprawn) that were previously abundant (Bickerton,
1982), suggests that recovery periods (tidal intrusion) are too
short, reproduction is inhibited by low salinity (mesohaline),
and that compensatory recruitment from the sea is limited.
Similar observations from temporarily closed systems have been
reported in the hypereutrophic Salgados Lagoon (Portugal;
Coelho et al., 2015) and eutrophic Broke Inlet (Australia;
Tweedley et al., 2012). Amphipods are considered sensitive to
anthropogenic perturbations and are generally responsive to
state changes, with increased abundance expected in healthier
ecosystems (Dauvin, 2018). Thus, the constrained abundance
of amphipods observed in this study–particularly during the
HAB of H. akashiwo–is further suggestion of the degraded state
of the Hartenbos Estuary. Mouth management practices that
prompt salinity and tidal variability were shown to have little
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effect on benthic macrofauna assemblages, suggesting that other
factors (e.g., sediment properties) need to be considered to
explain fine-scale variability (Teske and Wooldridge, 2003). At
the broad-scale, however, the relatively consistent community
composition does not seem to mirror abiotic state shifts in
the short term but instead differs when compared to similar
South African ecosystems. For example, amphipods constitute
the most abundant group in the oligotrophic East Kleinemonde
Estuary during open and closed mouth conditions, while
oligochaetes are largely absent (Wooldridge and Bezuidenhout,
2016). This reflects an overall state shift in the Hartenbos Estuary
rather than a response at the level of management interventions.

Ichthyofaunal diversity and abundance are governed by
mouth dynamics in temporarily closed estuaries and typically
display lower diversity and increased abundance of estuarine
resident species compared to permanently open systems (James
et al., 2007). The fish community in the Hartenbos Estuary was
characterised by low overall diversity, with marginal increases
observed during semi-closed (ENS: 2.3± 0.9) compared to closed
(ENS: 1.4± 0.5) mouth phases. A total of 17 species representing
nine families were recorded during this study, with Mugilidae
(5 spp.) and marine estuarine-dependant (8 spp.) taxa being
the most numerically dominant (Table 2). G. aestuaria (solely
estuarine) and C. richardsonii (marine-estuarine opportunist)
dominated the catches in this study. Overall species richness was
typically low throughout the study period (n ≤ 10), with the
exception of the first closed mouth sampling interval in July 2019
(n = 15). This is similar to historical records for the Hartenbos
Estuary reported in 1981 (n = 12; open mouth) and 1994 (n = 9;
closed mouth) (Bickerton, 1982; James and Harrison, 2008).
Despite little change to the core community (i.e., G. aestuaria,
C. richardsonii, Chelon dumerili, Lithognathus lithognathus,
Mugil cephalus, Psammogobius knysnaensis), notable shifts in
the composition of ichthyofaunal assemblages are evident when
comparing these historical surveys with the current study. For
example, the speckled sandgoby P. knysnaensis (estuarine and
marine) and white steenbras L. lithognathus (marine estuarine-
dependent) are now in very low numbers (Table 2). Both are
benthic feeders but P. knysnaensis is also commensal in K. kraussi
burrows, which have disappeared from most of the system.
Overall, the abundance and occurrence of benthic species were
much lower in the Hartenbos compared to the nearby Klein Brak
and Great Brak estuaries, most likely due to the physiological
stress induced by recurrent instances of bottom-water hypoxia.
Recruitment failure of benthic species was highlighted by the
absence of Solea turbynei (blackhand sole) juveniles, with only
limited numbers of adults caught in the more oxygenated
shallows (<20 cm depth).

The shift toward meso- and polyhaline conditions in
recent times due to frequent/premature mouth breaching
and continuous WWTW inflows has resulted in a loss of
marine estuarine-opportunist species (e.g., Diplodus capensis,
Galeichthys feliceps) that were recorded prior to the enactment of
these pressures (Bickerton, 1982). That said, marine estuarine-
opportunist Mugilidae, notably C. richardsonii, are now
dominant. This species and the freshwater estuarine-opportunist
O. mossambicus typically capitalize on the competitive

advantage provided by eutrophication and other environmental
perturbations (Lamberth et al., 2010; Viskich et al., 2016).
Perhaps of more concern is the complete absence of the estuarine
resident Atherina breviceps (Cape silverside) species that
previously dominated catches during closed mouth conditions in
the 1990s, i.e., subsequent to the WWTW becoming operational
(James and Harrison, 2008). This represents a potentially
significant alteration to the trophic structure of the Hartenbos
Estuary given the importance of A. breviceps as a fodder fish
for higher trophic levels. The growth and spawning success of
A. breviceps adults is largely dependent on the availability of
suitable habitat (clear waters, submerged macrophytes) and prey
(amphipods) (Whitfield, 2019). Thus, the increased frequency
and magnitude of HABs are likely responsible for shaping an
environment that is unconducive (e.g., highly turbid, organic
rich, hypoxic) to the survival of this species, instead encouraging
it to complete its life cycle in the nearshore environment. The
absence of A. breviceps is also likely responsible, in part, for the
high abundance of G. aestuaria which no longer has to compete
for resources. The latter is a fast growing, short-lived species
that has a greater chance of completing its life cycle during the
brief periods of improved water quality observed within the
system. Furthermore, small-bodied and phytophyllic species,
such as G. aestuaria, are more resilient to poor water quality (Van
Treeck et al., 2020). Current catchment management practices
have dampened the flushing potential in the Hartenbos Estuary,
resulting in excessive sedimentation that reduces the nursery
value of the system by limiting suitable shallow littoral zones
(Whitfield et al., 2012). For example, the marine estuarine-
dependent R. holubi typically inhabits shallow littoral habitats,
thus, its limited residency in the Hartenbos Estuary is indicative
of sedimentation and marine connectivity issues. The degraded
state of the estuary is highlighted by the increased overall species
richness (n = 36 and 32, respectively) and abundance of R. holubi
in the nearby Klein Brak and Great Brak estuaries. Concurrent
sampling yielded 50–70 fish haul−1 and 60–65% occurrence of
R. holubi in these systems. Overall, marine estuarine-dependent,
estuarine and marine, estuarine and freshwater, and marine
straggler species were functionally absent (<5% RA) in the
Hartenbos Estuary compared to the Klein Brak and Great Brak
estuaries (>50% RA).

The loss of natural hydrodynamic variability (e.g., dam
impoundment) and the continuous supply of excessive WWTW
inputs (flow and nutrients) has necessitated frequent and
premature mouth breaching interventions to meet socio-
ecological requirements. From a broad ecological perspective,
these practices have culminated in an ecosystem void of
typical abiotic and biotic fluctuations associated with small
microtidal and intermittently closed estuaries. Despite
distinct seasonal water temperature fluctuations (14–28◦C),
the continuous input of nutrient-rich WWTW discharges
has resulted in aseasonal freshwater inflow, nutrient loading,
and phytoplankton community patterns that, in turn, act
synergistically to hinder the efficacy of faunal recruitment
periods (e.g., fish in spring/summer). The loss of natural
ecosystem functioning in the Hartenbos Estuary is further
evidenced by the loss of the marine-dominated, and occasionally
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hypersaline (salinity > 38), conditions that characterised the
system prior to the construction of the WWTW (Bickerton,
1982). The low diversity and shift to undesirable alternate states
observed for each of the biotic communities in the Hartenbos
Estuary demonstrates the magnitude and severity of current
pressures on the system. For example, hypereutrophic conditions
and restricted tidal exchanges were shown to favour the near year-
round dominance of only a few opportunistic species/groups
tolerant to adverse conditions (e.g., Nannochloropsis sp.,
H. coffeiformis, oligochaetes, G. aestuaria, and C. richardsonii).
The general unresponsiveness of selected indicator parameters
to current mitigation efforts (mouth manipulation) suggests that
management objectives (both ecological and socio-economic)
set out in the Hartenbos EMP are not being met. In the short-
term, the mouth management protocol could be improved
by ensuring that breaching events only occur at sufficient
water levels (>2 m MSL) and in conjunction with spring
tides to ensure maximum flushing and prolonged periods
of tidal exchange. Additionally, nutrient levels observed in
this study (Figure 3) reflect concentrations already subject
to significant abiotic (e.g., tidal dilution) and biological (e.g.,
phytoplankton uptake) transformations. Thus, continuous
monitoring of WWTW discharges (i.e., volumes, nutrient
concentrations) is required to better understand the nutrient
dynamics and stoichiometry of inflows to the Hartenbos
Estuary and, subsequently, facilitate informed decision-
making. However, a catchment-scale approach is needed to
improve, and potentially restore, ecosystem functionality
(e.g., water quality, flow regimes). A reduction in the volume
and nutrient loads entering the estuary directly from the
Hartenbos WWTW should serve as the core focus. This can
be achieved through (1) effluent diversion through artificial
wetlands before entering the estuary, (2) reuse of outflows for
non-consumptive purposes (e.g., irrigation, industrial), (3)
treatment upgrades, and (4) diversion of wastewater offshore
(Adams et al., 2020; Taylor et al., 2020). At present, a quarter
(2,000 m3 d−1) of the daily WWTW outflow is allocated for
reuse as irrigation water on agricultural lands. This represents
a positive step toward reducing the eutrophication pressure,
although, management authorities should endeavour to divert
all WWTW inputs away from the estuary to facilitate its
recovery from potentially long-lasting consequences (e.g.,
legacy nutrients stored in the sediments) associated with
surplus nutrient loading. Finally, the removal of the upstream
Hartebeeskuil Dam (i.e., unpotable) should be considered
a long-term management goal given that it would restore
an element of natural hydrological variability and reduce
sedimentation rates in the downstream estuary. These insights
provide an important platform in terms of management
plans and interventions of estuaries facing eutrophication and
increased prevalence of connectivity loss to the ocean through
global change pressures (e.g., drought, nutrient enrichment,
water abstraction). It is therefore imperative that a long-
term ecosystem-level framework is contextualised rather than
focusing on short-term interventions (artificial breaching) if
effective ecosystem health from a socio-ecological perspective
is to be realised.
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Marine forests ecosystems are typical of temperate rocky benthic areas. These systems
are formed by canopy-forming macroalgae (Laminariales, Tilopteridales, and Fucales) of
high ecological value that provide numerous ecosystem services. These key species are
also indicators of good environmental status. In recent decades, marine forests have
been threatened by different impacts of local and global origin, putting their stability
and survival in question. On a global scale, in many temperate areas of the planet,
marine forests have been replaced by “sea-urchins barrens.” We present a general
overview of sea-urchins’ population status in the archipelagos of Azores, Webbnesia
(Madeira, Selvagens, and Canary Islands) and Cabo Verde, focusing on their role in the
maintenance of the so-called “alternate stable state.” After an in-depth evaluation of
the different anthropogenic and environmental pressures, we conclude that sea-urchins
population explosion has been facilitated in the benthic habitats of Madeira and Canary
Islands, preventing the recovery of canopy-forming macroalgae assemblages and being
one of the main drivers in maintaining a stable barren state. Diadema africanum is
the main barrens-forming species in Webbnesia, where it reaches high densities and
strongly impacts macroalgal assemblages. On the other hand, in the most pristine
areas, such as the Selvagens Islands and other Marine Protected Areas from the Canary
Islands, the density of D. africanum is up to 65% lower than in the nearby Madeira Island,
and macroalgal communities are preserved in good status. This information is critical for
marine environmental management, highlighting the urgent need for implementation of
appropriate control mechanisms and restoration actions headed to the conservation of
marine forests in Macaronesian archipelagos.

Keywords: canopy-forming macroalgae, Diadema africanum, NE Atlantic archipelagos, coastal pressures,
climate-change effects
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INTRODUCTION

Canopy-forming algae (Laminariales, Tilopteridales, and
Fucales) have been widely recognized as the underwater forests
of temperate rocky systems (Dayton, 1985). These key species
are characteristic of mature high productive systems, since they
are late-colonizers, with the ability to increase the structural
complexity of ecosystems providing habitat and food for many
associated species (Bray and Ebeling, 1975; Steneck et al., 2002;
Filbee-Dexter and Scheibling, 2014). Furthermore, its important
contribution to the benthic carbon cycle has been demonstrated
(Duarte and Cebrián, 1996), highlighting the capacity of the
macroalgal beds to act as atmospheric CO2 sinks (Watanabe
et al., 2019). The loss or reduction of these underwater forests has
multiple negative effects, with particularly strong effects on the
composition, structure and biodiversity of the associated benthic
assemblages (Steneck et al., 2002; Ling et al., 2015), producing
undesirable consequences at the ecosystem level (Worm et al.,
2006; Smale et al., 2013). By contrast, the presence of canopy-
forming algae is considered a clear indicator of good state for
rocky benthic communities (Hernández et al., 2008a). The loss
and even disappearance of canopy-forming algae communities
have been reported almost everywhere from various impacts,
such as overgrazing (Tuya et al., 2004a; Hereu Fina, 2007; Gianni
et al., 2017), sedimentation (Airoldi, 2003; Schiel and Gunn,
2019), pollution (Rodríguez Prieto and Polo Albertí, 1996; Soltan
et al., 2001), coastal urbanization (Scherner et al., 2013), and
climate change effects (Arafeh-Dalmau et al., 2020; Smale, 2020).

The role of sea-urchins as modifying agents for erect
algae community structure is well known (Watanabe and
Harrold, 1991; Filbee-Dexter and Scheibling, 2014; Miller et al.,
2018). Although there are other herbivores recognized as
relevant grazing agents, their functional activity is lower or
insignificant compared to sea-urchins (Cordeiro et al., 2020).
The intense browsing activity of these species can cause canopy-
forming macroalgal communities to collapse, transforming large
extensions of rocky bottoms in the named “sea-urchin barrens,”
a status dominated by turf and crustose coralline algae (CCA)
(Sala et al., 1998; Goreau et al., 2000; Guidetti et al., 2005).
When benthic bottoms reach this alteration point, they are in an
“alternate stable state,” presenting a high resistance to return to
its starting point (Figure 1; Knowlton, 2004; Filbee-Dexter and
Scheibling, 2014; Melis et al., 2019). This has been verified in
different regions of the planet, where the extent of sea-urchin
grazing exerts a major control on the structure and functioning of
the coastal benthic ecosystems (Hill et al., 2003; Tuya et al., 2004a;
Hereu Fina, 2007; Eklöf et al., 2008; Gianni et al., 2017; Yorke
et al., 2019). For example, in the Mediterranean Sea, algal cover
increased up to 40–50% in patches where the sea-urchin Arbacia
lixula was removed, while in control patches their cover never
exceeded 10% (Bulleri et al., 1999). Cover of macroalgae returned
to original levels only 6 months after the removal of Paracentrotus
lividus also in the Northwest Mediterranean (Bulleri et al.,
1999). Sea-urchins significantly affect habitat structure, even in
communities with low echinoid densities (Palacín et al., 1998).
At a global level and from an ecological view, the leading
causes that alter the balance between sea-urchin barrens and

erect algae communities can be divided into: (1) top-down
(loss of predation), (2) bottom-up (nutrient enrichment), and
(3) “side-in” (temperature, etc.) mechanisms. Moreover, these
drivers do not act in isolation, so the additive or synergistic
effects of multiple co-occurring mechanisms may contribute to
the maintenance of overgrazing over time (Eklöf et al., 2008).

The Macaronesian islands, a group of archipelagos located in
the Northeast (NE) Atlantic Ocean (Figure 2), have recently been
redefined, based on extensive analysis encompassing numerous
phyla (fish, echinoderms, macroalgae, among others) (Freitas
et al., 2019). Now the marine biogeographic unit of Macaronesia,
is consider as four distinct ecoregions: The South European
Atlantic Shelf, the Saharan Upwelling, the Azores ecoregion and
a new ecoregion herein named Webbnesia (formed by Madeira,
Selvagens and Canary Islands). In addition, Cabo Verde has
been proposed as an isolated ecoregion characterized as an
important hotspot of tropical reef biodiversity (Roberts et al.,
2002; Freitas et al., 2019). The altitudinal range of the various
islands across these archipelagos, coupled with their isolation
from the mainland result in climates that are atypical for their
latitudinal locations (Martín et al., 2012). But, in general, their
climate is framed by the semi-permanent presence of a high-
pressure system from the Azores, prevailing from the northeast
trade winds and the surrounding ocean, including the Azores and
the Canary currents (Cropper, 2013).

The major guild of grazing sea-urchins inhabiting coastal
rocky bottoms in the Azores, Webbnesia and Cabo Verde is well
represented by Arbacia luxila (Linnaeus, 1758), Arbaciella elegans
(Mortensen, 1910), Centrostephanus longispinus (Philippi, 1845),
Eucidaris tribuloides (Lamarck, 1816), Heliophora orbicularis
(Linnaeus, 1758), Paracentrotus lividus (Lamarck, 1816),
Sphaerechinus granularis (Lamarck, 1816), and Diadema
africanum (Rodríguez et al., 2013). Local primary production,
recruitment, settlement of new individuals or topographic and
substrate complexity are considered the main natural factors
driving their abundance patterns (Clemente and Hernández,
2008). Moreover, ocean circulation, salinity, or sea surface
temperature (Stobberup et al., 2004; Lázaro et al., 2005) are
frequently recognized as additional key factors that specifically
affect large-scale geographic echinoid assemblages. However,
sea-urchin population explosions have been detected over the
last decades, with the consequent loss of macroalgal covers
from the Sargassaceae family as dominant habitat-forming
species of the region (Tuya et al., 2004a,b). These losses are
particularly evident when high-density populations of both
A. lixula and D. africanum are reached due to their strong
capacity of modifying the benthic communities (Alves et al.,
2003). Although various authors have hypothesized that the
overfishing of natural predators of sea-urchins is the main factor
that favors their proliferation in the area (Tuya et al., 2004b),
there has been no holistic approach conducted to set a basis for
better understanding the different potential causes of sea-urchin
proliferation (Sangil et al., 2018; Gizzi et al., 2020).

Thus, the present study aims to provide the first
comprehensive compilation of the existing information on
the potential threats affecting macroalgal forests of Azores,
Webbnesia and Cabo Verde, focusing on the role of sea-urchins
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FIGURE 1 | Diagram illustrating the two-system rocky benthic bottoms: marine forests and sea-urchins barrens. Transition processes between states depending on
fishing activities and habitat degradations impacts (modified from Sala et al., 1998) (Symbols courtesy of the Integration and Application Network, University of
Maryland Center for Environmental Science (ian.umces.edu/symbols/).

in the maintenance of the so-called “alternate stable state.”
Evidence about the main anthropogenic pressures and other
environmental factors involved in the sea-urchin population
explosion historically detected are discussed and pondered across
NE Atlantic archipelagos.

SEA-URCHIN BARRENS AND
MACROALGAL FORESTS IN NE
ATLANTIC ARCHIPELAGOS

Azores
The Azorean archipelago (38.5◦N,–28◦E) is a group of nine
volcanic islands with coasts formed by cliffs and rocky
shores interspersed with sandy beaches (Borges, 2004). Waters
surrounding the Azores are mesotrophic with sea surface
temperature (SST) usually range between 15.5 and 23.2◦C
(Amorim et al., 2017; Sangil et al., 2018).

The Azores’ rocky coasts are mainly characterized by patchy
algae-based communities (Martins et al., 2005). The diversity
of algal species is much lower than that of the remaining
archipelagos, being Zonaria tournefortii and Dictyota dichotoma
dominant species (Neto et al., 2014; Sangil et al., 2018). The
diversity of herbivores is also low compared with the rest of the
archipelagos (Sangil et al., 2018). The sea-urchins population is
composed of A. lixula, P. lividus, and S. granularis (Hawkins et al.,
2000), species with remarkably lower voracity than D. africanum
(Bulleri et al., 1999; Alves et al., 2001). The species P. lividus and
A. lixula do not appear to coexist in the archipelago (Hawkins
et al., 2000). P. lividus was always found in shallow waters, while
A. lixula was present from depths of 10–18 m, suggesting that
this species could be responsible for the Azorean barrens. Those

areas with low densities of A. lixula showed well-established algae
communities. These covers were substantially reduced, or non-
existent, when the echinoid density surpassed 15 individuals m−2

(Marques, 1984). Consequently, the area below the low tide mark
has experienced zoning patterns from bottoms dominated by red
algae in the upper layers, giving way to A. lixula, S. granularis
and CCA in the low tidal zones (Hawkins et al., 2000). Although
D. africanum has been sporadically found on the southern island
of Santa Maria (Minderlein and Wirtz, 2014), it has not been
detected in the rest of the Azorean archipelago.

Webbnesia: Madeira, Selvagens, and
Canary Islands
Madeiran archipelago (32.4◦N,–17◦E) is formed by the
islands of Madeira, Porto Santo, Desertas, and the distant
southern Selvagens. The coastline in this archipelago is
predominantly rocky, with a mix of platforms, boulders, and
very few interspersed sandy-pebble beaches. The waters are
oligotrophic, and SST typically ranges between 17.0 and 23.5◦C
(Schäfer et al., 2019).

Sea-urchin species known to occur in Madeira archipelago
include P. lividus, A. lixula, S. granularis, D. africanum, with
lower abundances of A. elegans and C. longispinus (Wirtz, 1995).
Since the early 90’s the D. africanum populations in Madeira
Island are in full expansion (Abreu et al., 1995). The high
density of D. africanum appears to be reflected in the reduction
of canopy-forming algae abundance, transforming macroalgal
communities to mainly patchy cover of turf (Friedlander et al.,
2017). The high-density population of D. africanum has been
partly explained by the low control capacity of top-down
processes associated with the absence or very low predator
densities (Alves et al., 2001, 2003). Particularly, Alves et al. (2001)
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FIGURE 2 | Map of the oceanic archipelagos of Azores, Madeira, Canary Islands and Cabo Verde.

found high population densities of D. africanum (8–17 ind. m−2)
reaching a maximum record of 68 ind. m−2 in the southern coast
of Madeira, contrasting with low densities along the northwest
coast. The north and west coast of Madeira is often exposed to
rough waters, and thus lower recreational fishing pressure, which
may be responsible for these observed differences in D. africanum
density (Clemente et al., 2014; Friedlander et al., 2017). Similarly,
densities reported on Porto Santo Island (33.06◦N,–16.35◦E)
were also much lower, possibly due to its geomorphological
features characterized by large sandy accumulations (Hernández
et al., 2008b). Moreover, some sea-urchin specimens were found
at lower depths than in Madeira Island (i.e., 1 m at Porto
Santo pier), which is likely related to a lower wave exposure
(Alves et al., 2001).

The Selvagens Islands (30.14◦N,–15.86◦E) form an isolated
group of small islands and reefs located south of Madeira
Island (290 km approx.) and north of the Canary Islands

(170 km approx.). This sub-archipelago has been a Marine
Protected Area (MPA) for over 40 years being one of the most
pristine places in Webbnesia and one of the few intact marine
ecosystems in the NE Atlantic Ocean. Selvagens benthic bottoms
are dominated by turfs, erect algae and canopy-forming species
(Friedlander et al., 2017). Although D. africanum is the most
common mobile invertebrate in the Selvagens, its abundance is
65% lower than in Madeira (2.7 ind. m−2 vs. 4–7 ind. m−2)
(Friedlander et al., 2017).

The Canary Islands (28.53◦N,–15.74◦E), located near the
Northwest African Coast, are composed of seven islands that
present high geological and topographic variability. The waters
are oligotrophic, affected by a nutrient increase through the
upwelling, and annual variation in SST ranging from 18.0 to
24.0◦C (Valdazo et al., 2017; Sangil et al., 2018).

The most abundant sea-urchins’ species in coastal rocky
habitats of the Canary Islands are: P. lividus, A. lixula,
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FIGURE 3 | Rates of sea surface warming in NE Atlantic archipelagos, based
on 37 year of daily sea surface temperatures (SSTs; 1982–2018) from National
Oceanic and Atmospheric Administration (NOAA) 1/4 arc-degree Daily
Optimum.

S. granularis and D. africanum (Hernández et al., 2013; Sangil
et al., 2018). However, the barrens generated by D. africanum
are more widely spread throughout the archipelago (Brito, 2004;
Tuya et al., 2004b; Hernández et al., 2005, 2008a). D. africanum
barrens extend up to 50 m in depth, and occupy approximately
70% of the rocky bottoms habitats (Barquín-Diez et al., 2005).
The densities of D. africanum range between 6 and 12 ind.
m−2 (Clemente et al., 2014) and, although it presents high
spatial variability, is correlated with human activities (Hernández
et al., 2008a; Clemente et al., 2011). The highest densities
of D. africanum are found on Tenerife Island, which also
supports the highest fishing pressure, population density and
tourism development (Clemente et al., 2014). Densities of
D. africanum higher than 2 ind. m−2 forms barrens through
all the Canary Islands, reducing the cover of non-crustose
algae below 50% (Hernández et al., 2008b; Sangil et al., 2011).
More severe reductions (i.e., below 30% of algal cover) occurs
when the density of sea-urchins increases to 4 ind. m−2, where

the ecosystem shifts and becomes D. africanum dominated
(Clemente et al., 2007).

In the Canary Islands, MPAs have proven to be a successful
tool for the conservation of marine forests and the control of
D. africanum populations. For example, the Marine Reserve of
Mar de Las Calmas (El Hierro Island) and the MPA of the
southern coast of La Palma Island. Both of the aforementioned
areas are dominated by erect algal communities in the shallow
infralittoral and circalittoral beds (Hernández et al., 2005, 2008a,
Hernández, 2009; Sangil et al., 2012). Especially in the MPA of La
Palma where the densities of D. africanum are lower than those
found in the Selvagens, reaching maximum densities of 0.5 ind.
M−2 at depths of 10–15 m (Sangil et al., 2012). Interestingly,
individuals are smaller in these protected areas, related to lower
availability of food resources (Clemente et al., 2007; Hernández
et al., 2007) and higher abundances and biomass of predatory sea-
urchin fishes, which exert direct pressure on the larger population
sizes (Sangil et al., 2012).

Cabo Verde
Cabo Verde (14.91◦N,–23.50◦E) is an archipelago with an arid
climate located in the mid-Atlantic Ocean (570 km off the west
coast of Africa). SST usually ranges between 20 and 25◦C with
nutrient-rich waters supported by strong upwelling from the
coast of Senegal and Mauritania (Freitas et al., 2019).

A total of 4 species of sea-urchins appear in the Cabo Verde’s
coastal systems: A. elegans, D. africanum, E. tribuloides, and
H. orbicularis. Benthic ecosystems in Cabo Verde, as a tropical
region, have more complex trophic structures than that of
the remaining archipelagos, in addition to a greater diversity
of predators and herbivores. Shallow benthic systems of the
archipelago are dominated by algae, anthozoan communities
and D. africanum densities are low in the region [<1 ind.
m−2 (Entrambasaguas et al., 2008)], with no reports of barrens
originating from its grazing activities.

COASTAL FEATURES AND HUMAN
PRESSURES

Wave Exposure, Depth and Bottom
Complexity
Wave exposure and depth have been reported as important and
interacting environmental factors in determining sea-urchins’
abundances (Hernández et al., 2020). In strictly sheltered areas,
densities of D. africanum increased with water depth reaching
a maximum density at 15–20 m (Sangil et al., 2011). Also, in
Madeira Island, Friedlander et al. (2017) found a 35% increase in
D. africanum density at 20 m compared to 10 m. Some sheltered
coasts of the Canary Islands are still covered by erect algae in the
shallow levels, while on exposed coasts, the higher densities of
sea-urchins appear at greater depths, just below the shallow band
of macroalgae (Hernández et al., 2008a).

Substrate complexity is an important driver for D. africanum,
as this sea-urchin seemed to be associated with large and
medium-sized rocky habitats, which may be related to particular
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behavior and feeding size (Entrambasaguas et al., 2008). The
presence of boulders allows D. africanum to feed on epi- and
endolytic algae, depleting erect algae and leading to barrens
(Tuya et al., 2004b). Habitats with high topographic relief have
denser populations of D. africanum than less suitable flat areas
(Hernández et al., 2006a; Clemente et al., 2007), where low
complexity is related with macroalgae dominance (Hernández
et al., 2006a, 2008b; Clemente et al., 2007). Specifically, this
species needs holes for refuge due to its very large spines (up
to 500 mm long) and, therefore, it would be more exposed to
predators in rocky platforms (Hendler et al., 1995).

Overfishing
Marine forests owe their existence to the balance reached by
the different parts of the ecosystem, but the stressors derived
from human activities can alter their ecological status. The
disappearance of top predators due to overfishing has been
linked to the shift from macroalgal forest to sea-urchin barrens
(Tuya et al., 2004a, 2005; Clemente et al., 2007, 2010, 2011;
Sangil et al., 2011). Fishing pressure is particularly high on
coastal ecosystems of areas densely populated, which implies
a lower abundance of D. africanum predators, and, through a
cascade effect, a hyperabundance of sea-urchins, causing the
disappearance of macroalgal forests (Hernández et al., 2008b).
Recent studies also reported strong recreational fishing pressures,
reaching annual catches of almost 12,000 t in the Canary Islands
(Gordoa, 2019) and 1,500 t in Madeira (Martínez-Escauriaza
et al., 2020a,b). In Madeira, many recreational fishermen have
reported a decrease in catches, and attribute this to both (i)
the generalized degradation of coastal systems, and (ii) the
fishing of individuals below the minimum landing size (Hermida
and Delgado, 2016; Martínez-Escauriaza et al., 2020a). Fish
biomass is more than three times higher in Selvagens than
Madeira (Friedlander et al., 2017). Species known to feed and
control sea-urchins’ populations (e.g., Balistes capriscus, B. scrofa,
Canthidermis sufflamen, and S. cretense) were abundant in
the Selvagens compared to Madeira (Clemente et al., 2010;
Friedlander et al., 2017). These patterns are very similar to
those found in the Canary Islands, which show clear differences
between MPAs and unprotected areas about abundance and
biomass of these predatory species (Sangil et al., 2013).

Coastal Urbanization
Successful conservation and implementation of MPAs promote
stability and positive growth of macroalgal communities. In
contrast, poor macroalgal cover results from unprotected, and
consequently more human-impacted areas (Sangil et al., 2012,
2018; Friedlander et al., 2017). In fact, the number of inhabitants
has been positively correlated with the density of D. africanum,
highlighting the strong effect of the anthropogenic pressure on
the coastal bottoms of the region (Hernández et al., 2008b). Some
densely populated areas are exposed to high levels of habitat
loss and fragmentation, a threat that is considered to affect
global coastal diversity (Airoldi and Beck, 2007). Modification of
continuous natural rocky platforms can reduce the development
of macroalgae and reduce the habitat available for canopies
colonization (Cacabelos et al., 2016). Vertical substratum slope,
pollution and urbanization are the main drivers involved in the

distribution of Fucales (Fabbrizzi et al., 2020), although in the
Azores, limited-dispersal capacity from adults has been also cited
as a relevant factor limiting its ability to colonize artificial coastal
defense structures (Cacabelos et al., 2016). In fact, in Madeira,
extensive development and construction in marine and coastal
systems (the so-called “ocean sprawl”) has destroyed some of
the scarce natural rocky platforms in the island, diminishing
the suitable habitat available for canopy-forming macroalgae
communities. These human-related perturbations can lastly lead
to local changes in the light and turbidity regimes due to
modifications in coastal hydrodynamics (Tuya et al., 2002),
producing adverse effects on benthic communities. Changes in
land use, both inland and along the coasts of the islands can
increase loads of sediments, pollutant and nutrients charges
(Airoldi and Beck, 2007; Baioni et al., 2011; Smith, 2016).
Specially, sedimentation can affect the survival and recruitment
of erect algae and sea-urchins, and favoring the dominance of
turf (Airoldi, 2003; Schiel and Gunn, 2019). Long-term data
on water turbidity and sediment load is necessary to evaluate
the effects of these stressors across our study region and the
particular consequences for the conservation of their coastal
benthic communities.

CLIMATE CHANGE-RELATED EFFECTS

Ocean Warming
In the actual context of climate change, ocean warming implies
a global impact to be taken into account to study coastal benthic
communities (Steneck et al., 2002; Martín et al., 2012; Smale,
2020). The increase of NE Atlantic’s water temperatures in
recent decades has been higher than expected, especially for
the Azores, Webbnesia and Cabo Verde (Cropper and Hanna,
2014). This increase was higher than other areas with similar
climatic and geographical characteristics (Cropper and Hanna,
2014). This is reflected in the increase of the SST since 1982,
with an approximate increase of 0.3◦C per decade, being highest
in the Azores (Figure 3). Experimental studies have shown the
positive relationship of increasing temperatures on recruitments,
larval survival and development of D. africanum (Fuentes et al.,
2013). Previous studies in the Canary Islands have shown the
positive trend between the increase in temperatures and the
settlement of D. africanum, becoming exponential above 23◦C
(Hernández et al., 2006a, b). Warming also allows tropical
species to colonize new areas, the so-called tropicalization
process (Brito, 2004; Bianchi, 2007; Afonso et al., 2013; Ribeiro
et al., 2019; Schäfer et al., 2019). The detection of D. africanum
in the island of Santa Maria (Minderlein and Wirtz, 2014),
located in the south-eastern limit of the Azores, could be
an example of this tropicalization. The possible expansion
of tropical affinity species in the region seems to be favored
by the recent increase in water temperatures (Afonso et al.,
2013; Ribeiro et al., 2019). However, as only two individuals
have been recorded in 2010, the establishment of a resident
population of D. africanum in the Azorean archipelago seems
unlikely at present. For macroalgae formations, the increase
in temperatures has a negative impact (Wernberg et al., 2011).
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Various studies have shown that macroalgae, especially canopy-
forming species, are threatened by rising temperatures (Smale,
2020). Furthermore, marine heatwaves have also shown
significant impacts on coastal macroalgal formations (Frölicher
and Laufkötter, 2018; Filbee-Dexter et al., 2020; Verdura et al.,
2021). These extreme events are likely given the projected
climate change scenarios (Filbee-Dexter et al., 2020). In the
context of tropicalization, which the region currently finds
itself (Freitas et al., 2019), the role of rising temperatures
and marine heatwaves could be one of the main impacts for
marine forests.

Ocean Acidification
Acidification of the oceans and coastal areas is another process
related to climate change. In different experimental studies,
sea-urchins are shown to be especially vulnerable to ocean
acidification (OA) (Johnson et al., 2012; Byrne et al., 2013;
Calosi et al., 2013; Hall-Spencer and Allen, 2015). OA seems
to negatively affect their settlement and larval development
(Pecorino et al., 2014). Recent studies with species from the
region suggest that intertidal species (A. lixula and P. lividus)
are less vulnerable than subtidal species (D. africanum and
S. granularis) to future scenarios of acidification (García et al.,
2018). Furthermore, OA increases the feeding rates of juveniles of
P. lividus, yet differences in feeding rates of D. africanum on algae
reared under low pH were not found (Rodríguez et al., 2018).
Future scenarios of OA can have indirect effects over marine
forests, increasing herbivorous pressure in and affecting the
growth of macroalgae (Rodríguez et al., 2018). Many macroalgae
species have been tolerant to long-term increases in CO2 levels,
but habitats are significantly altered as pH decreases, being a
long-term impact (Porzio et al., 2011). Long-term effects need
to be explored in depth for NE Atlantic archipelagos, testing the
combined effect of increased temperatures and acidification of
coastal systems.

Stochastic Weather Events
Massive D. africanum mortality events have occurred in the
last decade in the region, affecting particularly to Madeira
and the Canary Islands (Clemente et al., 2014; Gizzi et al.,
2020). The first mass mortality event was recorded between
October 2009 and April 2010 (Clemente et al., 2014), and the
second in February 2018 (Gizzi et al., 2020; Hernández et al.,
2020). These massive mortality events have been attributed to
different impacts or environmental conditions such as changes
in temperature, salinity or pH that favor the proliferation of
disease-causing pathogens (Scheibling and Stephenson, 1984;
Girard et al., 2011; Gizzi et al., 2020). According to the “killer
storm” hypothesis (Scheibling and Hennigar, 1997; Scheibling
and Lauzon-Guay, 2010), strong storms would have generated
a pronounced movement of underwater sediments and large-
scale vertical mixing of particles. This mixing could promote the
vertical movement of infectious agents, as the amoeba Paramoeba
brachiphila, and its subsequent sedimentation in sea-urchins,
causing infections and mortality (Hernández et al., 2020). The
killer storms were also described in other latitudes typically
involving tropical storms (Scheibling and Hennigar, 1997; Feehan
et al., 2016). After the decrease in the abundance of sea-urchins
at specific points, a slow colonization by fucoids has been
observed, persisting for at least 2 years (Clemente et al., 2014),
but further observations will be necessary to fully address the
potential re-growth. The low frequency of these storms in the
region can explain the persistence for decades of sea-urchin
barrens in the Canary Islands and Madeira (Hernández, 2017).
However, this scenario could change in the coming decades, as
the magnitude and frequency of extreme events are expected
to increase in the North Atlantic (Pardowitz, 2015). For this
reason, attention should focus on possible new massive mortality
events as a consequence of meteorological processes, as well as
the consequences for the benthic macroalgal communities due to
the sudden mortality of sea-urchins.

TABLE 1 | Interactions of discussed drivers and impacts over marine forests and sea-urchin barrens.

Coastal features and human pressures Climate change-related effects

Bottom
complexity

Wave
exposure

Depth Overfishing Coastal
urbanization

Ocean
warming

Ocean
acidification

Stochastic
weather events

Sea-urchin’s barrens • ◦ • • • • ◦ ◦

Marine forests ◦ • ◦ ◦ ◦ ◦ ◦ ◦

Archipelago

Azores • • • • • • • •

Madeira • • • • • • •

Canary Islands • • • • • • • •

Cabo Verde • • • • • • • •

Source 1–5 1,6–9 1,6–9 5,7,10–16 4,8,17–19 3,20–22 23 24–26

1: Hawkins et al., 2000; 2: Entrambasaguas et al., 2008; 3: Hernández et al., 2006a; 4: Hernández et al., 2008b; 5: Clemente et al., 2007; 6: Hernández et al., 2008a;
7: Sangil et al., 2011; 8: Friedlander et al., 2017; 9: Hernández et al., 2020; 10: Tuya et al., 2004a; 11: Tuya et al., 2005; 12: Clemente et al., 2010; 13: Clemente et al.,
2011; 14: Hermida and Delgado, 2016; 15: Martínez-Escauriaza et al., 2020a; 16: Martínez-Escauriaza et al., 2020b; 17: Tuya et al., 2002; 18: Sangil et al., 2012; 19:
Sangil et al., 2018; 20: Hernández et al., 2006b; 21: Sansón et al., 2013; 22: Freitas et al., 2019; 23: García et al., 2018; 24: Clemente et al., 2014; 25: Hernández et al.,
2020; 26: Gizzi et al., 2020.
These interactions can be positive (•) or negative (◦) for each state. Interactions have been categorized as evidence (•), correlative (•), hypothesizes (•) or circumstantial
(•) according to the bibliography consulted for each of the archipelagos present in our study area.
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FIGURE 4 | Different theoretical scenarios of restoration efforts: (•) MPA: no-take areas and restoration actions (passive + active, e.g., sea-urchin’s eradication,
revegetation, human local pressures mitigation, and climate-change mitigation policies), (•) marine reserve (passive: non-active protection), (•) restoration actions
(active), and (•) outside reserve (no management) with the hypothetical tipping point to overcome. For those highly degraded communities, only a combined
management of active and passive activities is suggested as the option able to have a long-term recovery scenario. MPA, marine protected area. Symbols courtesy
of the Integration and Application Network, University of Maryland Center for Environmental Science (ian.umces.edu/symbols/).

CONCLUSION AND CONSIDERATIONS
FOR FUTURE RESTORATION ACTIONS

In this study we have chosen a series of factors and impacts
available in the literature (Table 1). We assume that there are
other important drivers, not explored in the region yet, in
the development and maintenance of sea-urchin’s barrens that
should be studied in future works in the NE Atlantic archipelago
(e.g., nutrient regimes, bio-invasions, light pollution). Most of
the information identified as evidenced in this work comes from
studies developed in the most studied areas of the region, the
archipelago of the Canary Islands and the archipelago of Madeira.
Even so, it is necessary to expand the study of these drivers in
the region, in order to identify the main impacts and highlighting
those that currently suppose correlative factors and hypotheses.

In general terms, the macroalgal communities of the NE
Atlantic archipelagos have suffered a dramatic decline due to
the interaction of different factors. An increase in grazer activity
as a consequence of the explosion of sea-urchin populations
due to the cascading effect of overfishing, seems to be a
relevant factor in maintaining these habitats in the “barren” state
(Figure 4). However, it is important to highlight that this has
not been a common pattern throughout the coast of the different
archipelagos, since there are still areas in the region where
we can find well-developed macroalgal communities. Clearly,
it is a consequence of the high variability on the conditions

and the interplay of multiple environmental factors (e.g.,
level of protection, sedimentary processes, coastal urbanization,
substrate complexity, climate change effects, extreme events) of
the areas that modulate the sea-urchin population dynamics
(Figure 4). In fact, the disappearance of canopy-forming species,
especially in the Webbnesia, can have different reasons, with
overfishing, habitat fragmentation, or processes related to climate
change acting in different ways. Degradation of these ecosystems
created a perfect scenario for sea-urchins proliferation, boosted
by the elimination of their predators by overfishing and creating
alternative stable barren systems. The recovery of key predatory
fishes has been identified as the more efficient mechanism for
the regulation of sea-urchin populations (Clemente et al., 2010).
Regulation of fisheries can lead the recovery of macroalgal forests
by cascade effects, promoting the conservation of predatory
fishes to maximize predation across the size spectrum of
D. africanum (Clemente et al., 2010). The MPA in La Palma
Island is a clear successful example of how to recover an
area dominated by urchin barrens and achieve well-developed
macroalgae habitats. In addition, it shows how a well-managed
protected area can reach these status changes in a short period
of time 4 years (Sangil et al., 2012). Another example of success
are the remote Selvagens Islands, currently representing one of
the most pristine ecosystems of the NE Atlantic (Friedlander
et al., 2017). However, other cases have shown how protection
as an isolated passive action has not produced the desired
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consequences in the food chains in a long term, and even the
biomass of sea-urchins increase directly (Malakhoff and Miller,
2021). The success of future actions for restoration of marine
forests need to consider this reality and assume that passive
restoration efforts are probably not enough (Figure 4). We
suggest that to achieve the recovery of the marine forests in
those degraded areas of the region, it is necessary to carry
out a series of active actions, such as fishing regulation (Sangil
et al., 2012), sea-urchin complete eradication and macroalgal
revegetation (Medrano et al., 2020). In those more degraded
areas, where the pressure of propagules of canopy-forming
macroalgae is not enough, it will be necessary to carry out
revegetation actions from source populations (Medrano et al.,
2020). Furthermore, Cystoseira/Gongolaria/Ericaria are genus
with low-dispersal capacity without planktonic stages (Susini
et al., 2007). For this reason, the main restoration techniques
focus on the translocation of fertile branches or individuals
that can directly release the propagules where they are placed
(Verdura et al., 2018; Medrano et al., 2020). Due to its dispersal
strategy there may be limitations of connectivity, and as a
consequence, smaller population gene pools and sizes render
populations more vulnerable to threats (Buonomo et al., 2017). In
future climate change scenarios, it may be necessary to use genetic
techniques allowing the optimal selection of individuals or
populations that are more resistant to the resulting impacts, thus
increasing the resilience and adaptive capacity of the restored
populations (Coleman et al., 2020). But these measures can be
insufficient if they are not combined with the establishment
of well-enforced No-Take areas (Medrano et al., 2020). The
creation of marine reserves without active protection planning
does not reach the minimum levels for the maintenance of
the eco-services that these systems provide (Sangil et al., 2012;
Figure 4). Recovery will definitely depend on first establishing
important ecological protection rules, e.g., the successful MPAs
in the region. However, the combination of multiple human

pressures left the coastal system in a point of no return where
the effectiveness of restoration actions will inevitably pass by the
implementation of additional active management interventions,
in order to help the system to overcome the tipping point and
reach a long-term re-establishment of the macroalgal forests.
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INTRODUCTION

Coastal ecosystems such estuaries, are among the most productive ecosystems on Earth (Costanza
et al., 1997), providing crucial ecological services, such as maintenance of biodiversity and fisheries
(including through their role as nurseries), coastal protection or nutrient cycling (Barbier et al.,
2011). The longstanding increase in population (especially in coastal areas) continue to impact
these systems in a multifaceted way, and at a global scale conservation measures are weakly
related with the distribution of sensitive fish species which remain susceptible to high pressures
(Vasconcelos et al., 2017).

The identification and mitigation of impacts of human activities such as, pollution, ocean
warming, habitat degradation and biodiversity loss entail close monitoring of the environmental
parameters that shape ecosystem function, and health. Nonetheless, identifying and predicting
harmful impacts in coastal systems, particularly in estuaries, is challenging due to their intrinsic
complexity and dynamic nature, with many factors interacting simultaneously (França and Cabral,
2016). Long-term datasets are crucial temporal baselines that can be harnessed to distinguish
between effects of anthropogenic origin and natural trends, providing a benchmark to monitoring
ecosystem change (Connor et al., 2019).

Portuguese estuaries and their adjacent areas play an important nursery role for several
commercially important fish species, and their habitat use by juveniles has also been thoroughly
evaluated (e.g., Cabral et al., 2007; Vasconcelos et al., 2010, 2011; França et al., 2012; Tanner et al.,
2012; Reis-Santos et al., 2015). Gathering and providing access to fragmented and scattered data,
is of great importance and utility to foster the development of new and widely applicable tools
to assess, evaluate and predict the dynamic and functional responses of estuarine communities.
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In this context, the Portuguese Coastal Monitoring Network
(CoastNet) Research Infrastructure (RI) was created to improve
the understanding of the national coastal ecosystems functioning,
through the development of a remote coastal monitoring
system. The CoastNet RI is unique in the national context,
as it is the first multidisciplinary RI able to autonomously
collect continuous in-situ environmental and biological data and
integrate them with near real-time satellite data, contributing to
the assessment of long-term trends and spatial variability patterns
of coastal biological communities. The CoastNet RI is part of
the Portuguese Roadmap of Research Infrastructures since 2014
(FCT, 2020) and its implementation process started in 2017. Its
main lines of action are: (1) the development of a historical and
near real-time satellite data centre; (2) the deployment of a set
of sensors to collect environmental and biological in-situ data in
three systems (the Mondego, Tejo and Mira Estuaries), allowing
almost immediate transmission to the RI data centre; (3) arrays of
biotelemetry acoustic receivers deployed to track aquatic animal
movements; and (4) the development of the CoastNet Geoportal,
which integrates a combination of real time and historical
data, with the latter compiled from datasets of biological and
environmental parameters, from multiple research projects.

Through the RI Geoportal (http://geoportal.coastnet.pt), all
users may visually explore and download all the available
data across the RI’s lines of action. Currently, the Historical
Data section comprises gathered data for the last three
decades (1986–2010). Although fragmented, they are extremely
valuable to provide insights into long-term trends in these
communities. Among other smaller-scale projects, two major
research projects studied fish community species composition
and environmental parameters in Portuguese estuaries. These
extremely important projects stand out as they encompass a
considerably number of ecologically relevant estuaries (nine in
2006 and five in 2009). Thus, for the first time, large datasets
with physical and biological information from national estuaries
were created, whose availability is crucial in the present context
of global change:

(1) Project “NURSERIES—Importance of estuarine and
coastal nursery areas for fish stocks of commercially valuable
species in the Portuguese coast,” funded by the Portuguese
Directorate for Fisheries and Aquaculture (DGPA), aimed to:
(1) identify the nursery areas in the main Portuguese estuarine
systems and adjoining coastal areas; (2) investigate the essential
habitats for the maintenance of the nursery function for the most
important fish species; (3) investigate juveniles ecology in the
nursery areas; (4) evaluate the relative importance of the different
nursery areas in the estuaries and coastal areas; (5) quantify the
contribution of each nursery area (both in quantity and quality)
for the adult stock; (6) identify the main anthropogenic pressures
in each nursery area; and (7) identify measures that will allow the
protection and sustainable management of these areas.

(2) Project “FISHEST—Spatial and temporal variability
of fish assemblages in different estuarine habitats: condition,
dependence, resilience and connectivity,” funded by the
Portuguese National Agency for Science and Technology (FCT),
aimed to: (1) determine spatial and temporal patterns of habitat
use by fish assemblages within and among representative

estuarine systems along the Portuguese coast; (2) examine
dependence and connectivity of fish species or assemblages
among different habitat types; (3) assess species resilience
subjected to natural and anthropogenic pressures at habitat
level; (4) develop ecological models to predict how fish
assemblages’ respond to different scenarios of natural habitat and
anthropogenic changes.

The present work aims to (1) release both datasets for public
use; (2) describe their content through basic diversity metrics;
(3) provide guidance for access and (4) show their increased
potential to be integrated in a broader context of regional/global
long-term structure and composition changes in estuarine fish
assemblages. Ultimately, these data can underpin the evaluation
of future scenarios of environmental changes due to natural
and/or anthropogenic pressures and predict responses at species,
population, community, or ecosystem levels. Such predictions are
essential tools towards understanding ecosystem functioning and
guiding policy management and conservation strategies.

METHODS

Data Collection
Nine estuarine systems located along the Portuguese coast were
sampled during project NURSERIES, with a subset of five of these
estuaries sampled during project FISHEST. Listed from north to
south, estuaries were the Minho, Douro, Ria Aveiro, Mondego,
Tejo, Sado, Mira, Ria Formosa, and Guadiana (Figure 1). These
systems differ substantially in terms of their geomorphologic and
hydrologic characteristics: Tejo and Sado are large systems with
areas of 320 and 180 km2, respectively, while Mira is the smallest
with 5 km2. River flow also differs markedly: Minho, Douro,
and Tejo have mean flow values above 300 m3 s−1, contrasting
with low freshwater flow in estuaries such as the Mira and Ria
Formosa. Ria Aveiro and Ria Formosa are shallow coastal lagoon
systems with large intertidal areas. Shallow areas are a common
feature in all the estuarine systems, with mean depths varying
between 1 and 6 m.

In the NURSERIES project, the nine referred estuaries were
sampled in May and July 2006, with circa 10 hauls per site
each month, with several sites across each estuary covering the
main nursery grounds across the salinity gradient (number of
sites per estuary depended on estuary size). In project FISHEST
surveys were performed in Ria de Aveiro, Tejo, Sado, Mira and
Guadiana, and sampling across renowned nursery areas was
habitat-oriented focusing on salt marsh, mudflats and subtidal
channels [see classification in Pihl et al. (2002)]. Fish assemblages
were sampled seasonally during 2009 (January, April, July, and
October), with two sites per estuary, and three hauls performed
in each of the three habitats in each site. Hauls were restricted to
a specific habitat type to avoid overlap between different habitats.
Sampling surveys were conducted at night, using a 2m beam
trawl with a tickler chain and 5mm mesh size in the cod end.
Hauls were towed at a constant speed (0.8m.s−1) and lasted
between 8 and 10min, whenever there was sufficient habitat area
available. Salinity, conductivity (mS cm−1), water temperature
(◦C) and dissolved oxygen (% saturation) were measured at the
beginning of each haul, using a multi-parameter probe and depth
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FIGURE 1 | Estuarine systems sampled in the Portuguese coast and their main geomorphologic and hydrologic characteristics.

(m) was also registered. Sampled area (m2) was calculated based
on the trawl opening width (2m) and the distance travelled
(m) (obtained using the coordinates registered at the beginning
and at the end of each haul, with a global positioning system
(GPS). Three sediment replicates were collected using a van Veen
grab (0.05 m2) for the determination of mud content in the
sediment (percentage of dry sediment not retained in a 0.063mm
calibrated sieve). All fish caught were identified, counted, and
weighed. For full description of methods see Vasconcelos et al.
(2010) for project NURSERIES and França et al. (2012) for
project FISHEST.

To provide comparable attributes between systems, diversity
metrics were calculated for each estuary and project: (a) species
richness, which involves counting or listing species without

taking into account the number of individuals, thus giving equal
weight to all of them; (b) mean density, which reflects the mean
number of individuals, regardless of the species, per m2; (c)
mean biomass, as the mean weight of individuals, regardless
of the species, per m2; and (d) the Shannon-Weiner diversity
index for comparing diversity between estuaries, which takes into
account two different aspects that contribute to the concept of
diversity in a community, namely the number of species and their
relative abundance.

Data Availability
Datasets are available in the CoastNet Geoportal, in the Historical
Data section, sorted by estuary. By selecting an estuary (one
or more) for further analysis, all sampling points currently
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FIGURE 2 | Variation of the Species Richness (A), Mean values of fish density (nr inds.1,000 m−2) and standard deviation (B), Mean values of fish biomass (g.1,000

m−2) and standard deviation (C) and the Shannon-Wiener diversity index (D) between estuaries, for the NURSERIES and the FISHEST projects.
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uploaded in the geoportal are shown on the map, and users
may freely download all the available information for the
selected system(s) (for further details on how to access these
data on the CoastNet Geoportal, see Supplementary Figure 1).
Information on available data is presented by year, and following
similar format organisation, data is also presented between years.
Downloaded data, (in a zip file format), include five available
documents: (1) metadata (pdf and xml files); (2) privacy policy
of data publication and storage (csv file); (3) coordinates and
environmental variables registered for each haul (with a unique
code) (csv file); (4) species, density, and biomass for each tow
(csv file); and (5) diversity indices such as species richness and
Shannon-Wiener, calculated for each tow (csv file).

ANALYSIS OF FISH ASSEMBLAGES

The calculated metrics varied between estuaries and although
variation was also found between projects, direct comparisons
on the latter were not performed with the caveat that each
project had its own sampling plan, designed to answer a concrete
research question (for detailed information on location of
sampling sites from both projects, see Supplementary Figure 2).

Species richness obtained with data that covered the whole
estuarine salinity gradient (i.e., project NURSERIES) was higher
in the central and southern estuaries: from the nine sampled
estuaries, the highest number of species was obtained in the
following: Ria Formosa (34), Sado (32), Mondego (27), Guadiana
(26), and Tejo and Mira, both with 25 fish species caught
(Figure 2A). Both Tejo Estuary and Ria Formosa presented
considerably higher mean densities of fish species than the other
systems, with 56.1 ind. 1,000 m−2 and 27.3 ind. 1,000 m−2,
respectively (Figure 2B). Mean fish biomass presented a different
pattern, with the highest value recorded in the Douro Estuary
(345.1 g. 1,000 m−2), which in turn had presented the lowest
number of species and mean fish densities (Figure 2C). The
Shannon-Wiener diversity index (H’) varied between estuaries,
with the highest value obtained for Ria Aveiro, which generally
presented low species densities and biomass. In contrast, the Tejo
Estuary, with similar number of species, and considerably higher
fish densities had the lowest diversity index (H’) (Figure 2D).

In 2009, with a habitat-oriented sampling design (i.e., project
FISHEST): the highest number of species was obtained in the
Mira Estuary (26), while the lowest was registered in the Tejo
(13) (Figure 2A). Nonetheless, the latter presented the highest
mean fish densities (15.9 ind. 1,000 m−2) (Figure 2B), while
highest mean biomass was obtained in the Mira Estuary (114.6 g.
1,000 m−2) (Figure 2C). The Shannon-Wiener diversity index
was higher in the Sado Estuary, and the lowest diversity was
registered in the Tejo Estuary (Figure 2D).

CONCLUSIONS

Overall, it is evident that these core metrics varied considerably
among the estuaries. Disentangling the relationship between fish
communities and estuary characteristics as well as the relevant
dynamics in these ecosystems is a demanding task, given their
environmental variability and complex functioning. Integrative

and holistic approaches, comprising long-term data series will
deepen our understanding of these processes. Nonetheless,
gathering data to build such long-term series also present
limitations, as each project had its own sampling plan, and was
designed to answer specific research questions. Thus, caution
should be taken when comparing datasets, which will depend
upon the sampling methods use, and seasonal and spatial
coverage, or upon proper sampling effort standardisation [see
Dunn et al. (2009), Gotelli and Colwell (2011), Vasconcelos et al.
(2015) for further details on this]. Although presenting intrinsic
constraints, compiling historical datasets with data on fish (or
other estuarine biological communities), and environmental
variables allow us to leverage this data over time to develop
tools to, for instance: (i) assess estuarine systems functioning
and dynamics, improving knowledge on relationships between
biological communities, environmental variables and ecosystems
main drivers, as well as the scales at which they vary; (ii)
disentangle natural variation from variation associated with
climate and global changes; (iii) quantitatively hindcast trends
and shifts in communities, based on taxonomic and functional
structure, in response to environmental change or stressful
events; (iv) evaluate changes in the nursery role of estuaries for
fish species, and (v) improve accuracy on predicting the effects
of several impacts on estuarine ecosystems and their services,
as well as to evaluate their capability to adapt, under a global
change context.

Furthermore, the possibility of having such datasets freely
available at the CoastNet Geoportal for other networks and
RIs, institutions and research centres, and for the cluster
of sea economy will be fundamental to establish future
collaborations and partnerships. The establishment of such
networks and the possibility to continuously integrate more data
will be fundamental towards an interdisciplinary and integrative
knowledge-driven contribution to coastal management and
the sustainable use of common resources. Moreover, this
entails the alignment with scientific and technological national
strategies with a range of national and international legislation
requiring the coastal environment to be monitored (e.g., Water
Framework Directive andMarine Strategy Framework Directive)
and simultaneously with the 2030 Agenda for the Sustainable
Development, which addresses the need for conservation and
sustainable use of the ocean, seas and marine resources.
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The Tagus Estuary is one of the largest estuaries in Europe and merges large urban

and industrial areas. Understanding phytoplankton community variability is key for an

appropriate assessment of the estuarine ecological status. The objective of the present

study was to assess the importance of the tidal influence over the phytoplankton

community and to evaluate its main drivers of variation. Weekly sampling was performed

at two stations on the Tagus Estuary with different anthropogenic pressures (Alcântara

and Barreiro). The sampling covered periods with different tidal amplitude. Alcântara

presented both the lowest and highest concentrations of dissolved inorganic nitrogen

(DIN) and orthophosphate concentration (DIP), depending on the tidal height. Such

high variability in this sampling station is probably due to its proximity to a sewage

treatment station outfall and to the estuary mouth. In the present study, both seasonal

and tidal variations influenced the chlorophyll a concentration of which the tidal cycle

explained up to 50% of the chlorophyll a variations. Chlorophyll a displayed a seasonal

trend with two peaks of phytoplankton biomass between spring and mid-summer.

The main drivers of chlorophyll a variation were radiation, water temperature, tidal

amplitude, salinity, river discharge, and the inorganic nutrients DIN and DSi. The estuarine

phytoplankton community was mainly dominated by Bacillariophyceae, especially at

Alcântara. Bacillariophyceae were less important at Barreiro, where communities had

a higher representation from other phytoplankton groups, such as Cryptophyceae and

Prasinophyceae. The drivers of variability in the community composition were similar to

those influencing the total biomass. In conclusion, the spring-neap tidal cycle strongly

influenced the phytoplankton community, both in terms of biomass and community

composition. Of the several tidal conditions, spring tides were the tidal condition

that presented both higher biomass and higher Bacillariophyceae representativity in

the community.

Keywords: transition waters, tidal range, seasonality, phytoplankton biomass and composition, spring neap tidal

cycle
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INTRODUCTION

Estuaries are among the most productive ecosystems in the
world (Ketchum, 1967), acting as nursery areas (Cabral and
Costa, 1999), habitat, and feeding grounds (Dias et al., 2008)
for several species such as fish, marine mammals, and wading
birds, which benefit from the high productivity of estuarine areas.
Estuaries are often the focal point for coastal settlements and
industrial areas suffering from several anthropogenic pressures,
such as margin transformation, residential and industrial sewage
discharge, boat traffic, and agriculture fertilizer runoff (Caeiro
et al., 2005; Spatharis et al., 2007; McKinley et al., 2011).
Eutrophication is a continuous threat to estuaries due to the
continuous growth of the human population and consequent
increase in food production (agriculture and animal farms) and
energy demand (Pate et al., 2007; Bajželj et al., 2014).

The water exchange in estuaries is influenced by both the
freshwater input and seawater dilution (Garcia-Soto et al.,
1990), resulting in large spatial and temporal variations on the
physicochemical parameters and the phytoplankton community.
For instance, turbidity usually presents an increasing steady
trend downward from riverine waters until salinity increases,
generating a turbidity maximum at the landward limit of
the salinity intrusion and greatly decreasing thereafter (Geyer,
1993). This also results in significant spatial variability in light
availability, which in turn lead to different consumption and
requirement of nutrients for the phytoplankton community
(O’Donohue and Dennison, 1997). Nutrients, which are usually
generated inland, tend to decrease from riverine to coastal waters
(Cabeçadas et al., 1999; Wen et al., 2008). Still, such patterns
can be altered by sewage discharges that are often present in
estuaries. Moreover, tidal exchanges generate fluctuations in
these parameters by continuously forcing coastal water (with
higher salinity and, in general, lower nutrients and particles)
upward or downward, contributing not only to the spatial but
also to the temporal variability of both natural and anthropogenic
drivers (Cabrita andMoita, 1995). Moreover, the confined waters
of estuaries also have relatively low depths, being susceptible to
atmospheric forcings, like wind and temperature variations, thus
presenting great daily and seasonal variability (Kessarkar et al.,
2009; Uncles and Stephens, 2010; Cereja et al., 2017). Also, coastal
upwelling nearby to the estuary mouth can affect the estuarine
waters through tidal mixing (Colbert and McManus, 2003; Davis
et al., 2014).

Usually, the growth of estuarine phytoplankton communities
is limited by nutrients, light availability, or both, depending
on the water mass characteristics (Cloern, 1987, 2001; Nedwell
et al., 2002; Nielsen et al., 2002 Gameiro et al., 2007). In several
European turbid estuaries, located in temperate regions, light
availability usually is the main limiting factor for phytoplankton
growth (Goosen et al., 1999; Domingues et al., 2011). In general,
these estuaries present higher concentrations of chlorophyll a in
the upper and middle parts of the estuary. Spatially, chlorophyll
a varies following two possible spatial patterns: (i) one in
which chlorophyll decreases continuously throughout the salinity
gradient and (ii) the other where chlorophyll maximum is located
downstream to the turbidity maximum presenting a decreasing

trend from there to the estuary mouth (Lemaire et al., 2002).
Temperate estuaries usually present marked seasonal variations
in the chlorophyll a concentrations, presenting maximum
values between early spring and summer. Bacillariophyceae are
usually the dominant group, representing high percentages of
biomass (Lemaire et al., 2002; Lopes et al., 2007; Brito et al.,
2015). Following the Water Framework Directive, community
composition has been used as an indicator of the ecological
status (Devlin et al., 2007, 2012). Bacillariophyceae dominance in
estuarine waters has been considered a proxy of good ecological
status since flagellate dominance is usually associated with
eutrophic waters (Cloern, 1991). In mesotidal estuaries, tidal
variations have been shown to influence parameters such as
suspended solids and nutrients (Balls, 1990; Goosen et al., 1999).
Fortnightly, tidal influence over chlorophyll a and community
composition have been rarely analyzed, as most studies have
focused on the low-water high-water daily cycle (Balls, 1994;
Cabeçadas, 1999; Goosen et al., 1999).

The Tagus Estuary is a mesotidal estuary along the west
coast of Portugal. It houses large cities, with around 2.3 million
inhabitants in 2013 (INE.pt accessed on 17 July 2020), and
industrial areas that discharge sewage (in general with secondary
or more advanced treatment) into the estuarine waters (PGRH,
Agência Portuguesa do Ambiente, 2016). It is a turbid estuary,
with suspended particles varying between <12 and >500 mg/L
along its longitudinal axis (Vale and Sundby, 1987). The Tagus
Estuary presents vertical stratification in salinity and nutrients
during high river discharges events (Neves, 2010; Rodrigues and
Fortunato, 2017). Vale and Sundby (1987) also observed the
existence of vertical stratification for turbidity during neap tides,
not being registered during spring tides. The Tagus Estuary is one
of the Portuguese estuaries with greater residence time (around
10 days) that has a high phytoplankton diversity (Ferreira et al.,
2005). Tides have proven to influence the estuary conditions, in
particular, water temperature, chlorophyll a, suspended particles,
and nutrient concentrations, which are generally higher at
low tides (Vale and Sundby, 1987; Cabrita and Moita, 1995).
Nutrients present a seasonal trend, with maximal concentrations
of dissolved inorganic nitrogen (DIN) and silicates during the
winter–spring period (Gameiro et al., 2007; Borges et al., 2020).
Gameiro and Brotas (2010) indicated that 15% of N input into the
estuary originated from sewage discharges. Moreover, Gameiro
et al. (2004) observed that the spatial distribution of ammonium
was correlated with sewage distribution. The implementation of
wastewater treatment in the Tagus Estuary started in the 1990s,
and its efficiency greatly improved during the 2000s (Rodrigues
et al., 2020). Although treatment began in the 1990s, Gameiro
and Brotas (2010), sampling in an inner zone of the estuary, did
not find any differences in nutrient concentrations between 1980
and 2007, but more recently, Rodrigues et al. (2020), sampling
throughout the estuary, demonstrated a decline in all nutrients
from the 1980s to 2019.

Chlorophyll a concentrations in Tagus Estuary are considered
moderate to low when compared with other mesotidal estuaries
(Gameiro et al., 2007). Its spatial, seasonal, and interannual
variations have been intensely studied in the past. However,
the variability induced by daily and fortnight tidal cycles
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has not yet been comprehensively studied. Cabrita and Moita
(1995) reported daily differences in the phytoplankton biomass
between high and low tides, with higher chlorophyll a, nutrients,
and turbidity at low tide. Most of the previous monitoring
works showed that seasonal variations in the chlorophyll a
concentrations were mainly driven by air and water temperature,
river flow, water retention time, and irradiance, i.e., seasonal-
dependent variables (Cabeçadas, 1999 Gameiro et al., 2004, 2007,
2011; Gameiro and Brotas, 2010). Still, salinity and nutrients
have also been referred to as important drivers for phytoplankton
biomass (e.g., Brogueira et al., 2007), being associated with the
retention time and river flow (Saraiva et al., 2007).

Phytoplankton community structure has changed in the
last decades in comparison with the 1980s. From 1999
to 2007, Brito et al. (2015) reported lower chlorophyll
a concentrations and higher total cell abundances than
those registered in the 1980s, resulting from the higher
importance of smaller organisms such as Cryptophyceae,
Euglenophyceae, and Prasinophyceae (Brito et al., 2015).
Generally, in terms of biomass, Bacillariophyceae is the dominant
group in the estuary, with Cryptophyceae, Chlorophyceae, and
Euglenophyceae contributing to the community (Gameiro and
Brotas, 2010; and references herein). Gameiro et al. (2007)
also reported a clear seasonal pattern within the community,
where the Cryptophyceae contribution increased during autumn
and winter.

Regarding spatial variability, although the phytoplankton
community have been well-studied in the Tagus Estuary, such
studies were mainly focused on the middle part of the estuary
and during high-tide conditions (Gameiro et al., 2004, 2007,
2011; Gameiro and Brotas, 2010; Brito et al., 2015). Therefore,
it is important to investigate the phytoplankton community
dynamics in the water bodies of the lower part of the estuary,
as well as to understand the influence of the tides over
the community. Due to the rapid response of phytoplankton
communities to several anthropogenic and environmentally
driven factors, phytoplankton biomass, for which chlorophyll a
is used as a universal proxy, is an important component for the
assessment of the ecological quality of water bodies, under the
Water Framework Directive (Devlin et al., 2012).

The main objective of the present study was to investigate
the relationship between the Tagus estuarine phytoplankton
community and environmental conditions in two superimposed
temporal scales: tidal and seasonal. The specific questions were
as follows: (i) What are the main drivers of seasonal variation
of the phytoplankton community? and (ii) Is the tidal cycle a
significant driver of variability? This work addresses the lack of
information on how the community reacts to the tidal cycle and
to better characterize the phytoplankton community in the lower
parts of the estuary, using weekly data.

MATERIALS AND METHODS

Sampling Campaigns
Weekly sampling campaigns were conducted from April 9, 2018
to April 18, 2019, in order to cover changes in the tidal cycle,
being only one sampling event performed per week. Sampling

was performed at two easily accessible land stations located at
mid-lower estuary: (i) Alcântara (38.6978N and 9.1754W) and
(ii) Barreiro (38.6839N and 9.0583W) (Figure 1). These stations
were selected due to their easy access, with some distance into
the water (docks), and located in an area of the estuary with
little available data. Alcântara sampling station has a sewage
treatment plant (STP) outfall nearby (at a distance of 115m)
and is possibly influenced by it. This is the largest STP in
the estuary, receiving the sewage waters from the majority of
Lisbon city area (David et al., 2015). There is an STP outfall
near Barreiro station as well, however, it is located 550m away
and serves a much smaller population. All tidal phases were
considered: high and low water and spring and neap tides, in a
total of 44 sampling campaigns in Alcântara and 47 in Barreiro.
Differences in the number of sampling campaigns were due to
logistic constraints.

A multiparameter probe (YSI EXO 2) was used to measure
in situ temperature, salinity, pH, dissolved oxygen, and turbidity
(in NTU) (Table 1). Vertical profiles were not performed as the
Tagus Estuary is well mixed (Rodrigues and Fortunato, 2017), and
these stations present low bottom depths (4–7m). Secchi depth
was assessed using a 50-cm white Secchi disk. Light extinction
coefficient (Kd) was calculated by dividing 1.7 by the Secchi
depth, as described in Tilzer (1988). A volume of 5 L of surface
water was collected for analysis of (i) suspended particles, (ii)
dissolved nutrients, and (iii) phytoplankton pigments. Water
for nutrient analysis was filtered on-site with a hand filtration
system using a precombusted (450◦C for 4 h) 47-mm-diameter
Whatman GF/C filter (Glass Fibber with 1.2µm pore; Sigma
Aldrich, St. Louis, MO, USA). These samples were then placed
in a cooler, transported to the lab as soon as possible, and
frozen at −20◦C. Water for pigment analysis and suspended
particulate matter (SPM) quantification were also placed in a
cooler, protected from light and heat during transport to the lab,
where they were processed.

Weekly data on radiation (as weekly mean of total solar
radiation per day), air temperature (both in Figure 2), and
rainfall, as well as 5-day averages of river discharge (Figure 3)
were gathered from Sistema Nacional de Informação de Recursos
Hídricos [Sistema Nacional de Informação de Recursos Hídricos
(SNIRH), 2019; www.snirh.pt].

Analysis of Nutrient Concentrations
Triplicate samples for silicate, orthophosphate, nitrite, and
nitrate concentrations were quantified through a TECATOR
Flux Injection Analyzer FIA STAR 5000 (FOSS Tecator,
Höganäs, Sweden) using the brand protocols. In the analyzer,
nitrate was determined according to Grasshoff (1976),
nitrite according to Bendschneider and Robinson (1952),
and phosphates and silicates according to Murphy and
Riley (1962) and Fanning and Pilson (1973), respectively.
Ammonium concentrations were determined in triplicates,
using manual colorimetric methods according to Koroleff
(1969). DIN was computed as the sum of nitrite, nitrate, and
ammonium concentrations.
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FIGURE 1 | Geographic setting of the Tagus Estuary and the location of the sampling stations. Figure adapted from Brito et al. (2015).

Analysis of Suspended Particulate Matter
and Organic Matter
For each sampling event, water for suspended particulate matter
was filtered in triplicates using a precombusted (450◦C for
4 h) 47-mm-diameter Whatman GF/C filter. After the sample
filtration, 100ml of ultra-pure water was passed through the filter
to remove dissolved matter that would otherwise deposit in the
filter, and the filter was stored in a drying oven at 60◦C. Filters
were allowed to dry for at least 24 h at 60◦C and afterwards
transferred to a desiccator to allow cooling. When resumed to
room temperature, filters were weighted using a high precision
scale. The weight of SPM (mg/L) is calculated by subtracting
the weight of the filter before and after filtration. To quantify
suspended organic (OM, mg/L) and inorganic matters (IM,
mg/L), the filters were combusted at 450◦C in order to extract the
organic matter and weighed again. Organic matter is quantified
by subtracting the weight of the filter after the last combustion
to SPM. For inorganic matter, the weight of the combusted filter

before filtration is subtracted to the weight of the filter after the
last combustion.

Quantification of Phytoplankton Pigments
Phytoplankton pigments were quantified using two different
methodologies: spectrophotometry and high-performance liquid
chromatography (HPLC). HPLC analysis provided the full
pigment signature of phytoplankton communities; however, only
one sample was processed per station. For spectrophotometry,
following the method proposed by Lorenzen (1967), to provide
concentrations of chlorophyll a and phaeopigments, triplicate
samples were used (for volumes, see Supplementary Table 1).
Chlorophyll a data obtained from both methods presented the
same temporal pattern and were almost identical (R2

= 0.90, m
= 1.06 and R2 = 0.94, m = 1.03 for Alcântara and Barreiro,
respectively). Given the different comparisons and statistical
analyses conducted in this study, it was necessary to include both
datasets. The spectrophotometric Chl a was used for the general
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TABLE 1 | Input and output ratios of marker pigments to chlorophyll a for Alcântara and Barreiro stations.

Class/pigment Peridinin Fucoxanthin Alloxanthin Lutein Hexa_fuco Zeaxanthin Neoxanthin Violoxanthin Prasinoxanthin Chlorophyll b Chlorophyll a

ALCÂNTARA

Input ratios

Dinophyceae 0.639 0 0 0 0 0 0 0 0 1

Cryptophyceae 0 0 0.392 0 0 0 0 0 0 1

Chlorophyceae 0 0 0 0.26 0.099 0.043 0.011 0 0.145 1

Cyanophyceae 0 0 0 0 1.62 0 0 0 0 1

Bacillariophyceae 0 0.755 0 0 0 0 0 0 0 1

Prasinophyceae 0 0 0 0.032 0.157 0.082 0 0.497 0.568 1

Euglenophyceae 0 0 0 0 0.104 0.072 0.012 0 0.211 1

Output ratios

Dinophyceae 0.639 0 0 0 0 0 0 0 0 1

Cryptophyceae 0 0 0.392 0 0 0 0 0 0 1

Chlorophyceae 0 0 0 0.232 0.021 0.023 0.012 0 0.083 1

Cyanophyceae 0 0 0 0 1.620 0 0 0 0 1

Bacillariophyceae 0 0.284 0 0 0 0 0 0 0 1

Prasinophyceae 0 0 0 0.039 0.059 0.499 0 0.701 0.081 1

Euglenophyceae 0 0 0 0 0.020 0.007 0.137 0 2.236 1

BARREIRO

Input ratios

Dinophyceae 0.639 0 0 0 0 0 0 0 0 0 1

Cryptophyceae 0 0 0.392 0 0 0 0 0 0 0 1

Chlorophyceae 0 0 0 0.260 0 0.099 0.043 0.011 0 0.145 1

Cyanophyceae 0 0 0 0 0 1.620 0 0 0 0 1

Bacillariophyceae 0 0.755 0 0 0 0 0 0 0 0 1

Prasinophyceae 0 0 0 0.032 0 0.157 0.082 0 0.497 0.568 1

Euglenophyceae 0 0 0 0 0 0.104 0.072 0.012 0 0.211 1

Prymnesiophyceae 0 1.210 0 0 1.360 0 0 0 0 0 1

Output ratios

Dinophyceae 1.014 0 0 0 0 0 0 0 0 0 1

Cryptophyceae 0 0 0.137 0 0 0 0 0 0 0 1

Chlorophyceae 0 0 0 0.439 0 0.084 0.073 0.019 0 3.443 1

Cyanophyceae 0 0 0 0 0 1.620 0 0 0 0 1

Bacillariophyceae 0 0.418 0 0 0 0 0 0 0 0 1

Prasinophyceae 0 0 0 0.030 0 0.013 0.081 0 0.247 0.793 1

Euglenophyceae 0 0 0 0 0 0.074 0.137 1.234 0 0.639 1

Prymnesiophyceae 0 1.210 0 0 1.360 0 0 0 0 0 1
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FIGURE 2 | Weekly mean of total solar radiation per day (black line, responding to left side axis, on ×103 W/m2, radiation is expressed as the total radiation

accumulated per day) and weekly mean temperature [light gray line, responding to right-side axis in degrees Celsius (◦C)]. Data obtained from SNIRH

(snirh.apambiente.pt) and measured at São João do Tojal meteorological station.

phytoplankton biomass analysis while the HPLC chl a was only
used for the community composition analysis. Water filtration
was performed using 47mm diameter (spectrophotometry) and
25mm diameter (HPLC) GF/F Whatman filters (0.7µm pore).
Samples were stored at−80◦C.

Quantification of Chlorophyll a and Phaeopigments

by Spectrophotometry
Chlorophyll a and phaeopigment concentrations were estimated
following the Lorenzen (1967) method. Extraction of pigments
was performed by shredding the filters in 6ml of acetone at 90%
(v/v) dilution and left to rest at −20◦C for 24 h. The samples
were then centrifuged at 4,000 rpm for 15min at 4◦C. The
supernatant was measured at 664 and 750 nm in a Shimadzu
UV-260 UV-VIS spectrophotometer (Shimadzu, Kyoto, Japan).
Measurements were taken before and after the addition of 12.5
µl of hydrochloric acid at 0.5M to a 1-mL cuvette.

Quantification of Phytoplankton Pigments by HPLC

and Chemotaxonomy
Pigment extraction and quantification was performed according
to Gameiro et al. (2007) in a Shimadzu HPLC that is composed
of a solvent delivery module (LC-10ADVP), a pump module
(LC-10AD), a degasser module (DGU-14A), an oven module
(CTO-10AS) and with system controller (SCL-10AVP), and a
photodiode array (SPDM10AVP). Chromatography separation
was performed using a C18 column for reversed-phase
chromatography (Supelcosil, 0.46 25 cm, 5mm particles; Sigma
Aldrich, St. Louis, MO, USA). The solvent gradient followed
Kraay et al. (1992) adapted by Brotas and Plante-Cuny (1996)

with a flow rate of 0.6 m/min, an injection volume of 100ml,
and a duration of 35min. Pigments were identified by comparing
retention times and absorption spectra with pure crystalline
standards from DHI. Pigment concentration was then calculated
according to the following formula:

PP(µg/L) = (
St

Ss
)× (

Vm

Vf
)× (AFP ×m)

In which PP is the concentration of a specific phytoplankton
pigment (µg/L), St is the internal standard theoretical area, Ss is
the internal standard sample area (both Ss and St are measured
at the same wavelength of each pigment being quantified), Vm is
the volume (ml) of extraction solution, Vf is the water volume
filtered by the filter being analyzed, AFP is the absorbance for the
desired pigment, andm is the slope of the calibration curve.

The relative composition of the phytoplankton groups
was calculated using HPLC pigment concentration data and
CHEMTAX chemical taxonomy software, version 1.95 (Mackey
et al., 1996). CHEMTAX uses factor analysis and the steepest-
descent algorithm to find the best fit of the data on an initial
pigment ratio matrix. Themethod proposed by Latasa (2007) was
then applied. This consists of performing subsequent CHEMTAX
runs using the optimized pigment ratios resulting from the
previous run. The main objective is to reduce the associated
error to the minimum. Generally, the pigment ratios used were
adapted from Gameiro et al. (2007). Moreover, for Barreiro
samples, the ratios for Prymnesiophyceae presented by Mendes
et al. (2011) were also added to respond to the presence of
19

′

-hexanoyloxyfucoxanthin. This pigment was not identified in
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FIGURE 3 | River discharge and rainfall in the Tagus Estuary. (A) Seven-day mean river discharge (black line) and 7-day total rainfall (gray line). (B) Yearly anomalies in

relation to the global average using historical annual mean discharge from Almourol hydrometric station (data available since 1974) from SNIRH (snirh.apambiente.pt).

Alcântara. Groups were defined using the taxonomic level “Class”
and following the World Register of Marine Species (worms, at
marinespecies.org, accessed on April 21, 2021). Input and output
ratios are presented in Table 1.

Statistical Analysis
General Additive Models
The effect of physicochemical parameters on chlorophyll a
concentrations were assessed using a generalized additive model
with a cubic regression spline with K = 3. Due to the traditional
F-like distribution of chlorophyll a concentrations, a Gamma
distribution with a “log” link function was used in these models.
Also, to assess how relative community composition changes
due to environmental forcing, generalized additive models
were performed, for the dominant or most relevant groups
(Bacillariophyceae, Cryptophyceae, and Dinophyceae in both

sampling sites and also for Prasinophyceae in Barreiro), with
cubic regression splines with K = 3 and beta regression family
with “identity” link function. In both general additive model
(GAM) analyses, variables that present a sparse distribution
on higher values were logarithmized to avoid problems in
the model fit due to the higher importance attributed to
single values on the extreme of the distribution. To assess
the presence of multicollinearity between predictor variables,
Spearman correlations were performed. Variables were excluded
from the analysis when correlation was higher than 0.7 or worst
concurvity was higher than 0.8. Correlations and concurvity
values are presented in Supplementary Table 2. When a variable
had to be removed, variables that have proved, in previous
works, to be important in explaining chlorophyll a variations
were maintained. Tidal height (for which sampling campaigns
were also set) was not included as it was highly concurve with
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tidal range and, in Alcântara, also with nutrients. DIN and DSi
presented high concurvity in Barreiro but were both kept since
both are important to explain either chlorophyll concentration
or group relative abundance. R software (R Core Team, 2019) was
used to compute the models.

Truncated Fourier Series
To investigate the temporal variation of chlorophyll a
concentrations, and due to the existence of missing values
and irregular sampling intervals, a truncated Fourier series with
M sets of sine–cosine waves have been fitted to the chlorophyll a
data in function with time as described in Brito et al. (2012b). In
this model, the lowest frequency (n = 1) represents the annual
wave while the highest frequency (n = M) was set as 26, which
comply with the Nyquist frequency limit (see Brito et al., 2012b
for more information) and represents a periodicity of 15 days,
which correspond to the tidal neap spring cycle. Afterwards,
an analysis of variance was carried out to assess the relative
importance of the seasonal cycle (represented by the wave-pairs
1–3), the higher-frequency temporal variation (wave-pairs 4
through 26) and the within-day variability in each component.

This model has the advantage of dealing with irregular
sampling, by not employing the usual, but older methods
(Chatfield, 2003) involving the successive fitting of sine–cosine
pairs of increasing frequency (Brito et al., 2009). The Fourier
analysis was performed using Matlab 2019A.

RESULTS

Physicochemical Parameters
Temperature and radiation presented the typical seasonal pattern
for temperate latitudes. The temperature increased from April
to August, with the maximum weekly mean temperature
(27.5◦C) registered on August 6, 2018, decreasing from this
point until January 14, when the minimum temperature was
registered (Figure 2). Table 2 presents a summary of the
physicochemical parameters, and the raw data is presented in
Supplementary Table 3. Radiation increased from April to June
when its maximum was registered (mean daily radiation of
7,111 W/m2 on the week of May 21), and then decreased
back until the minimum value registered on 21 of December
(Figure 2). Alcântara presented the highest values for DIN,
DIP, and suspended matter. Peaks in DIN concentrations,
up to 200–500µM, were frequently observed at Alcântara
and were always related to peaks in DIP concentrations. At
Barreiro, DIN concentrations varied between 15 and 35µM,
with two clear occasions, in May and August, where DIN
concentrations decreased until almost 0µM (Figures 4A,B).
DIP concentrations in Alcântara were highly correlated with
DIN (0.91, Supplementary Table 3; Figure 4C). At Barreiro, no
correlation was found (0.39, Supplementary Table 3), although
DIN reduction in August occurred simultaneously with a
decrease of DIP and DSi concentrations to almost 0µM
(Figure 4D). Although the average concentrations of silicates
were higher at Alcântara, observed values are relatively similar to
the ones measured at Barreiro (Figures 4E,F, respectively). SPM
was higher in Alcântara, and the concentration peaked during

winter, from January to March. Regarding the Redfield ratios
(Redfield, 1958; Brzezinski, 1985), Alcântara had most of the data
points (73.8%) above the 16:1 DIN:DIP ratio, but only 7% over
the 16:1 DSi:DIP ratio. Barreiro had 34% above the 16:1 DIN:DIP
ratio, 9% over the 16:1 DSi:DIP ratio, and 4% above the 16:16:1
DSi:DIN:DIP (Supplementary Table 4; Figures 4I,J).

Phytoplankton Biomass (Chlorophyll a)
Chlorophyll a concentrations varied between 0.5 and 6.2 µg/L
in Alcântara and 0.6 and 11.3 µg/L in Barreiro (Figures 5A,B).
The seasonal pattern observed at both stations has common
features, namely two peaks of chlorophyll a: (i) the first observed
in spring, starting in mid-May 2018 and lasting until mid-June
2018 at Barreiro and end of June at Alcântara and (ii) the second
in summer, in early August. However, distinct features were
registered between the two sites; in particular, there were two
other peaks in Alcântara, not observed in Barreiro, in October
2018 and March 2019.

Phytoplankton Community Composition
In terms of phytoplankton community composition, it was
possible to observe that Bacillariophyceae dominated the
phytoplankton community in Alcântara throughout the year
(up to 100% and a mean of 76% of the community, Figure 5).
Other important groups in Alcântara were Chlorophyceae (up
to 45% and mean of 5% of the community in October 2018),
Cryptophyceae (up to 24% and mean of 8% of the community),
and Dinophyceae with a maximum of 15% and mean of 4% of
the community registered in September. In general, at Barreiro,
Bacillariophyceae were also dominant (up to 97% and mean of
52% of the community, Figure 4), followed by Cryptophyceae
(up to 74% and mean of 35% of the community) and
Prasinophyceae (that represented up to 31% and a mean of 8% of
the community). At both sampling sites, Bacillariophyceae clearly
dominated the phytoplankton community when a chlorophyll a
peak was observed (Figure 5).

In terms of tidal conditions, Bacillariophyceae presented
stronger dominance during spring tides with up to 99 and
96% and a mean of 82 and 58% of the community at spring
tides, in Alcântara and Barreiro, respectively. During neap tides,
Bacillariophyceae represented up to 96% of the community in
Alcântara and 91% at Barreiro, with associated means of 71
and 45% at Alcântara and Barreiro, respectively. Cryptophyceae
presented the opposite trend with higher values during spring
tides, representing up to 14 and 61% and means of 7 and 31%
of the community for Alcântara and Barreiro. At neap tides,
Cryptophyceae composed up to 24 and 74% and a mean of 9 and
40% of the community for Alcântara and Barreiro, respectively
(Figure 6).

Effect of the Spring-Neap Tidal Cycle on
Phytoplankton Biomass
A Fourier analysis considering a maximum of 26 wave-pairs were
found to be highly explicative for both Alcântara and Barreiro (92
and 90% of variance explained, respectively; Table 3; Figure 7).
A good temporal agreement between model output, considering
26 wave-pairs, and data points were observed (Figure 7) for
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TABLE 2 | Maximum, minimum, and mean for air temperature (AT), the water temperature at sampling (WT), salinity, pH, turbidity (NTU), Secchi depth (Secchi D),

suspended particulate matter (SPM), suspended organic matter (OM), suspended inorganic matter (IM), dissolved oxygen saturation DO (%), and concentration of

dissolved oxygen.

AT (◦C) WT (◦C) Sal pH NTU Secchi D (m) SPM (mg/L) OM (mg/L) IM (mg/L) DO (%)

Alcântara

Min 10.0 11.0 19.1 7.50 1.4 0.3 5.8 1.4 3.9 66.6

Max 32.0 22.0 35.4 8.47 24.8 3.3 118.8 13.6 109.6 105.4

Mean 19.1 16.5 30.5 8.02 7.7 1.3 25.3 4.3 21.0 92.9

Min 9.0 11.9 13.2 7.45 1.5 0.5 3.9 0.8 2.9 85.1

Barreiro

Max 33.5 24.7 39.6 8.55 24.5 3.5 77.3 10.7 69.6 133.1

Mean 20.5 17.5 28.9 8.03 6.8 1.5 16.8 3.1 13.7 98.3

Raw field and analytical data are presented in Supplementary Table 2.

both sites. The seasonal cycle (1–3 waves) explained 37% of the
variance at Alcântara. The higher-frequency temporal variation
corresponding to a period down to 14 days, representing the
spring vs. neap variation (4–26 waves) explained an additional
55% of the variance. At Barreiro, the results are very similar.
The seasonal component explained 36% of the variance and an
additional 54% were explained by fitting 4 to 26 waves (n). Fits
were significant at a significance level of 0.05 (p < 0.001 for both
Alcântara and Barreiro fits), which was used for all analyses.

Assessment of Main Drivers of
Phytoplankton Variability
The application of the GAM model to the chlorophyll
a data, as a proxy of phytoplankton biomass, revealed a
significant influence of several variables, such as the following:
tidal range, water temperature, salinity, silicate concentration,
DIN concentration, and river discharge. Salinity and river
discharge values were higher during spring (Figure 3; Table 4).
In Alcântara, chlorophyll a concentrations increased with
tidal range and water temperature. Higher chlorophyll a
concentrations were found to be associated with lower salinity
(which was observed during spring), low silicate concentrations,
low river discharges, and extreme values (both high and low) of
DIN (Table 5; Supplementary Figure 1). For Barreiro, the main
drivers of chlorophyll a concentrations were water temperature,
pH, tidal range, silicate concentration, and solar radiation
(Table 4). Of these, tidal range, water temperature, and salinity
influenced the chlorophyll a concentrations with the same
patterns observed in Alcântara (Table 5).

Additionally, high chlorophyll a concentrations were
observed in association with high values of pH and solar
radiation, particularly during late spring and summer (Table 5;
Supplementary Figure 1).

Results from GAMs applied to groups are presented in
Tables 6, 7, as well as in Supplementary Figure 2. General
additive models show that, in Alcântara, Bacillariophyceae
composition was positively related with tidal range and
water temperature, while being negatively influenced by
silicate concentration and river discharge. Cryptophyceae were
significantly influenced by tidal range, water temperature, DIN,
and silicate concentration and river discharge with all the

variables presenting an inverse pattern to that found for the
Bacillariophyceae. Dinophyceae presented significant differences
only with river discharge, which increased their representativity
from lower to medium values of river discharge but had no effect
in higher values.

At Barreiro, the tidal range was the only variable that
presented the same pattern of Alcântara for the different
taxonomic groups. At Barreiro, Bacillariophyceae had a positive
relationship with salinity, tidal range, and high values of
solar radiation. Also, Bacillariophyceae were higher for median
values of pH (maximum at around 8 of pH) and at extreme
values of DIN (minimum at 20 µmol/L). In relation to DIP,
Bacillariophyceae were higher when low concentrations of this
nutrient were detected, presenting also a slight increase at
high values (minimum at 1.7 µmol/L). Cryptophyceae were
significantly influenced by water temperature, pH, salinity, tidal
range, DIP, DIN, and solar radiation, from which all except water
temperature (not significant for Bacillariophyceae) followed the
opposite trend of that registered for Bacillariophyceae. In relation
to water temperature, Cryptophyceae were negatively influenced
by this variable, decreasing with warmer waters. Dinophyceae
were significantly influenced by water temperature, tidal range,
solar radiation, DIN, and SPM. From these, tidal range, solar
radiation, and DIN presented an inverse pattern when compared
with Bacillariophyceae. The importance of this phytoplankton
class increased when the water temperature was higher than
17◦C and lower than 16◦C. Prasinophyceae representativity in
the community was significantly influenced by tidal range, DIP,
and solar radiation. Their importance decreased at high values of
the tidal range being stable at ranges under 2.5m. Also, higher
percentages of Prasinophyceae were associated with medium
values of both DIP and radiation (maxima at around 1.75µmol/L
of DIP and 5,000 W/m2 of radiation).

DISCUSSION

Environmental Patterns in the Tagus
Estuary
In previous studies, nutrient variability in the Tagus Estuary
presented a seasonal trend, with maximal concentrations of
dissolved inorganic nitrogen (DIN) and silicates during the
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FIGURE 4 | Nutrients and suspended particulate matter for the sampling period, plotted against tidal cycle (light gray shade on the back) and tidal range (gray line).

The dotted lines represent, for Alcântara (left) and Barreiro (right), of which graphs (A,B) present dissolved inorganic nitrogen in micromoles per liter, (C,D) present the

concentrations of orthophosphate (DIP) in micromoles per liter, (E,F) present the concentration of silicates (SiO) in micromoles per liter, (G,H) present the

concentrations of suspended particulate matter (SPM) in milligrams per liter, and (I–L) present the nutrient ratio DIN:DIP and DSi:DIP.

winter–spring period. This is likely a consequence of their
freshwater origin together with the decreased biomass of
phytoplankton that is registered during winter, increasing again
in the spring (Gameiro et al., 2007; Borges et al., 2020).
Phosphates have also presented maximum values in summer,
potentially due to the increase in water temperature during
the summer that promotes the release of phosphate from
the sediment (Gameiro et al., 2011; Borges et al., 2020). In
estuaries, a decrease in turbidity, suspended matter, nutrients,
and chlorophyll a from the turbidity maximum toward the
estuary mouth is generally observed (conservative mixing) (Vale

and Sundby, 1987; Cabeçadas et al., 1999; Garnier et al., 2010;
Liang et al., 2013). Conservative mixing has been verified in
several systems, such as the Scheldt (Soetaert et al., 2006), Lojn,
Ems, and Douro estuaries, and occasionally also in the Girone
Estuary (Lemaire et al., 2002; Azevedo et al., 2008). The Tagus
Estuary presents its turbidity maximum around 30 to 50 km
upstream of the estuary mouth, thus located upstream of the
sampling stations of the present study (Vale and Sundby, 1987;
Vale, 1990). In this work, the concentrations of nutrients, SPM
and chlorophyll a observed at Barreiro were within the expected
range for this location (SNIRH.pt accessed on February 18, 2021),
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FIGURE 5 | Chlorophyll a (quantified by spectrophotometer) distribution at (A) Alcântara (left side) and (B) Barreiro (right side) compared with tidal height (gray shade)

and tidal range (gray line); in (C,D) with relative community composition quantified by HPLC and CHEMTAX and in (E,F) with Bacillariophyceae/Cryptophyceae ratio.

being lower than the ones found in upstream areas (Gameiro
et al., 2007; Gameiro and Brotas, 2010; Brito et al., 2012a).
However, at Alcântara, a different situation was observed. The
lowest values of chlorophyll a and DIP, as well as the maximum
value for Secchi Depth, were observed at Alcântara. On the
other hand, Alcântara also presented higher mean andmaximum
values of DIP, DIN, and suspended matter concentrations than
those observed at the Barreiro sampling station. These values
were also higher than the ones recorded in previous studies
upstream in the estuary (Gameiro et al., 2007; Gameiro and
Brotas, 2010; Brito et al., 2012a), which did not comply with
the conservative mixing. Such higher concentrations were mainly
detected during low tides while the lower nutrient concentrations
were found during high tides. This divergence of the conservative
mixing is probably a consequence of the proximity to a sewage
treatment station outfall. Sewage discharges enhance both DIN
and DIP while having a reduced effect on Si (Struyf et al.,
2004; Caetano et al., 2016; Maguire and Fulweiler, 2016). Such
associations between outfalls and the increase in inorganic forms
of N and P have been verified in many European estuaries,
such as the Ria de Aveiro (Lopes et al., 2007) and Forth
estuary (Balls, 1990). In Alcântara, ammonium, nitrite, nitrate,
and orthophosphate concentrations were highly correlated and
presented high concentrations. Si, which is mainly originated by
rock weathering (Treguer et al., 1995; Garnier et al., 2002), had
concentrations that were within the range of values previously
reported for the estuary (SNIRH.pt, accessed on February 1,
2020). In this case, during low tides, the water body is influenced
by the water coming from the outfall. However, at high tide, the
large volume of coastal water (poor in nutrients and turbidity)

entering the estuary is bound to dissipate the outfall influence
over this sampling location. Such effect may also have been
magnified by the fact that the sampling was performed from
land, and particularly, near the outfall. These stations had only 5–
10m depth in the low tide. Previous studies have verified that the
sewage plume tends to be more noticeable closer to the margin
(Costa et al., 2012). Therefore, if sampling is performed further
away from the shoreline, where the bottom depth is higher, these
differences are expected to be much smaller.

Temporal Variation of Phytoplankton
Biomass as a Function of Its Drivers
Regarding annual variability, chlorophyll a presented a
similar pattern in both sampling stations, yielding peaks in
phytoplankton biomass from May to the end of June and
in August. Afterwards, from October to March, chlorophyll a
concentrations remained below 2µg/L. Such temporal variability
was identified by the first three waves of the Fourier analysis,
explaining 37.2 and 36.2% of the data variability for Alcântara
and Barreiro, respectively. The importance of seasonal effects
on chlorophyll a is well-described in the literature as a common
feature in estuarine and coastal waters (Iriarte and Purdie, 2004;
Shen et al., 2011; Carstensen et al., 2015), as well as for the
Tagus (Gameiro et al., 2007). In the Tagus Estuary, an increase
in chlorophyll a is reported in spring and summer by several
authors (Mateus and Neves, 2008; Gameiro and Brotas, 2010;
Gameiro et al., 2011; Brito et al., 2012a). Still, as verified in the
results presented herein, seasonal variations only accounted for
a small part of the chlorophyll a variability, meaning that other
periodic drivers were more relevant to chlorophyll a.
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FIGURE 6 | Community composition determined by CHEMTAX and expressed on micrograms per liter of chlorophyll a for Alcântara (left side) and Barreiro (right side)

for spring high tide (A,B), neap high tide (C,D), neap low tide (E,F), and spring low tide (G,H).
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TABLE 3 | Sum of squares (SOS), degrees of freedom (dF), variance (var), and

percentage of explained variance (% var) of the three main components (waves,

within day, and residuals) and totals.

Components SOS dF var % var

Alcântara

Waves 1–26 11.1 61 0.2 92.7%

Waves 1–3 4.6 107 0.0 37.3%

Waves 4–26 6.6 0.1 55.4%

Within day 0.3 69 0.0 2.0%

Residuals 0.6 60 0.0 5.3%

Sum of var 12.0 0.1 1.0%

Total 12.0 112 0.1 54.6%

Barreiro

Waves 1–26 8.7 69 0.1 90.2%

Waves 1–3 1.7 115 0.0 36.2%

Waves 4–26 7.0 0.1 54.0%

Within day 0.3 72 0.0 3.3%

Residuals 0.6 68 0.0 6.5%

Sum of var 9.6 0.1 1.0%

Total 9.6 120 0.1 57.50%

Seasonal variability expressed as wave variance was decomposed in 1–3 wave variance
and 4–26 wave variance.

GAM analysis computed the relationship between chlorophyll
a concentration and the variables that represented the seasonal
variability: temperature and solar radiation (in Alcântara these
parameters were highly correlated). Besides seasonal variables,
also nutrients, salinity, and turbidity have been considered as
important drivers of variation on phytoplankton biomass in the
Tagus Estuary (Brogueira et al., 2007; Gameiro et al., 2007; Saraiva
et al., 2007). In the present work, both salinity and nutrients
were found to have a significant influence on chlorophyll a
concentration at both sampling stations. Due to the location of
these sampling stations in the lower estuary, silicate is probably
being consumed upwards of these stations. Still, and although
the correlation between discharges and silicate concentration was
low, it is possible to observe that low silicate concentrations
are coincident with low river discharge situations. In fact,
although 2018 was not an extremely dry year for the area of
the Tagus Estuary, 2019 was a dry year (Pordata.pt, accessed on
February 2, 2020) (Base de dados de Portugal Contemporânio,
2020). As a consequence, a reduction in the river discharge
in the final sampling months is clearly seen. The Tagus river
discharges are greatly influenced by several dams along the river
course. López-Moreno et al. (2009) noticed that dams reduce
the seasonal effect of rain by decreasing the water flow in the
winter and increasing it in the summer. In the same study, it
is noticed that dams have the effect of increasing drought in
areas downstream of their walls. Also, during the sampling period
(spring 2018 to spring 2019), parts of the Iberian Peninsula were
under drought, hence it is likely that large amounts of water
could have been transferred from the Tagus to smaller rivers,
a common procedure in dry years (Morote et al., 2019). Such
reduction in freshwater discharges leads to a reduction in the

entrance of silicates to the estuary (Rodrigues et al., 2019). As
the Estuarine Turbidity Maximum is dependent on salinity, it
may be forced upstream, which can promote phytoplankton
growth in the lower areas of the estuary, leading to an increase
in nutrient assimilation. The reduction in the freshwater input,
and consequently in the DSi concentrations, can also lead to
changes in the phytoplankton community (Rocha et al., 2002;
Domingues et al., 2008, 2015). Effects of silicate reduction on
the phytoplankton biomass and community succession has also
been registered in several systems such as the Curonian Lagoon,
in the Baltic Sea (Pilkaityte and Razinkovas, 2006), Moreton
Bay (Glibert et al., 2006), and Pearl River Estuary (Yin et al.,
2000).

The Fourier series analysis also indicated that high-frequency
processes, up to 26 waves (i.e., 15-day variation) explained
up to 55 and 58% of phytoplankton variability in Alcântara
and Barreiro, respectively. The influence of the tidal range,
which presents a periodicity of 15 days, on the phytoplankton
dynamics has been well described in other estuaries and enclosed
waters (Cloern, 1991; Gianesella et al., 2000; Azhikodan and
Yokoyama, 2016). Generally, this relationship is driven by
changes in the residence time and in the dilution effect due
to the entrance of coastal waters, with higher chlorophyll a
concentrations usually associated with neap tides. Monbet (1992)
analyzed the influence of the neap-spring tidal cycle, conducting
a metaanalysis with several estuaries around the world (including
the Tagus Estuary) and suggested that the lower chlorophyll
a concentrations should be observed during spring tides, as a
consequence of the higher mixing during such tidal conditions
that can drag the phytoplankton cells under the photic layer.
In fact, the tidal range effect over chlorophyll was significant at
both stations, presenting an increase in chlorophyll a at higher
tidal range (spring tides). Given that higher tidal ranges are
likely to be associated with lower residence times and higher
turbidity, this seems to be in disagreement with what was
previously described in the literature, i.e., an association between
higher chlorophyll a concentration with higher residence times
caused by neap tides (Cloern, 1991; Lucas et al., 1999; Trigueros
and Orive, 2000). This is probably a combination of the well-
flushed nature of the low and mid-Tagus Estuary, with the
large extent of highly productive mudflats present in the mid-
estuary (Brotas and Catarino, 1995; Rodrigues and Fortunato,
2017). Nevertheless, it is important to note that the residence
time in the Tagus results from the joint action of several
factors, such as tide, river flow and wind (Oliveira and Baptista,
1998; Braunschweig et al., 2003; Vaz and Dias, 2014) that adds
complexity to the analysis. In addition, such an increase in
chlorophyll a concentrations does not seem to result from
changes in light availability during spring tides since turbidity
increases during such tidal conditions due to the resuspension
of sediments (Vale and Sundby, 1987). This resuspension is a
common feature of highly turbid estuaries (De Jorge and Van
Beusekom, 1995; Gianesella et al., 2000; Ubertini et al., 2012)
and contributes to the increase in photosynthetic biomass by the
resuspension of microphytobenthos (Brotas et al., 1995; Cabrita
and Brotas, 2000; Jesus et al., 2009). The importance of tide
in resuspending microphytobenthos and its association with
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FIGURE 7 | Seasonal pattern of chlorophyll a for Alcântara (A) and Barreiro (B), obtained by fitting 26 wave-pairs (sine–cosine) according to the truncated Fourier

series approach. Log-transformed data are presented as dots. The 5 and 95% confidence intervals are represented as dotted black lines. The green line (yhat) is the

equivalent to the sum of waves (ws) but adjusted for a time step that is coincident with the sampling date. Waves 1–3 (annual and seasonal variations) are presented

as dashed and dotted red lines.

TABLE 4 | Predictors and p-value for generalized additive models for Alcântara and Barreiro.

Region Explained var (%) R2 (Adj) N Significant model predictors Nonsignificant model predictors

Alcântara 62.6 0.541 44 DSi***, RD**, WT**, TR*, DIN*, Sal* pH, Kd

Barreiro 71.3 0.655 49 WT***, pH***, DSi***, R1***, TR**, Sal*, RD* DIP, DIN, Kd

The predictors used in these models are WT, water temperature; pH; Sal, salinity; TR, tidal range; DIP, orthophosphate concentration; DSi, silicate concentration; R1, daily mean radiation;
Kd, light extinction coefficient; DIN, dissolved inorganic nitrogen; and RD, river discharge. Predictors that significantly influence the chlorophyll a concentrations are marked with asterisks
according to their significance (***p < 0.001; **p < 0.01; *p < 0.5). For model statistics, see Supplementary Table 5.

SPM have been observed in other systems (Brito et al., 2012b,
Redzuan and Underwood, 2021). In this case, the resuspension
of sediments by the stronger currents of the spring tides could
be the cause for the increase in the chlorophyll a in the water
column. In the mid part of the Tagus Estuary, Brito et al.

(2015) reported high numbers of several diatom species usually
associated with microphytobenthos, such as Navicula sp. and
Diploneis sp. In the future, additional microscopy analysis could
provide valuable information to confirm such hypotheses for
these locations.
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TABLE 5 | Summary of the relationship between the predictor variables and chlorophyll a from minimum to a turning point in the trend (if any) and from there to maximum

values of the predictor variable.

A B

Predictor Min Trend at low Turning point Trend at high Max Predictor Min Trend at low Turning point Trend at high Max

TR 1.14 ↑ NA ↑ 3.93 TR 1.1 ↑ NA ↑ 3.9

WT 11 → 16 ↑ 22 WT 11.9 ↑ NA ↑ 24.7

Sal 19.1 ↓ NA ↓ 35.4 Sal 13.2 ↓ NA ↓ 39.6

DSi 0.4 → 4.48 ↓ 69.4 DSi 1.1 ↓ 7.4 ↑ 50.9

DIN 2.2 ↓ 33.1 ↑ 470.2 R1 1,964 → 4,500 ↑ 7,951

RD 26 ↓ NA ↓ 539.1 RD 19.8 ↑ 115.6 ↓ 500.1

pH 7.45 → 7.95 ↑ 8.55

The upward arrow (↑) indicates a crescent trend, the downward arrow (↓) a decrescent trend, and the leftward arrow (→) a stable trend or area where it is not marked due to deviation.
The predictors used in these models are WT, water temperature; pH; Sal, salinity; TR, tidal range; DSi, silicate concentration; R1, daily mean radiation; DIN, dissolved inorganic nitrogen;
and RD, river discharge. For the entire distribution, see Supplementary Figure 1.

TABLE 6 | Beta regression generalized additive model fit to each of the dominant groups (Bacillariophyceae, Cryptophyceae, and Prasinophyceae as Diato, Crypto, and

Prasino, respectively) and Dinophyceae (as Dino) using cubic regression splines and K = 3.

Region Group Explained var (%) R2 (Adj) N Significant model predictors Nonsignificant model predictors

A Baci 58.8 0.42 42 RD***, TR**, DSi**, WT** Sal, pH, DIN, Kd

Crypto 57 0.43 42 WT***, DSi***, RD**, TR*, DIN* Sal, pH, Kd

Dino 26.4 0.21 42 RD**, TR***, pH***, TA, WT, Sal, pH, DIN, DSi, Kd

B Baci 82.7 0.74 47 DIP***, DIN***, Sal**, r1**, RD**, pH***, DIP*** WT, DSi, Kd

Crypto 81.0 0.72 47 r1***, TR**, Sal**, DIN* WT, DSi, RD, Kd

Dino 43.8 0.38 47 WT**, r1**, DIN* pH, Sal, TR, DIP, DSi, RD, Kd

Prasi 42.7 0.33 47 DIP***, TR**, r1* WT, pH, Sal, DSi, DIN, RD, Kd

The predictors used in these models are WT, water temperature; pH; Sal, salinity; TR, tidal range; DIP, orthophosphate concentration; DSi, silicate concentration; R1, daily mean radiation;
Kd, light extinction coefficient; DIN, dissolved inorganic nitrogen; and RD, river discharge. Predictors that significantly influence the relative abundance of each group are marked with
asterisks according to their significance (***p < 0.001; **p < 0.01; *p < 0.5). For model check and statistics, see Supplementary Table 5.

Community Composition
General Patterns of Community Composition
In estuaries, the dominance of Bacillariophyceae over small
flagellates is considered an indicator of a good environmental
state (Devlin et al., 2012; Ferreira et al., 2017) and is found
in many of the European estuaries as, the Krka Estuary
(Cetinić et al., 2006), Schelde Estuary, Elbe Estuary (Muylaert
and Sabbe, 1996), Ria de Aveiro (Lopes et al., 2007), and
Guadiana Estuary (Rocha et al., 2002; Domingues et al., 2005).
Bacillariophyceae has been recorded as the main bloomers in
the mid-Tagus Estuary (Gameiro and Brotas, 2010). In a recent
period (2006–2007), Brito et al. (2015) reported a reduction in
Bacillariophyceae dominance in favor of Cryptophyceae. The
authors suggested that this shift could be caused by a top–
down effect due to the increase of the invasive clam Ruditapes
philippinarum. Grazing is known for being able to shape the
estuarine phytoplankton community (Lonsdale et al., 1996;
Cloern, 2018). Bacillariophyceae are more edible for organisms at
higher trophic levels, such as large fish and shellfish (Officer and
Ryther, 1980; National Research Council, 1993). The influence
of bivalve grazing over the community greatly varies with the
system in analysis. Jones et al. (2017), analyzing the bivalve
grazing effect on the food web in Whangateau Harbor, verified
that its effect was higher over microphytobenthos than over

pelagic species. On the other hand, Jiang et al. (2020) verified
that grazing was one of the dominant drivers of phytoplankton
spatial variability at Eastern Scheldt. Such relationships still need
to be shown for the Tagus Estuary, but the continuousmonitoring
program that has been performed for 20 years in the mid-Tagus
Estruary does not show a clear shift from Bacillariophyceae
to Cryptophyceae in the latest years (Tracana and Brotas,
2019). In the present work, Bacillariophyceae were the dominant
group in both sampling sites with Cryptophyceae being the
second most important group, presenting small importance in
Alcântara. Gameiro et al. (2007), which also used CHEMTAX
to evaluate the community composition, observed a decrease
in Bacillariophyceae and Chlorophyceae importance in the
community from upstream to downstream with Cryptophyceae,
Prasinophyceae, and Dinophyceae gaining importance toward
downstream areas. Barreiro sampling station presented a
similar trend with higher importance of Cryptophyceae and
Prasinophyceae than that found in the central zone of the
estuary by Gameiro et al. (2007). In contrast, the Alcântara
community was almost entirely composed of Bacillariophyceae
in most of the sampling occasions. Such high Bacillariophyceae
dominance in comparison with the mid-estuary (Gameiro et al.,
2007) is probably due to the higher influence of coastal waters
dominated by Bacillariophyceae species, such asDetonula pumila
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TABLE 7 | Summary of the relation between the predictor variables and the phytoplankton groups from its minimum to a turning point in the trend (if any) and from there

to the maximum of the predictor variable.

Location Group Predictor Min Trend at low Turning point Trend at high Máx

A Baci TR 1.32 ↑ NA ↑ 3.93

WT 11 ↑ 16 ↑ 22

DSi 0.4 ↓ NA ↓ 69.4

RD 26.0 ↓ NA ↓ 539.1

Crypto TR 1.32 ↓ NA ↓ 3.93

WT 11 ↓ NA ↓ 22

DSi 0.4 ↑ NA ↑ 69.4

DIN 2.2 ↓ NA ↓ 470.2

RD 26.0 ↑ NA ↑ 539.1

Dino RD 26 ↑ 181.2 → 539.1

B Baci TR 1.14 ↑ NA ↑ 3.93

Sal 13.2 ↑ NA ↑ 39.6

pH 7.45 ↑ 8.0 ↓ 8.55

DIN 0.3 ↓ 19 ↑ 37.4

DIP 0.6 ↓ 1.65 → 2.8

R1 1,964 → 4,100 ↑ 7,951

RD 19.8 ↓ NA ↓ 500.1

Crypto TR 1.14 ↓ NA ↓ 3.93

Sal 13.2 ↓ NA ↓ 39.6

pH 7.45 ↓ 7.95 ↑ 8.55

DIN 0.3 ↑ 19 ↓ 37.4

DIP− 0.6 ↑ 1.75 → 2.8

R1 1,964 → 3,500 ↓ 7,951

Dino WT 11.9 ↓ 17 ↑ 24.7

DIN 0.3 ↑ 20 ↓ 37.4

R1 1,964 ↓ 4,500 → 7951

Prasino TR 1.14 → 2.5 ↓ 3.93

DIP− 0.6 ↑ 1.75 ↓ 2.8

R1 1,964 ↑ 5,000 ↓ 7,951

The upward arrow indicates a crescent trend, the downward arrow a decrescent trend, and the leftward arrow indicates a stable trend or area where it is not marked due to deviation.
For the entire distribution, see Supplementary Figure 2.

and Thalassiosira sp. These taxa are dominant in the nearby
Cascais Bay (Silva et al., 2009) and are carried to the estuary due
to the strong currents observed in this area (Fortunato et al.,
1997; Guerreiro et al., 2015). Chlorophyceae presented small
importance in both Alcântara and Barreiro probably due to its
freshwater origin (Cetinić et al., 2006; Gameiro et al., 2007).

Main Drivers of Variability in Community Composition
Seasonal drivers (i.e., radiation and water temperature), nutrients
availability (Si and DIN in Alcântara and DIN and PO4 in
Barreiro), tidal range, and river discharges explained variations
in the phytoplankton community at both sampling stations. The
Bacillariophyceae yielded a variation pattern that was similar to
that described for chlorophyll a, indicating that Bacillariophyceae
were the main group contributing to its variations. In many
estuaries, phytoplankton seasonality is characterized as having
a higher percentage of Bacillariophyceae from autumn to early
spring with an increase in the flagellate fraction during summer,
as seen in Ria de Aveiro (Lopes et al., 2007) and Guadiana

Estuary (Rocha et al., 2002; Domingues et al., 2005). In this
study, such a pattern was not observed as diatoms presented
higher percentages during summer. In fact, Gameiro et al. (2007)
has reported high flagellate contributions to the community
at some stations during winter and autumn, presenting great
annual variability. The Cryptophyceae presented a significant
variation with almost all the same variables as Bacillariophyceae,
but with opposite trends, meaning that they can benefit from
conditions that are not the most adequate for Bacillariophyceae.
Dinophyceae and Prasinophyceae were less represented, but,
in general, also followed the opposite trend when compared
with Bacillariophyceae.

The negative relationship between Bacillariophyceae and river
discharge is a consequence of seasonality, due to higher river
discharges in early spring. Nutrients were also important in
explaining the changes in groups, with DSi concentrations
presenting an inverse relationship with Bacillariophyceae in
Alcântara while in Barreiro an inverse association with nutrients
was detected with both DIN and DIP (MATLAB, 2019).
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Such trends may also be a consequence of seasonality due to
lower nutrient concentrations during summer when nutrients
are low due to high consumption and low riverine nutrient
input. In Alcântara, the pattern is mostly influenced by the
outfall introducing high concentrations of DIN and DIP
with Bacillariophyceae responding only to DSi. Due to the
association of nutrients with the river discharges, it is important
to assess in future works what changes in the hydrologic
regime can influence the community composition of the
Tagus Estuary, as well as maintaining a concise monitoring
of the phytoplankton community composition. Shifts in the
phytoplankton community can facilitate the blooming of harmful
algae bloom and influence phytoplankton biomass. Also, the
change in the dominance from Bacillariophyceae to flagellate
taxa can affect the estuarine food-web as diatoms are more easily
digested by large filter feeders that usually are the link to higher
trophic levels (Officer and Ryther, 1980; Managing Wastewater
in Coastal Urban Areas, 1993).

The positive relation between Bacillariophyceae and tidal
range follows the variations observed for chlorophyll and
is likely to result from a combination of factors, in which
microphytobenthos resuspension and the higher penetration of
coastal water rich in Bacillariophyceae, should play a crucial role.
In Barreiro, due to the extension of the mudflat areas in mid-
estuary, microphytobenthos should make a relevant contribution
to overall chlorophyll a during spring tides. The coupling
between microphytobenthos and pelagic microalgae can be an
important characteristic of the estuary, as indicated by the
presence of microphytobenthos species in phytoplankton (Brotas
and Catarino, 1995; Gameiro et al., 2011; Brito et al., 2012b).
During spring tides, the strong currents registered in the estuary
would not only resuspend microphytobenthos but also reduce
the sinking rate, allowing heavier cells, such as Bacillariophyceae,
to easily avoid sedimentation. In Alcântara the main factor
contributing to the Bacillariophyceae dominance was probably
the proximity to coastal waters and the higher water mixing
during spring tides. Additionally, this is in accordance with the
study of Margalef (1978) that indicated that Bacillariophyceae
are positively influenced by high values of nutrients and mixing,
while Cryptophyceae prefer more stratified low-nutrient waters.

CONCLUSIONS

In summary, the phytoplankton community in the Tagus Estuary
was greatly influenced by two main factors: seasonality and
tidal range. The fortnight tidal cycle explained most of the
variability. This is a key finding for this study, indicating the
relevance of taking into spring-neap tidal cycles in estuarine
assessments of water quality. In addition, higher phytoplankton
biomass, associated with higher dominance of Bacillariophyceae
in the community, was mainly observed during spring tides.
Bacillariophyceae seems to be the group that contributes themost
to the overall phytoplankton biomass in the Tagus Estuary. In
Alcântara, the physicochemical parameters (i.e., nutrients and
SPM) presented strong variations in the spring-neap tidal cycle,
probably due to the presence of an outfall. The results presented
in this work reinforce the need to assess the influence of the tidal

cycle to fully understand ecosystem functioning in estuaries. This
is also key to evaluate how the tidal effect influences water quality
classifications, as well as investigate how climate change will affect
estuarine systems in the near future.
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On a global scale, marine transitional waters have been severely impacted by
anthropogenic activities. Historically, developing human civilizations have often settled
in coastal areas with about 2/3 of the human population inhabiting areas within 20-km
range from coastal areas. Environmental management worldwide strives for sustainable
development while minimizing impacts to ecosystem integrity and has resulted in several
framework directives, management programs, and legislation compelling governments
to monitor their coastal systems and improve environmental quality. Among the
most significant anthropogenic impacts to these ecosystems are land reclamation,
dredging, pollution (sediment discharges, hazardous substances, litter, oil spills, and
eutrophication), unsustainable exploitation of marine resources (sand extraction, oil and
gas exploitation, and fishing), unmanaged tourism activities, the introduction of non-
indigenous species, and climate change. The multitude of stressors is not independent,
and as such, the chemical status of marine systems has serious implications on its
ecological status and needs to be addressed efficiently. Public monitoring databases
provide a large amount of physico-chemical (nutrient, dissolved oxygen, and chlorophyll
a concentration) and contaminant (trace metals and polycyclic aromatic hydrocarbons)
data for all Portuguese transitional systems (estuaries and coastal lagoons). These
data are used to classify the chemical status (eutrophication and contamination
level) of these ecosystems considering pre-defined classification thresholds, which
facilitates communication to government authorities and management entities. Artificial
intelligence and machine learning techniques provide an automated and efficient
opportunity to improve simulation accuracy and further advance our understanding
of environmental problems in estuarine and coastal waters when dealing with large
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environmental datasets. In the present work, we applied machine learning models,
namely, linear discriminant analysis, classification tree, naive Bayesian, and support
vector machine, to nutrient, dissolved oxygen, chlorophyll a, trace metals, and polycyclic
aromatic hydrocarbon concentrations to produce a chemical status classification of
the Portuguese marine transition systems. This approach allowed us to efficiently
classify in an automated way the transitional water’s chemical status within the pre-
defined classification thresholds, producing numerical index values that can easily be
communicated to the general public and managers alike.

Keywords: computational intelligence, classification, estuarine systems, eutrophication, machine learning, water
contamination

INTRODUCTION

Coastal and transitional marine systems sustain some of
the most important ecosystems on the planet (estuaries and
coastal lagoons). These ecosystems are extremely rich in
biodiversity, providing habitat, shelter, feeding, and reproductive
grounds for several animals (fishes, birds, and invertebrates)
while also harboring a high floristic diversity in terms of
angiosperms (seagrasses and salt marshes). The latter provide
additional ecosystem services to these transitional systems,
such as shoreline protection against storm surge and erosion,
carbon sequestration due to its high primary productivity,
eutrophication reduction, and bioremediation of contaminants,
while also acting as key biological elements as important habitats
(Duarte et al., 2017). These characteristics (among others)
have historically attracted developing human civilizations to
coastal areas, in addition to facilitated access to water-promoted
trade, commerce, and disposal of wastes (Borja and Dauer,
2008). Thus, on a global scale, coastal and transitional waters
(TW) have been severely altered by anthropogenic activities.
Globally, environmental management strives for sustainable
development while minimizing impacts to ecosystem integrity
(Müller, 2005). Among the most significant anthropogenic
impacts to these ecosystems are land reclamation, dredging,
pollution (sediment discharges, hazardous substances, litter, oil
spills, and eutrophication), unsustainable exploitation of marine
resources (sand extraction, oil and gas exploitation, and fishing),
unmanaged tourism, the introduction of alien species, and
climate change (Borja et al., 2008). But, nowadays, international
laws have moved to prioritize the cooperative environmental
improvement, compelling stakeholders and ecologists to establish
a connection between the generated anthropogenic activities and
its consequent ecological impacts.

The Water Framework Directive (WFD; European
Commission EC, 2000) establishes a framework for the
protection of all waters (including inland surface waters, TW,
coastal waters, and groundwaters) and is aimed at achieving
a good-quality status in all European waters by 2015. The
concept of ecological status of the various waters is defined by
the WFD in terms of the quality of the biological community
present, as well as the quality of its hydromorphological
and physico-chemical characteristics. Its application requires
methods that can distinguish different levels of ecological

quality to classify surface waters. With the implementation of
the WFD, the European Union member states are compelled
to monitor the ecological quality of all their water bodies and
elaborate an efficient management plan to solve potential quality
problems of their TW. In order to implement a transnational
monitoring scheme, five biological quality elements (BQE) were
defined for the ecological quality assessments: phytoplankton,
macroalgae, marine angiosperms, benthic invertebrate fauna,
and fish fauna. The evaluation of these biological elements is
supported by the characterization of hydromorphological and
physico-chemical elements of water bodies. The abiotic elements
include general variables (such as dissolved oxygen and nutrients,
etc.) and priority substances (The European Parliament and
the Council of the European Union, 2008a,b), i.e., trace metals
and organic compounds. This defines specific environmental
quality standards (EQS) based on priority substances for the
dissolved water fraction of the systems. However, several works
point out that “the monitoring network shall be designed so as
to provide a coherent and comprehensive overview of ecological
and chemical status,” and thus, it is reasonable that at least
water and sediment should be simultaneously included in the
evaluation system for all coastal water bodies (Crane, 2003; Borja
et al., 2004). Two levels of evaluation of the chemical status are
currently used within the WFD: physico-chemical conditions
influencing the biological quality, which are mostly related
with eutrophic processes (nutrients, oxygen, and turbidity, etc.)
(Painting et al., 2007), and the classification of the chemical
status, based on the evaluation of the concentration of priority
substances only (Coquery et al., 2005). Within the WFD spirit,
these two approaches are strictly related as it has been described
in previous studies, thus supporting the need to address both
chemical traits concomitantly (Borja et al., 2004, 2008; Tueros
et al., 2008). Regarding the first and since marine coastal
eutrophication has become more frequent over recent years, the
need to classify these systems according to their nutrient burden
has arisen, alongside their phytoplankton concentration and
oxygen conditions and in sum the probability of the system to
enter a eutrophic condition (Vollenweider et al., 1998). Changes
in the trophic state of the systems toward an eutrophic condition
can be as harmful to the system biota as a contamination
event and thus need to be faced within mandatory monitoring
features (Vollenweider et al., 1998; Salas et al., 2008). As for
the second, chemical contamination from anthropogenic origin
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focusing on metal, polycyclic aromatic hydrocarbon (PAH),
and polychlorinated biphenyl (PCB) contamination does not
require any introduction, due to its renowned negative effects
in all biotic compartments, due to biochemical stress disorders,
cell oxidative stress, and inevitable impacts at the organism and
population level. Although for a trophic classification a set of
conditions need to be approached to trigger the transition to
an undesired trophic status, for contaminants, although they
often have similar origins and occur simultaneously with similar
patterns of distribution, the presence of any contaminant should
be faced individually and produces negative biology effects in
isolation as well as in mixture.

These chemical traits are composed of a vast array of
physico-chemical variables along with a wide list of priority
substances and concentrations in waters and sediments, making
the evaluation of this set of chemical traits complex. At this
level, as well as in several other areas related to management and
decision-making, machine learning (ML) approaches can be of
added value for interpreting and providing the necessary support
tools for an effective decision-making process (Tulabandhula and
Rudin, 2014). To overcome these difficulties, we propose the use
of supervised ML, where the predictive models are based on the
knowledge extracted from a training data set, which typically
consists of a set of features and associated labels (classification)
or continuous values (regression), aiming to fit the training
data to a function that can be used to predict a label or a
continuous value in a new input data (e.g., new samples) (Cordier
et al., 2017). If one could argue that chemical surveillance
and monitoring through water analysis is still needed, ML can
improve the automatic classification process and detect early
signs of water chemical quality degradation, if coupled for
example to automatic samplers and autonomous analyzers. Using
ML processes, this autonomously collected water quality data
by, e.g., deployed sensors, can be integrated and the chemical
water status predicted and classified, allowing decision makers
and stakeholders to act in conformity and prevent, e.g., higher
water quality degradation levels or take action against the causes
of this decrease in almost real time (Castrillo and García, 2020; Lu
and Ma, 2020). Moreover, classifications are water chemical status
based in several parameters and not a single one, and thus, a
ML-assisted decision process would improve the decision on the
correct classification extracted from a set of mandatory parameter
measurements that not always show concordance.

In this study, we investigated the possibility of using
supervised ML and tested different algorithms to build predictive
models for the inference of two chemical status classification
systems, based on trophic and contaminant characteristics
commonly used within the WFD for the quality status assessment
of transitional coastal systems, using publicly available data and
the Portuguese estuaries and coastal lagoons as a case study.

MATERIALS AND METHODS

Specific water chemical monitoring parameters were manually
selected and clustered based on their significance to trophic state
and contamination level. Marine system chemical parameters

were set as input to a manual pre-classifying stage of
trophic state and water contamination level hinged on OECD
standard (Figure 1). Feature selection and feature-based ML
modeling were processed separately for the two chemical
state classifications. The outputs of this study are classified
trophic state and water contamination levels based on water
limnological parameters.

Environmental Data
Physico-chemical (Table 1) and contaminant data (Table 2)
data (collections from March 2009 to April 2010) were
attained from the Portuguese National Water Institute (Instituto

FIGURE 1 | General architecture of feature-based machine learning model
development in classifying chemical state of marine transitional systems,
which are trophic state and contamination level.

TABLE 1 | Complete input features for trophic state classification, including value
range and units.

Trophic feature index Input feature Value range Unit

1 Chlorophyll a (0, 66.07) µg l−1

2 Secchi disk (0.10, 8.00) M

3 Salinity (0.05, 37.10) PSU

4 Temperature (7.30, 25.70) %

5 Dissolved oxygen (2.30, 396.88) mg l−1

6 SPM (0.40, 219.33) mg l−1

7 Nitrate (3.72, 6423.71) µg l−1

8 Nitrite (0.46, 770.58) µg l−1

9 Ammonia (1.44, 2932.78) µg l−1

10 DIN (6.44, 3568.63) µg l−1

11 Nitrate + nitrite (0.10, 103.70) µM

12 Phosphate (4.75, 5595.71) µg l−1

SPM, suspended particulate matter; DIN, dissolved inorganic nitrogen.
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TABLE 2 | Complete input features for water contamination level classification,
including value range and units.

Contamination
feature index

Input feature Value range Unit

1 Arsenic (0.39, 99.63) mg kg−1

2 Cadmium (0, 0.80) mg kg−1

3 Chromium (8.69, 154.38) mg kg−1

4 Copper (0.69, 102.96) mg kg−1

5 Lead (1.92, 92.76) mg kg−1

6 Mercury (0.01, 0.73) mg kg−1

7 Nickel (0.01, 76.93) mg kg−1

8 Zinc (1.92, 452.49) mg kg−1

9 Naphthalene (0.50, 126.28) µg kg−1

10 Acenaphthylene (0.17, 7.13) µg kg−1

11 Acenaphthene (0.21, 17.00) µg kg−1

12 Fluorene (0.40, 353.36) µg kg−1

13 Phenanthrene (0.99, 212.72) µg kg−1

14 Anthracene (0.27, 35.28) µg kg−1

15 Fluoranthene (0.49, 19.86) µg kg−1

16 Pyrene (0.59, 347.57) µg kg−1

17 Benz[a]anthracene (0.22, 112.04) µg kg−1

18 Chrysene (0.60, 66.07) µg kg−1

19 Benzo[a]pyrene (0.44, 173.25) µg kg−1

20 Dibenz[a,h]anthracene (0.43, 19.24) µg kg−1

21 Total PAH (0, 1403.25) µg kg−1

22 Total PCB (0, 7.66) µg kg−1

Total PAH, total polycyclic aromatic hydrocarbons; Total PCB, total
polychlorinated biphenyls.

Nacional da Água, INAG), specifically from the National
Information System on Hydric Resources (Sistema Nacional
de Informação de Recurso Hídricos, SNIRH1) database. There
were 145 combinations of data extracted and used as input
to the computational intelligence model. These data refer
to water and sediment sampling collections and analysis
within the WFD implementation program in Portugal in all
Portuguese transitional water systems (estuaries and coastal
lagoons) (Figure 2). Surface water samples (for trophic state
evaluation) were collected along with bottom sediments (for
contamination state assessment). All analytical procedures
were done according to the WFD-recommended procedures
according to the Environmental Quality Standards Directive
2008/105/EC (as amended by The European Parliament and
the Council of the European Union, 2013). Values below
the detection limit were substituted by the detection limit
value for statistical and ML processing purposes. Trophic state
threshold standards (Table 3) were defined according to Salas
et al. (2008) adapted by Primpas and Karydis (2011). Water
contamination level threshold standards (Table 4) were defined
according to Annicchiarico et al. (2011).

Manual classification of the samples was done based on
Tables 3, 4 thresholds using two approaches: averaging and
worst-case scenarios. Each variable was classified from 1 to 3
according to its value and the correspondent threshold range.

1https://snirh.apambiente.pt

FIGURE 2 | Coastal transitional systems considered in this study: (a) Minho
estuary; (b) Lima estuary; (c) Neiva estuary; (d) Cávado estuary; (e) Ave
estuary; (f) Leça estuary; (g) Douro estuary; (h) Esmoriz; (i) Aveiro coastal
lagoon; (j) Mondego estuary; (k) Liz estuary; (l) Óbidos coastal lagoon; (m)
Tagus estuary; (n) Albufeira coastal lagoon; (o) Sado estuary; (p) Santo André
coastal lagoon; (q) Mira estuary; (r) Alvor estuary; (s) Aráde estuary; (t) Ria
Formosa coastal lagoon, and (u) Guadiana estuary.

For the trophic classification state, only five of the 12 features
available have their threshold predefined according to Salas et al.
(2008). Nevertheless, the remaining values are typically measured
and framed within the same analysis, as the variables used for
trophic classification heavily depend on the remaining variables.
In short, these supplementary variables are not used in the
classification system, but they are key to understand the cause of
the observed changes. Variables were classified according to their
trophic classification with 1 (if the variable has values within the
oligotrophic ranges), 2 (if the variable has values within the
mesotrophic ranges), or 3 (if the variable has values within the
eutrophic ranges). For contamination classification, a similar
approach was taken, but integrating all the available independent
and measured features: variables were classified with 1 (if the
variable has values within the low potential for specific adverse
biological effects ranges), 2 (if the variable has values within the
middle potential for specific adverse biological effects ranges),
or 3 (if the variable has values within the upper potential for
specific adverse biological effects ranges). For overall sample
classification using the averaging approach, variable classification
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TABLE 3 | Trophic state threshold standard for phosphate, dissolved inorganic nitrogen (DIN), chlorophyll a (Chl a), dissolved oxygen (DO), and nitrate and nitrite
concentration, following Salas et al. (2008) and Primpas and Karydis (2011).

Trophic state Phosphate (µg l−1) DIN (µg l−1) Chl a (µg l−1) DO (%) Nitrate + nitrite (µM)

Oligotrophic <12.2 <74.2 <0.6 90–110 <6.5

Mesotrophic 12.2–39.2 74.2–141.0 0.6–1.3 82.2–90 or 110–117.8 6.5–16.0

Eutrophic >39.2 >141.0 >1.3 <82.2 or >117.8 >16.0

TABLE 4 | Sediment contamination level threshold standards for trace elements and organic contaminants, following Annicchiarico et al. (2011).

Chemical parameter Low potential for specific
adverse biological effects

Middle potential for specific
adverse biological effects

Upper potential for specific
adverse biological effects

As (mg kg−1) <8.2 8.2–70 >70

Cd (mg kg−1) <1.2 1.2–9.6 >9.6

Cr (mg kg−1) >81 81–370 >370

Cu (mg kg−1) <34 34–270 >270

Pb (mg kg−1) <46.7 46.7–218 >218

Hg (mg kg−1) <0.15 0.15–0.71 >0.71

Ni (mg kg−1) <20.9 20.9–51.6 >51.6

Zn (mg kg−1) <150 150–410 >410

Naphthalene (µg kg−1) <160 160–2100 >2,100

Acenaphthylene (µg kg−1) <44 44–640 >640

Acenaphthene (µg kg−1) <16 16–500 >500

Fluorene (µg kg−1) <19 19–540 >540

Phenanthrene (µg kg−1) <240 240–1,500 >1,500

Anthracene (µg kg−1) <85 85–1,100 >1,100

Fluoranthene (µg kg−1) <600 600–5,100 >5,100

Pyrene (µg kg−1) <665 665–2,600 >2,600

Benz[a]anthracene (µg kg−1) <261 261–1,600 >1,600

Chrysene (µg kg−1) <384 384–2,800 >2,800

Benzo[a]pyrene (µg kg−1) <430 430–1,600 >1,600

Dibenz[a,h]anthracene (µg kg−1) <63 63–260 >260

TPAHs (µg kg−1) <4,022 4,022–44,792 >4,479

TPCBs (µg kg−1) <23 23–180 >180

was averaged and rounded to the unit. For applying the worst-
case approach, samples were classified according to the variable
with worst classification, based on the “one out, all out” principle
of the WFD (European Commission EC, 2000).

Feature Selection
Feature selection is an essential stage in ML as it computationally
determines the relevance of an array of features by automatically
selecting a subset of features that can increase the accuracy of
the model to be constructed (Concepcion II et al., 2020). In
this study, hybrid neighborhood component analysis (NCA) and
minimum redundancy minimum relevance (MRMR) algorithm
were developed to reduce the original 12 features for trophic state
classification (Table 1) and 22 features for water contamination
level classification (Table 2) using MATLAB 2020a platform. This
multidimensional reduction technique is expected to make the
ML model to have reduced overfitting, faster training time, and
simple model input structure. NCA model was configured with
stochastic gradient descent (SGD) as solver, a minimum batch
size of 10, and a pass limit of 5. It was tuned using a subset size
of 100 and iterations of 20. MRMR used the “fscmrmr” function

in MATLAB that ranks the inputted features and ranks them
based on the generated mutually and maximally differentiated
variances. The resulting feature weights generated by hybrid
NCA–MRMR is averaged and ranked with the highest average
weight as the most important feature. The number of features
to be selected is based on the recommendation of principal
component analysis (PCA) that was configured using listwise
for missing value treatment and eigenvalue threshold of 1.0.
Factorability tests of Kaiser–Meyer–Olkin (KMO) measure of
sampling adequacy and Bartlett’s test of sphericity were also
considered in pulling the count of final features to be accepted
as input to the ML model. To discriminate the suitability of ML
models in this application, the impacts of complete and reduced
feature sets are separately inputted with stratified data sampling
of 56%–24%–20% (81–34–30 data) for training, validation, and
testing, respectively.

Development of Trophic State
Classification Model
Four feature-based ML models, namely, linear discriminant
analysis (LDA), decision tree for classification (CTree), naïve
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FIGURE 3 | Optimization of (A) linear discriminant analysis, (B) classification tree, (C) naïve Bayes, and (D) support vector machine models for trophic state
classification and optimization of (E) linear discriminant analysis, (F) classification tree, (G) naïve Bayes, and (H) support vector machine models for sediment
contamination level classification.
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FIGURE 4 | Feature weight spectrum generated by neighborhood component analysis and minimum redundancy maximum relevance algorithms for (A) trophic
state and (B) sediment contamination level classifications. Eigenvalue delineation diagram indicating the (C) trophic and (D) contamination feature indices in
determining the number of features to be selected.

Bayesian (NB), and support vector machine (SVM), were
configured and optimized in classifying trophic state based on
limnological stressors. LDA was optimized with delta of 39.725
and gamma of 0.85031 (Figure 3A). CTree was optimized with a
minimum leaf size of 1, a minimum parent size of 10, activated
leaf merging and pruning, and Gini’s diversity as split criterion
(Figure 3B). NB was optimized with normal distribution and
width of 4.7842 × 10−11 (Figure 3C). SVM was optimized using
“onevsall” coding, box constraint of 942.21, kernel scale of 106.7,
bias of -2.4124, and sequential minimal optimization as the solver
(Figure 3D). Trophic state features (Table 1) were inputted
to these models.

Development of Sediment Contamination
Level Classification Model
Four feature-based ML models, namely, LDA, CTree, NB,
and SVM, were configured and optimized in classifying water
contamination level based on limnological stressors (Table 2).
LDA was optimized with delta of 3.7953 × 10−6 and gamma of
0.92488 (Figure 3E). CTree was optimized with a minimum leaf
size of 1, a minimum parent size of 10, activated leaf merging
and pruning, and Gini’s diversity as split criterion (Figure 3F).

NB was optimized with kernel-based distribution and width of
2.3529 (Figure 3G). SVM was optimized using “onevsall” coding,
box constraint of 0.38012, kernel scale of 0.99577, bias of -8.8426,
and sequential minimal optimization as the solver (Figure 3H).
Trophic state features (Table 2) were inputted to these models.

Model Evaluation Metrics
The developed feature-based ML models for both chemical state
classifications were evaluated based on classification accuracy,
fall-out, precision, specificity, recall, F1-score, and inference
time. Accuracy defines the ratio of correct predictions and total
predictions done by the system. Fall-out is the false positive
rate, which defines the ratio of false positive classifications
and the actual negative. Precision defines the ratio of true
positive predictions and the true and false positive predictions.
Specificity defines the ratio of true negative prediction and the
combined true negative and false positive predictions. Recall
or sensitivity defines the ratio of true positive predictions and
the combined true positive and false negative predictions. F1-
score is a measure of model’s accuracy based on precision
and recall parameters. Inference time defines how long a
prediction is inferred by the developed ML model. These
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FIGURE 5 | Confusion matrices of (A) LDA, (B) CTree, (C) NB, and (D) support vector machine (SVM) model for trophic state classification using 12 features
(without feature selection, Table 1) and four features [NCA–MRMR selected dissolved oxygen, suspended particulate matter (SPM), nitrate, and dissolved inorganic
nitrogen (DIN)].

are standard determinants for assessing the reliability of the
developed ML models.

RESULTS AND DISCUSSION

Surface Water Trophic Characterization
and Sediment Contamination Profiles
Evaluating the chemical data from the water (Supplementary
Table 1) and sediment (Supplementary Tables 2, 3) samples
from all the coastal transitional systems surveyed, high variability
was observed. In terms of phosphate concentration in the water
column, the Alvor coastal lagoon was the systems with the highest
value, while the Lima estuary presented the lowest concentration
of this phosphorous form. Regarding dissolved inorganic
nitrogen (DIN) concentrations, these were found to be higher in

the water samples collected at the Leça estuary, while the lowest
values were found in the surface water samples from the Albufeira
coastal lagoon. The Guadiana estuary showed the highest water
Chl a concentration, in opposition to the Tagus estuary, where
the lowest value for this parameter was measured. For dissolved
oxygen, the maximum and minimum concentrations where both
detected in the Albufeira coastal lagoon.

In terms of bottom sediment trace element concentrations
(Supplementary Table 2), this was also variable according to
the element analyzed. Zinc was the most abundant element
detected, followed by Cr and Pb, with Hg and Cd the least
abundant. Arsenic highest concentrations were detected in the
Guadiana estuary, while the lower ones were observed in
the Lis estuary. Cd concentrations were highest in the Leça
estuary bottom sediments and lower in the sediment samples
collected in the Ria Formosa coastal lagoon. Sado estuary
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bottom sediments presented the highest Cr concentrations. In
opposition, the Guadiana estuary sediments showed the lowest
concentrations of this element. The Leça estuary presented
the highest concentrations of Cu and Pb, while the lower
concentrations of these elements were measured in the Ria
Formosa and Óbidos coastal lagoons, respectively. Mercury
concentrations were highest in the Aveiro coastal lagoon, while
in several transitional systems, this element was not detected.
Regarding Ni, this was found to be more abundant in the
Sado estuary sediments, while the Santo André coastal lagoon
showed the lowest concentrations. Finally, Zn had its maximum
concentrations in the samples collected at the Leça estuary,
being the lowest concentrations observed in the Óbidos coastal
lagoon sediments.

Regarding sediment organic contamination (Supplementary
Table 3), the Albufeira coastal lagoon bottom sediments
proved to have the highest concentrations of anthracene,
benz[α]anthracene, chrysene, and benzo[α]pyrene, while the
highest concentrations of acenaphthene and fluoranthene were
present in the sediments sampled at the Douro estuary. Fluorene,
phenanthrene, and pyrene concentrations were found to be
maximum in the Esmoriz transitional system. The Guadiana
estuary sediments showed the highest and lowest concentrations
of acenaphthylene. On the other hand, naphthalene and
dibenz[α,h]anthracene showed their maximum sediment
concentration values at the Leça estuary. Overall, the Albufeira
coastal lagoon showed the highest concentrations of total PAHs,
while the highest concentrations of PCBs were observed in the
sediment samples collected at the Mira estuary.

NCA–MRMR-Selected Trophic State and
Water Chemical Predictors
For the feature selection intended for trophic state classification,
NCA ranked dissolved oxygen, nitrate, and phosphate as the
most impactful features (Figure 4A). On the other hand,
MRMR resolved on using Secchi disk, suspended particulate
matter (SPM), and chlorophyll a (Figure 4A). The generated
feature weight spectrum resembles erratic prediction of weights,
thus combining it mathematically reduced the issue on
rankings. Hence, the PCA-generated eigenvalue delineation
graph considered only four tropic feature indices with an
eigenvalue at least 1 (Figure 4C). The factorability test of KMO
measure of sampling adequacy resulted in 0.531382, indicating
that variance in classification is caused by certain underlying
factors, and factor analysis is recommended. The Bartlett’s test
of sphericity agrees with the recommended of KMO with chi-
square of 18559.3. Thus, NCA–MRMR selected dissolved oxygen,
SPM, nitrate, and DIN (four-feature array) as the most relevant
features in classifying trophic state. These four extracted features
account for 68.6853% of the variability of the original data (12-
feature array).

In the case of the feature selection for water contamination
level classification, NCA ranked arsenic and chromium as the
most impactful features, and MRMR weighted best arsenic,
fluorene, and cadmium (Figure 4B). The generated feature
weight spectrum has a profound inclination to arsenic and TA
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FIGURE 6 | (A) Hybrid NCA–MRMR–CTree network with dissolved oxygen (x1) and SPM (x2) ruling out the trophic state. (B) Trophic state classification in terms of
dissolved oxygen and DIN concentrations. (C) Hybrid NCA–MRMR–CTree network with arsenic (Var1) ruling out the water contamination level. (D) Water
contamination level classification in terms of cadmium and arsenic concentrations.

mercury, but not all selections provided by NCA and MRMR
agree with each other; thus, combining it rationally resolved
the issue on feature rankings. The PCA-generated eigenvalue
delineation graph considered four features to be extracted from
hybrid NCA–MRMR (Figure 4D). The factorability test of KMO
measure of sampling adequacy resulting in 0.794467 concurs
with Bartlett’s test of sphericity with chi-square of 5534.09
that there are underlying factors that significantly affect the
shared variance of the total system. Thus, NCA–MRMR selected
arsenic, cadmium, chromium, and mercury (four-feature array)
as the most relevant features in classifying water contamination
level. These four extracted features account for 77.4473% of the
variability of the original data (22-feature array).

Feature-Based Machine Learning
Trophic State Classification
After several explorations and convergences of the optimized
feature-based ML models (Figure 3), the optimal accuracy and
sensitivity in classifying trophic state-based limnological

parameters was achieved. In the following discussions,
classification models are subscripted with the number of
features to differentiate the context of employed number
of limnological features as predictors using the same set of
ML models. LDA12 and SVM4 have classified eutrophic data
condition with 35.714% accuracy while SVM12 has classified
it 64.286% correctly. LDA4 missed all eutrophic classifications
(Figure 5A). CTree12 and CTree4 have classified all eutrophic
data perfectly (Figure 5B). In mesotrophic classification, LDA4
exhibited the best performance of 100% classification followed
by CTree4 with 96.552% accuracy. NB4 misclassified 18.966%
of mesotrophic as eutrophic and 5.172% of mesotrophic as
oligotrophic (Figure 5C). In oligotrophic classification, LDA4
incorrectly predicted all samples while CTree12, CTree4, NB12,
NB4, and SVM12 have classified it flawlessly. It was observed
that the mesotrophic condition is the easiest to classify with
a cumulative average accuracy of all optimized models equal
to 92.026% followed by oligotrophic with 81.25%. Eutrophic
state is the hardest to classify with an overall average accuracy
of 64.286%. Overall, CTree4 bested out other ML models in
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classifying trophic state with an accuracy of 99.61% in the
training and validation stages and 99.43% in the testing stage
(Table 5). CTree12 has fall-out rate of 50.834% better than
CTree4, but the latter has 100% recall rate and 22.9884%
inference time than the prior one. This makes the developed
NCA–MRMR–CTree model very suitable for fast prediction
having low computational cost in the system.

The NCA–MRMR–CTree architecture simplified the complex
classifiers down to dissolved oxygen and SPM concentration
only as its core baseline in the decision. If SPM is below
12.8211 mg l−1, it automatically classifies the marine system as
oligotrophic (Figure 6A). Going further down the architecture,
mesotrophic state is classified when SPM concentration is below
43.6868 mg l−1 or if dissolved oxygen is below 90 mg l−1 or
if dissolved oxygen is greater than or equal to 100 mg l−1 and
SPM is above or equal to 163.826 mg l−1 (Figure 5A). An NCA–
MRMR–CTree trophic state classification is shown in Figure 6B
using dissolved oxygen and DIN concentrations (another most
significant limnological feature). CTree model structured out the
differences of each trophic state, but most of the data samples
are congested on the intersecting points of dissolved oxygen
of 100 mg l−1 and DIN of 750 mg l−1. This means that
variability caused by SPM has a higher impact when compared
to DIN concentration to cause delineation among trophic states.
Nonetheless, the developed NCA–MRMR–CTree is an effective
and sensitive model to classify trophic state by just using minimal
limnological parameters as its input predictors. Economic, power,
and processing time factors will be gained.

Feature-Based Machine Learning Water
Contamination Level Classification
Optimization of feature-based ML models for water
contamination level classification was achieved by undergoing
several epochs in the training, validation, and testing stages
(Figure 3). In classifying low potential for specific adverse
biological effects from sampled limnological data arrays
(Table 6), LDA22, LDA4, CTree22, CTree4, and SVM4 models
exhibited 100% accuracy and sensitivity. NB22 model performed
the worst classification with 30% error (Figure 7). In classifying
middle potential for specific adverse biological effects, CTree22,
CTree4, NB22, NB4, and SVM4 have 100% correct predictions,
while LDA22 performed the worst with 11.765% incorrect
expectations (Figure 7). In classifying high potential for specific
adverse biological effects, all models have 100% misclassification
except CTree22 and CTree4 (Figure 7). It was observed that
among the contamination levels, low potential is the easiest to
be classified with an average cumulative accuracy of 94.38%
and followed by middle potential with 92.65%. The hardest
to be classified is the upper potential with 25% accuracy
only. Moreover, by using the hybrid NCA–MRMR-selected
four-feature array dataset, the low and middle potentials
were correctly classified with accuracies of 97.5 and 94.118%,
respectively. By using the original 22-feature array dataset
(Table 6), the low and middle potentials were correctly classified
with accuracies of 91.25 and 91.177%, respectively, which
is comparably lower than the prior one. It justifies that the TA
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FIGURE 7 | Confusion matrices of (A) LDA, (B) CTree, (C) NB, and (D) SVM model for water chemical level classification using 22 features (without feature selection,
Table 2) and four features (NCA–MRMR selected arsenic, cadmium, chromium, and mercury).
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employed feature selection is highly significant and contributed
to increasing the sensitivity of the system. Overall, CTree4 bested
out other ML models in classifying water contamination level
with an accuracy of 100% in the training stage, 60.02% in the
validation stage, and 100% in the testing stage (Table 6). CTree22
has internal overfitting that resulted in perfect classification all
through the stages. Hence, CTree4 has comparably 61.091%
faster inference time than CTree22. This makes the developed
NCA–MRMR–CTree model very suitable for fast prediction of
water contamination level having limited limnological predictor
data and low computational cost in the system.

The NCA–MRMR–CTree architecture simplified the complex
classifiers down to arsenic concentration only as its core
baseline in the decision. If arsenic is below 7.17679 mg kg−1,
it automatically classifies the marine system as low potential
(Figure 6C). Going further down the architecture, middle
potential state is classified when arsenic concentration is above
or equal 7.17679 mg kg−1 but below 59.5211 mg kg−1

(Figure 6C). Upper potential marine system is classified when
arsenic concentration is above 59.5211 mg kg−1. An NCA–
MRMR–CTree water contamination level classification is shown
in Figure 7B using arsenic and cadmium concentrations (another
most significant limnological feature). CTree model structured
out the differences of each water contamination level, and it
clearly separates the three states though there are only few data
samples that are closely linked to low and middle potentials in
the intersection of arsenic (5–9 mg kg−1) and cadmium (0.01–
0.11 mg kg−1). This proves the essentiality of chromium and
mercury will suffice the absolute classification in this system.
Thus, the developed NCA–MRMR–CTree is an effective and
sensitive model to classify water contamination level as it
significantly reduced the number of predictors to be used and the
inference time to be rendered.

Feature-Based Manual Versus Machine
Learning Water Chemical Status
Classification
Manual classification of the water samples’ chemical status,
in terms of trophic and contamination level, was produced
using both abovementioned approaches. Using the worst-case
classification, 98% of the analyzed samples fall within the
eutrophic classification, based on simultaneously high values of
DO and chlorophyll a and low values of DIN. This might be
due to the fact that several datapoints extracted from the public
database present low salinities concomitant with sampling during
low tide and thus with higher riverine influence (Supplementary
Table 1). Nevertheless, and comparing the manual classification
with that obtained from the NCA–MRMR–CTree, it is possible
to observe that the model has high efficiency in automatic
classification of the water body chemical status (Figure 8).
Regarding the trophic status of the water bodies, the NCA–
MRMR–CTree model presented a 76 and 98% classification
efficiency when compared to the ones provided by both averaging
and worst-case scenario manual approaches, respectively. Using
the same comparison for the contamination data, the best
fit model presented a 26–90% classification efficiency when

FIGURE 8 | Water body chemical status obtained from the automatic
classification and by both manual classification approaches in 50 randomly
selected samples.

compared to the averaging and worst-case scenario manual
approaches, respectively. This indicates that ML models can
reproduce similar classifications to manual procedures, based
on the same assumptions and leveraging on available public
data. These facts reinforced the applicability of these ML models
for chemical status water classification with a high degree of
accuracy and efficiency.

After several explorations in using feature-based ML in
assessing water body chemical status, this study successfully
developed a hybrid NCA–MRMR–CTree that can classify trophic
state and water contamination level with an accuracy of 99.43
and 100%, respectively. There are previously published studies
(Table 7) employing various ML models such as artificial neural
network (ANN), hybrid classification tree and ANN, ANN
and random forest (RF), particle swarm optimization (PSO),
adaptive neuro-fuzzy inference system (ANFIS), hybrid radial
basis function neural network (RBF-NN), and hybrid wavelet
analysis and ANFIS. The trend of ML application in the field
of marine transitional systems seems to integrate two or more
models. In the study of Concepcion II et al. (2020), CTree was
used to multidimensionally reduce the wide array of limnological
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TABLE 7 | Comparison of classification accuracy of the developed feature-based machine learning models.

References Water body system Classification problem Machine learning model Classification accuracy (%)

Chou et al. (2018) Water reservoir Trophic state ANN 86.50

Concepcion II et al. (2020) Freshwater pond Trophic state Hybrid CTRee–ANN 88.80

Watanabe et al. (2020) Inland water system Trophic state ANN and RF 80.00

Chen et al. (2015) River system Water contamination level PSO 81.50

Chen and Liu (2015) Water reservoir Water contamination level ANFIS 86.00

Najah et al. (2012) Stream Water contamination level Hybrid RBF–NN 96.00

Najah et al. (2010) River system Water contamination level Hybrid wavelet–ANFIS 99.90

This study Marine transitional system Trophic state Hybrid NCA–MRMR–CTree 99.43

This study Marine transitional system Water contamination level Hybrid NCA–MRMR–CTree 100

features to lower the inference time, and ANN was configured
for the actual inferencing. However, in the present study, the
cascaded NCA–MRMR model was constructed to reduce the
number of predictors and CTree is for the classification. Hence,
the use of the ML models can be reconfigurable and be employed
for the said purposes. This low accuracy using the PSO is due to
its convergence directivity that loses global optimum as a solution
to the problem (Chen et al., 2015). Overall, the developed NCA–
MRMR–CTree in this study bested out other mentioned models
for both trophic state and water contamination level models. By
employing ML to automate the classification of transitional water
trophic state and chemical contamination level, the efficiency
was improved especially since the developed model has feature
selection that reduced the number of sensors to be used as
inputs for the inference and still yielding accuracy approaching
100%. The developed seamless NCA–MRMR–CTree model can
be deployed in a real-time manner in coastal areas by embedding
it on a microcomputer such as a Raspberry Pi module that is
connected to the Internet for virtual monitoring. Corresponding
sensors must be connected to the Raspberry Pi model to acquire
the environmental data and wirelessly transmit it to a server
that is private to the organization. Likewise, by using the NCA–
MRMR–CTree model, it requires only four water parameters as
input to deduce the correct classification instead of manually
basing on 22 features. This may provide a faster assessment of
water quality at a lower cost. In that way, intelligent and efficient
assessment of the real-time condition of marine transitional
systems can be inherited. Because the system is deployed on
the actual site, the need to extract water samples and bringing
them to a laboratory is not necessary. The actual classification
and inference are automatically done by the system on time
and online. This is essential especially when the environment
is drastically changing. However, this model is limited by the
data used to train, validate, and test it. In training computational
intelligence models, the combination of parameters greatly affects
its inference characteristic. The larger the training dataset, the
more universal model can be developed. To further improve
this model and generalize for other countries, it would be better
to retrain this model using other datasets. But, the developed
NCA–MRMR–CTree model is very applicable to coastal systems
that closely resemble the environment of Portugal. It can
complement the regular field works of scientist and government
agencies for monitoring the changes in water quality. Overall,

the monitoring efforts of marine transitional systems can be
sustainably improved through ML.

CONCLUSION

Coastal transitional system chemical status is of utmost
importance for the implementation and evaluation of the
system ecological status, being this dependent on the trophic
and contamination level of the system. These trophic and
contamination traits rely on several physico-chemical variables
that need to be addressed as a whole and that are neither
always affected simultaneously nor show concordancy. At this
level, automatic decision-support systems, fed by automatic
samplers and analyzers, can be of great value for extracting an
appropriate chemical status classification of the system. Applying
ML techniques, namely, neighborhood correlation analysis-based
classification tree algorithms running on an optimized mode,
resulted in an efficient classification of the transitional systems
with 100% accuracy. The results here presented point out
that the models here developed can be of added value for
the implementation of environmental directives, providing an
efficient method for real-time chemical status classification of
the evaluated transitional systems, supporting stakeholders and
policy-makers on the ecological status evaluation of the European
water bodies, provided substantiated classification information,
early warning alerts, and allowing decision-makers to take action
at early stages of water chemical status degradation.
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Mass blooms and stranding of pelagic Sargassum spp. in the Atlantic, termed
Sargassum events are becoming more frequent in response to several factors: nutrient
enrichment, increased temperature, changes in climatological patterns, but some
causes remain unknown. The magnitude of Sargassum events in the Caribbean Sea
since 2011 make us aware of the necessity to tackle these events, and macroalgal
blooms generally, not only locally but on a regional scale. At least three pelagic
species of Sargassum have been dominant in the blooms that have occurred
along Caribbean coastlines in great quantities. Due to the regional scale of these
events and its complexity, its management should be based on basic and applied
information generated by different collaborative actors (national and international)
through interdisciplinary and transdisciplinary work. To address this, we propose
different phases (exploratory, valorization, and management) and the approach for
their study should include detection, collection, stabilization and experimentation.
This information will help identify the potential applications and/or ecological services
to develop for the exploitation and mitigation strategies in the region. Relevant
challenges and opportunities are discussed, remarking on the necessity to evaluate
the spatiotemporal variation in the abundance and chemical composition of floating
and stranded biomass. The above-mentioned will provide management strategies and
economic opportunities as possible solutions to their extensive impact in the Caribbean.

Keywords: Caribbean, Golden tides, environmental concerns, Sargassum, valorization, management strategies

BEYOND THE SARGASSO SEA

The Sargasso Sea, always shrouded in mystery and an object of interest during antiquity, continues
today to arouse interest in various fields of knowledge. Commonly known as the subtropical gyre
of the North Atlantic, the Sargasso Sea is a region where an immense body of water is bounded
by a vast system of circular currents flowing from east to west (North Equatorial Current) and
west to east (Gulf Stream). Winds and oceanographic conditions combine to give these waters a
very particular identity; from a physical point of view, they are waters of temperature >17◦C and
particular biogeochemical properties (Bates and Johnson, 2020), and from a biological point of view
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they are the habitat of several species of the pelagic algae in
the genus Sargassum, which supports and incredible amount
of marine life (Coston-Clements et al., 1991; Huffard et al.,
2014).

The name of the Sargasso Sea was supposedly given by
Christopher Columbus or by one of the Portuguese sailors
who accompanied him. The term “sargaço,” probably derives,
according to the Dictionary of the Spanish Language, from
“argaço” (via “algaço,” used in ancient documents to designate
algae) and from the Latin Salix (willow trees known colloquially
as “sarga” morphologically similar to sargaso). The term could
be also related the Portuguese “sal” or “salgado,” meaning salted
(Cabral, 2005). Currently, “sargasso” is the colloquial name given
to pelagic marine macroalgae found within the Atlantic region.

Since 2011 climatological and environmental conditions
promote the transport of floating biomass out of the Sargasso Sea,
proliferating in tropical Atlantic between West Africa and South
America (Putman et al., 2018; Johns et al., 2020). Tons of these
seaweeds have been deposited on beaches, generating beach-cast
events that severely impact the Atlantic and Caribbean coasts
(Table 1). Although some of these macroalgal arrivals are part
of a natural seasonal phenomenon due to biological (life cycles,
reproduction and senescence, growth, elongation or biomass
increase) and climatological factors (storms, currents, tidal waves,
and/or winds) (Orr et al., 2005; Barreiro et al., 2011); additional
factors such as increases in seawater nutrients and/or sea surface
temperature, changes in ocean currents and wind patterns,
hurricanes and maritime traffic have been reported as the causes
of the excessive proliferation of Sargassum biomass and its
transport to the coasts (Lapointe et al., 2014; Sanchez-Rubio et al.,
2018; Wang et al., 2019; Johns et al., 2020; Trinanes et al., 2021).
Scientific communities have raised a series of questions about
the origin, prevalence and impacts of this phenomenon many of
which remain unknown. In the present work we review some of
the impacts reported for the Atlantic and Caribbean coasts and
the strategies that should be followed to develop an adequate
management of this phenomenon, while identifying some of the
challenges and opportunities for the Caribbean region.

Different terminology has been applied for describing the
unprecedent quantities of holopelagic Sargassum impacting the
coasts, including “Sargassum blooms” (Lapointe, 2019; Wang
et al., 2019), “Massive Golden Tides” (Smetacek and Zingone,
2013), “Sargassum Brown Tides” (van Tussenbroek et al.,
2017), “Sargassum events” (Fidai et al., 2020) and “Sargassum
influx” (Franks et al., 2012); or colloquially “massive arrivals”
and “Sargassum massive accumulations”. However, there is no
consensus about the term to define the phenomenon observed.
More recently, “Sargassum event” has been defined by Fidai
et al. (2020) as a “continuous bloom of any Sargassum in open
oceans or, an aggregation of landed Sargassum with the potential
to disrupt local social, economic or ecosystem functioning, or
to impact human health; an event can affect one country or
several contiguous countries.” In the present manuscript, we
use “Sargassum event” as an appropriate term for the observed
phenomenon in the Caribbean region, which includes a large
quantity of stranded biomass that generates ecological and
socioeconomic impacts in the coastal areas.

SARGASSUM SPECIES IN THE
CARIBBEAN EVENTS

The genus Sargassum C. Agardh has the highest morphological
complexity in the class Phaeophyceae, with species distributed in
almost all ocean basins (Phillips and Fredericq, 2000). The great
variability of morphological characteristics between individuals
of the same species or even in the same individual in response
to climatic and environmental conditions (Kilar et al., 1992)
complicates the delineation and identification of Sargassum
species in the Atlantic (Parr, 1939; Mattio and Payri, 2011; Schell
et al., 2015). Therefore, studies in recent years have included
molecular and biochemical characters (Amaral-Zettler et al.,
2017; González-Nieto et al., 2020; Rosado-Espinosa et al., 2020;
Hernández-Bolio et al., 2021). Nevertheless, molecular markers
(ITS, psaA, RuBisCO spacer, rbcl, COI, cox3, 23S-tRNA val
spacer and partial mt23S) are not conclusive and the taxonomy
of the group needs further analysis (Stiger et al., 2003; Mattio
and Payri, 2011; Amaral-Zettler et al., 2017; González-Nieto et al.,
2020). Recent studies in the Caribbean and Gulf of México have
confirmed the presence of the holopelagic species Sargassum
natans (morphotypes I and VIII) and S. fluitans (morphotype
III) in the recent Sargassum events (García-Sánchez et al., 2020)
(Figure 1). Ongoing research in our laboratory to characterize
the stranded biomass in the Mexican Caribbean has allowed to
identify the presence of the 3 holopelagic taxa mentioned above,
representing 99.5% of the fresh biomass. Moreover, six Sargassum
benthic species (S. acinarium, S. buxifolium, S. platycarpum, S.
polyceratium var. ovatum, S. pteuropleuron, and S. ramifolium)
and three seagrass species (Thalassia testudinum, Syringodium
filiforme, and Halodule wrightii) have been also identified as a
minor component of the events, but can reach up to 22% of
the fresh biomass depending on the season. These efforts have
expanded to include the development of digital tools to identify
and characterize the pelagic and benthic species of Sargassum of
the Mexican Caribbean (Vázquez-Delfín et al., 2020).

ENVIRONMENTAL AND
SOCIOECONOMIC CONCERNS

Sargassum events have resulted in excessive seaweed-stranding
biomass causing considerable damage to the environment,
human health and local economy of the Caribbean, the Gulf
of Mexico and West Africa (Table 2). In the Caribbean Sea,
from the coasts of Trinidad and Tobago, Guadeloupe and
Martinique, Dominican Republic, Cuba, Colombia and the
Mexican Caribbean coasts, between 2011 and 2020, Sargassum
events have been recorded and have increased in volume
and damage over time (Table 1). Current reports estimate
that around 20 million metric tons of floating Sargassum
biomass can accumulate off the coast of northeastern South
America and potentially distributed throughout the Caribbean
(Wang et al., 2019).

Sargassum events have adverse impacts on the coastal
ecosystems and human communities (Table 2). The
contamination of beaches, due to the in situ decomposition
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TABLE 1 | Sargassum events reported for the Caribbean region. Location, scope of the study and term used to describe the phenomenon.

Year Location Type of study and scope Reported as References

2011–2012 Eastern Caribbean states; U.S.
and British Virgin Islands

Documentary report, no
evaluations performed

Sargassum
influx

Franks et al.
(2012)

Trinidad to Dominican Republic
in Caribbean and other
localities (African coast)

Review, no evaluations
performed

Golden tides Smetacek and
Zingone (2013)

Caribbean and other locations
(North Atlantic and west coast
of Africa)

Remote sensing: evaluation of
spatiotemporal changes in
distribution and coverage of
floating biomass (MERIS and
MODIS)

Sargassum
event

Gower et al.
(2013)

East coast of Cienfuegos, Cuba In situ evaluation of beached
biomass: identification of
species (SF)

Drift of
Sargassum

Moreira and
Alfonso (2013)

2014–2015 San Andrés island,
Southwestern Caribbean

Documentary report (SF, SN),
no evaluations performed

Massive
quantities of
Sargassum

Gavio et al.
(2015)

Eastern Caribbean; Western
Tropical Atlantic and South
Sargasso Sea

In situ evaluation of floating
biomass: identification of
species (SF, SN1, SN8),
quantification of relative
abundance and distribution

Sargassum
inundation
event

Schell et al.
(2015)

Quintana Roo coast, Mexico Documentary report, data
about volume of beached
biomass and species (SF, SN)
obtained from Governmental
Institutions

Macroalgal
bloom

Rodríguez-
Martínez et al.
(2016)

Northeastern region of the
Yucatan peninsula, Mexico

Remote sensing evaluation:
quantification of floating
biomass coverage (L8-OLI
images)

Sargassum
lines

Cuevas et al.
(2018)

2016–2020 Mexican Caribbean Remote sensing and deep
learning evaluation:
development of an automated
monitoring system (MODIS)

Massive
arrivals, algal
bloom arrivals

Arellano-
Verdejo et al.
(2018)

Tropical Atlantic Remote sensing evaluation:
quantification of floating
biomass and its spatiotemporal
changes (MODIS)

Great Atlantic
Sargassum belt

Wang et al.
(2019)

Mexican Caribbean In situ evaluation of beached
biomass: identification of
species (SF, SN1, SN8) and
quantification of relative
abundance

Massive
influxes

García-
Sánchez et al.
(2020)

Mexican Caribbean Evaluation of geotagged
photographs: monitoring of
beached biomass

Atypical arrival Arellano-
Verdejo and
Lazcano-
Hernández
(2021)

Caribbean islands, Mexican
Caribbean and other localities
(Gulf of Mexico)

Remote sensing: development
of a forecasting tool

Sargassum
inundation

Trinanes et al.
(2021)

MERIS, Medium Resolution Imaging Spectrometer; MODIS, Moderate Resolution Imaging Spectroradiometer; L8-OLI, Landsat 8 Operational Land Imager; SF, S. fluitans
III; SN, S. natans; SN1, S. natans I; SN8, S. natans VIII.

of excessive algal material, and groundwater, due to leachates
from onshore algal disposal sites, impacts the environment
and the economic activities developed in coastal areas (Franks
et al., 2012; Chávez et al., 2020). It should be noted that the
degradation of species of Sargassum depends on the dissolution
and degradation of alginate, the main structural component of

its cell walls, while other reactive compounds in the algae also
affect degradation (Forro, 1987; Conover et al., 2016; Thomas
et al., 2017). In most cases, the degradation of the algae after an
event can cause adverse effects on the health of the surrounding
ecosystems. In near-shore environments, and even in deeper
areas, the rate of organic matter degradation is determined by
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FIGURE 1 | Pelagic taxa involved in the Sargassum events at the Caribbean. (A): Sargassum natans I; (B): S. fluitans III; (C): S. natans VIII (Parr, 1939). Scale: 1 cm.
Leaf shape, axes and shape of vesicles are shown. For detailed morphological descriptions see Vázquez-Delfín et al., 2020. (D): Sentinel-2 satellite image for the
north coast of the Mexican Caribbean coast showing Sargassum floating biomass (red); (E): Management of Sargassum stranded biomass in the Mexican
Caribbean coast.

factors such as microbial accessibility, temperature, and pH. As a
product of the biological degradation of brown algae, gases (H2S,
NH3, CO2, CH4), organic matter, and a high biological oxygen
demand (BOD) area is formed, giving rise to anaerobic zones
(Song et al., 2020). In addition, different dissolved compounds,
such as mannitol, volatile fatty acids, alcohols and polyphenols,
can be released from their tissues. Bacteria involved in these
processes generally use the products to maintain their own
metabolism (Thomas et al., 2017), while some other nutrients or
ions released may cause eutrophication (van Tussenbroek et al.,
2017). Nevertheless, there is a lack of knowledge regarding the
factors that trigger Sargassum proliferation and degradation,
which constrains predictions of their impact on the environment.

Beyond the negative effects of Sargassum events, it should
be noted that floating and stranded biomass provides some

important elements to coastal and marine ecosystems (Table 2)
and some emergent opportunities have been identified for
local communities (see section “Valorization and management
of Sargassum biomass: opportunities”). Sargassum holopelagic
species may also play a unique role in the North Atlantic sub-
gyre as they are home to an iconic drifting pelagic ecosystem,
including some endemic species (Lopez et al., 2008; Louime
et al., 2017; Brooks et al., 2018). Large quantities of holopelagic
Sargassum suggests that carbon sequestration can be a positive
outlook of this phenomena, particularly counterbalancing habitat
loss and sequestration capacity of seagrasses and mangroves,
both highly impacted and degraded by anthropogenic activities
(Duarte, 2017). The relevance of macroalgae communities to
sequester and transfer carbon and consequently their potential
use as mitigation strategy to climate change seems clear, albeit
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TABLE 2 | Ecological and socioeconomic impacts of Sargassum events for the Atlantic coasts, with special attention to the Caribbean region/Western Atlantic.

Sector Impact Reference

Ecological impacts

Coastal impacts Beach erosion, changes in benthic
community structure and function.
Coastal dead zones due to
biomass decomposition and beach
fouling. Killing of mangrove and
seagrass seedlings.

UNEP (2018)

Eutrophication, reduction in light,
oxygen (hypoxia or anoxia) and pH
in the near-shore waters. Changes
in the species composition of the
benthic community and seagrass
loss. Toxic leachate production.

van Tussenbroek et al. (2017)

Risk of environmental
contamination by heavy metals (As).

Rodríguez-Martínez et al.
(2020)

Changes in the food webs, with
consequences on the balance of
the trophic structure.

Chávez et al. (2020)

Fauna Changes in the behavior of nesting
sea turtles. Lower nesting success.
Decomposing Sargassum biomass
creates lethal temperatures for the
developing embryos.

Maurer et al. (2015); Azanza
and Pérez (2016); Chávez et al.
(2020)

Dead fish, turtles and other marine
wildlife (crustaceans, echinoderms,
mollusks and polychaetes).

UNEP (2018); Chávez et al.
(2020)

Ecosystems and biodiversity While floating, biomass provides
habitat and refuge for diverse
species.

Coston-Clements et al. (1991);
Huffard et al. (2014); Chávez
et al. (2020)

Introduction of nutrients to the
marine-terrestrial ecotone,
representing a natural fertilizer that
favors the growth of vegetation on
some beaches and dunes.

Williams and Feagin (2010);
Chávez et al. (2020)

Carbon sequestration (CO2

remover) and mitigation of climate
change: floating Atlantic biomass
represents a carbon stock up to
7.5 Pg C, comparable to key
marine ecosystems.

Gouvêa et al. (2020);
Paraguay-Delgado et al. (2020)

Socioeconomic impacts

Fisheries Fishing operations interrupted and
reduced access to fishing. Increase
in the mortality of fish and other
marine life and reduced fish
catches.

UNEP (2018)

Human Health Production of hydrogen sulfide and
anhydrous ammonia as a result of
decomposition, which produce
irritation to the upper airways,
headache, nausea, confusion and
extreme damage.

UNEP (2018); Chávez et al.
(2020); Resiere et al. (2020)

Tourism Decaying Sargassum biomass
reduced tourism activity by 35%,
due to bad smells and unattractive
visual impact.

UNEP (2018); Chávez et al.
(2020)

arguable (Duarte, 2017; Krause-Jensen et al., 2018; Smale et al.,
2018). Macroalgal communities can take up to 1.5 Pg C yr−1

globally via net production from which 0.173 Pg C yr−1 (88%)

is sequestered in deep ocean (Krause-Jensen and Duarte, 2016;
Krause-Jensen et al., 2018). The Sargassum biomass in Atlantic,
spread over 227 × 104 km2, produces an estimated mean
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annual carbon stock of 7.5 PgC (Gouvêa et al., 2020) similar
to seagrass or mangroves (5–8 Pg C) (Howard et al., 2017).
If those numbers are correct, holopelagic Sargassum must be
considered as an important pathway for CO2 removal from the
atmosphere. Moreover, its interconnectivity with deep ocean and
coastal zones makes pelagic Sargassum a key element for Blue
Carbon strategies, but the fate of this carbon should be further
investigated. Alternatively, artificial burial in isolated areas or
deposition in the deep ocean deserves attention since it will take
carbon out of its cycle. Nevertheless, Sargassum biomass does
not constitute a static resource and the estimates of sequestration
potential should be taken with caution. Additionally, possible
uses of the harvested seaweed biomass, either to be used as
biofuel (López-Sosa et al., 2020), methanisation and/or for
extracting valuable compounds could be an efficient solution
for the management of the Sargassum biomass. The adequate
management of this resource to counteract negative impacts of
Sargassum events is desirable but requires further investigation.

STRATEGIES TO APPROACH THE
STUDY OF THE PHENOMENON: FROM
THE EXPLORATION TO MANAGEMENT

Sargassum events are complex phenomena that involves different
participatory actors and decision makers, affects human health,
the economy and ecological marine and coastal systems. It
also has a large spatiotemporal variation that affects different
countries at a regional scale, either simultaneously or at
different time points. Therefore, to address this phenomenon,
we should include different perspectives, interdisciplinary and
transdisciplinary approaches and participative management,
which are current topics in sustainability and international
collaboration (Kasemir et al., 2003; Lang et al., 2012). Some of the
priority issues identified are: gathering information to forecast
the distribution and arrival of floating biomass, explore the
causes and effects of the phenomenon, identify the challenges of
their offshore collection and the implementation of stabilization
strategies to avoid degradation of the feedstock. Finally, it
is crucial to obtain information to valorize the biomass of
pelagic Sargassum, and for the development of its exploitation
and mitigation strategies to achieve effective management. To
reach this ambitious objective we summarize the different
phases and some of the factors that should be considered,
focusing on the exploratory phase, which is a current ongoing
phase in several Caribbean countries (Figure 2). Although in
some countries different exploitation proposals (Rodríguez and
Orellana, 2008; Carrillo et al., 2012; Velasco-González et al.,
2013; Cuxim and Balam, 2015; Rodríguez-Martínez et al., 2016;
Mohammed et al., 2019) and some mitigation strategies have
been developed (SEMARNAT, 2015; CONACYT, 2020), they
have been unsuccessful due to the lack of exploratory and
basic information, and the lack of international cooperation
that is required to address a phenomenon of this magnitude.
It is worth mentioning that Sargassum events impacts the
coastal human communities, thus, anthropological and socio-
economic studies are required in the exploratory phase to develop

normativity and regulations. In relation to the participatory
actors (government, academic institutions, local communities,
private enterprises), we remark on the necessity of their
involvement in all the proposed phases in a collaborative way.
It is noteworthy that the relevance of local communities to
natural resource management has been demonstrated as both
effective and relevant on sustainability and conservation topics
(Shackleton et al., 2002; Fabricius, 2004; Fabricius and Collins,
2007). However, there is no published information on the role
of local communities to address the Sargassum events in the
region for the proposed phases, so its role is undefined and the
opportunity for participation is missing.

The exploratory phase of Sargassum events has allowed the
development of valuable information about the phenomenon.
The detection and monitoring of floating biomass has been
successful for over a decade (Franks et al., 2012; Gower
et al., 2013; Congedo, 2016; Arellano-Verdejo et al., 2018;
Cuevas et al., 2018; Wang et al., 2018; Arellano-Verdejo and
Lazcano-Hernández, 2021). Thus, low, moderate and high spatial
resolution satellite images have been employed to implement
algorithms for the monitoring of pelagic Sargassum. The most
used remote sensing inputs for mapping Sargassum coverage are
the optical images which use solar radiation (Landsat, Sentinel-2,
MODIS, and SPOT). The Maximum Chlorophyll Index (MCI)
(Gower et al., 2006), the MODIS Red Edge (MRE) (Gower
et al., 2013), Normalized Difference Vegetation Index (NDVI)
(Lasquites et al., 2019) and the Floating Algae Index (FAI) are
some of the straightforward image-processing algorithms that
are also commonly used. However, more complex algorithms
need to be implemented such as Alternate Floating Algae
Index (AFAI) (Wang and Hu, 2016), Random Forest algorithm
(Cuevas et al., 2018) and Deep Learning and Recursive Neural
Networks approaches (Arellano-Verdejo et al., 2018). Hence,
low resolution data allows for covering more extensive areas in
one image and daily monitoring of Sargassum, whereas high
resolution data gives more specific details, but lacks the daily
supply of images. The spatial configuration of pelagic Sargassum
masses tends to generate elongated lines of few metres wide,
termed windows, or its accumulation in small patches. If these
configurations do not exceed the minimum detection size and
density limit (20% of the area of the pixel), then the ability to
detect Sargassum through satellite images is severely restricted
(Hu et al., 2015). In this sense, low resolution sensors may
underestimate the presence of floating algae. Therefore, the use of
high-resolution data (<10 m resolution) is highly recommended
to detect and map the distribution and cover of Sargassum on
open sea surface. According to Hu et al. (2015), the area of
Sargassum inside of a 10 m resolution pixel should be bigger
than 20 m2 in order to be accurately detected by any of the
aforementioned algorithms.

Other actions needed in the exploratory phase are scarce or
restricted to some countries and focus on specific aspects such
as the determination of the chemical composition of pelagic
Sargassum (Lapointe et al., 2014; Sissini et al., 2017; Lapointe,
2019; Chávez et al., 2020; García-Sánchez et al., 2020; Rodríguez-
Martínez et al., 2020; Amador-Castro et al., 2021; Davis et al.,
2021).
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FIGURE 2 | Strategies to address the management of Sargassum events in the region. The actions needed, relevant factors and actors involved are included, from
exploratory to management phase. ?: indicates that official information is not available to identify the specific role of local communities.

In the management phase, national and local authorities,
civil society and private sector have made some efforts, which
include implementation of forecasting systems, trials on different
strategies of containment to avoid the arrival of floating biomass
to the coasts, and removal actions of the stranded biomass either
by hand or using machinery (Rodríguez-Martínez et al., 2016;
Chávez et al., 2020). However, some of these efforts have been
unsuccessful. For example, in 2018 a barrier system project was
implemented in some areas of the Mexican Caribbean coast, but
the amount of Sargassum biomass exceeded the capacity of the
barriers and failed, causing severe accumulations not only on the
beaches but on the seabed due to the sinking of the biomass
accumulated in the barriers (personal observation EVD, DR).
Some private initiatives have developed not only containment
barriers, but diversion barriers to deflect the biomass to particular

areas where it is removed (DESMI project, 2021). Nevertheless,
the collection of pelagic Sargassum at sea should include the
development of methods to avoid incidental capture of the
macrofauna associated with pelagic masses, such as juvenile fishes
and turtles (Maurer et al., 2015).

VALORIZATION AND MANAGEMENT OF
SARGASSUM BIOMASS:
OPPORTUNITIES

The valorization of algal biomasses, i.e., improving or attempting
to improve the value, price or use of Sargassum, can be an
opportunity to ameliorate the economic damage generated in the
region (Table 2). This may be particularly effective if authorities
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FIGURE 3 | Chemical composition of stranded biomass of Sargassum spp. from Mexican Caribbean. Elemental and proximal composition and commercial interest
polysaccharides. Analysis from samples collected at Puerto Morelos, Quintana Roo, Mexico during 2018 Sargassum event. Values are reported with respect to the
dry weight (dw).

are able to harvest biomass at a proper time and exhaustively
avoiding its accumulation in order to prevent some of the
damage caused after stranding. However, this task has proven
to be difficult, especially during massive events, as mentioned
above. Also, Sargassum spp. capacity to absorb heavy metals
and its discontinuous and unreliable supply due to seasonal
variations are the main constraints to harvest this alga for
commercial exploitation, as has been shown for the invasive
S. muticum in Europe (Lodeiro et al., 2004; Carro et al.,
2015). Therefore, understanding the spatiotemporal changes
in its abundance, biochemical composition and the impact of
Sargassum proliferation, persistence and degradation is critical.

During the inundations of the Gulf of Mexico and the
Caribbean in 2015, approximately 10,000 tons of fresh seaweed
were stranded on beaches daily (Milledge and Harvey, 2016).
Tourism in the Caribbean is worth $29.2 billion dollars, and it
has been estimated that it will cost at least $120 million dollars
to clean-up the Sargassum inundations in this region (Milledge
and Harvey, 2016). Due to the economic cost of removing the
stranded seaweed, there is an imperative need to define technical
and ecological measures to forecast an event and reduce its
proliferation and valorize its biomass. Large volumes of algae
reaching the beaches have a great potential to be used for different
purposes, as proposed in recent publications (Milledge et al.,
2015; Milledge and Harvey, 2016; Amador-Castro et al., 2021;
Davis et al., 2021). However, in order to propose its further use
and harvesting strategies, it is essential to know basic aspects
of the incoming resource. Several elementary questions need
to be answered: Which are the species found and what is its
relative abundance? What are the regional and local factors
that promote proliferation and accumulation of biomass in

the beaches? What is the chemical composition of the species,
and how this composition varies spatiotemporally? These are
fundamental areas of research to understand the potential use
of the resource.

Interestingly, each year Sargassum events in the Caribbean
have been characterized by the predominance of a particular
taxon depending on the geographical location. For example,
S. natans VIII was described as the predominant species in
2015 events (Amaral-Zettler et al., 2017), but recent studies have
shown that predominant taxa could vary according to location
and time (Schell et al., 2015; García-Sánchez et al., 2020). In other
coastal areas such as the Mexican Caribbean the predominance of
S. fluitans has been more evident throughout the years, although
different proportions of the other holopelagic and benthic
species of Sargassum are also present (Vázquez-Delfín et al.,
2020). Differences in the occurrence and relative abundance of
Sargassum species/taxa may translate into significant differences
in the biochemical composition of the biomass, including toxic
metals content such as Arsenic (Rodríguez-Martínez et al., 2020).
Furthermore, the high ash and water content are important
constraints in the use of Sargassum biomass as a biofuel
source (Milledge et al., 2014). Nevertheless, previous studies
on Sargassum species have shown that through a biorefinery
approach other high value compounds such as antioxidants
are viable to obtain (Namvar et al., 2013; Milledge et al.,
2015).

Sargassum species have the potential to produce a wide range
of high value biochemicals, nutraceuticals and pharmaceuticals
(Davis et al., 2021). However, considerable research is still
required in order to characterize and understand Sargassum
events, including seasonal variation in biochemical composition,
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as well as processes with high added value and the development
of commercial products. Biomolecules of interest may vary with
physical-chemical parameters such as light intensity, nutrient
availability, and temperature (Tanniou et al., 2013). Therefore,
work should focus on the quantity and quality of potential
compounds, for example those with antioxidant properties such
as carbohydrates, lipids, carotenoids, phenols and proteins, which
may vary spatiotemporally. Important insights on when and how
to collect and preserve the algae or how heavy metals uptake
and accumulation behaves in relation to species are research
areas of interest. Holopelagic Sargassum is always moving and
exposed to very contrasting environments, from marine to
coastal areas, with significant differences in temperature, nutrient
loading, exposure to heavy metals, etc., and thus changing and
adjusting its metabolic performance. This, in turn affects the
chemical composition of pelagic seaweeds. The main challenge
of the affected countries is to manage and valorize Sargassum
biomass under a sustainable and economically efficient approach.
Nevertheless, we must first understand what are the main
environmental factors that induce their proliferation, regulate
physiology and growth, and how these affect yield and quality of
commercial interest compounds (Figure 2).

The basic chemical composition of stranded Sargassum
biomass from the Mexican Caribbean is shown in Figure 3;
however, these values may vary depending on several
factors including species, seasonality and extraction methods
(Rosado-Espinosa et al., 2020; Terme et al., 2020). Care
must be taken to consider the level of degradation of
Sargassum spp. while stranded in the beach, where microbial
composition and decomposition rates vary with physical-
chemical parameters. Moreover, high light intensities will
also promote photodegradation of both floating and stranded
Sargassum (Powers et al., 2019). The decay of macroalgal also
depends on their biochemical composition and morphological
complexity (Braeckman et al., 2019).

Amongst the brown seaweeds commonly used commercially,
Sargassum spp. is the least exploited genus, despite its enormous
quantities found all over the world and in recent events. Valuable
hydrocolloids, such as alginate and fucoidan, are also found in
Sargassum, as in other Phaeophycean algae. Alginates are cellular
wall polysaccharides found in the matrix of brown seaweeds,
composed of linear binary copolymers of (1→ 4)-linked β -D-
mannuronic acid (M) and ∝ -L-guluronic acid (G) monomers,
whereas fucoidans designate a group of fucose-containing
sulfated polysaccharides, which are highly heterogeneous in
structure, made up of fucose, galactose, mannose, xylose,
glucose, uronic acids, sulfate substituents, and sometimes acetyl
groups (Draget et al., 2005). A broad number of applications
have been described for brown algae polysaccharides, most
notably antioxidant, anticoagulant and antithrombotic, antiviral,
anticancer, antidiabetic, immunomodulating, anti-inflammatory,
antilipidemic and anti-fertilization effects (Ale et al., 2011).
However, Sargassum species typically give low yields (< 19%)
of poor-quality alginate (Torres et al., 2007), but they may be
potential sources of fucose-containing sulfated polysaccharides.

As part of an ongoing research program in the Mexican
Caribbean, estimates of alginate or fucoidan content in stranded

Sargassum biomass were determined (Figure 3). Mean content of
alginates and fucoidans are higher in S. fluitans than S. natans
I, and both cell wall polysaccharides account for ∼40% in dry
weight (dw), with alginate content almost four-fold higher than
fucoidan. Manuronic (M) and guluronic (G) blocks forming
the alginate structure are also important to define the quality
of alginates, a higher proportion of G blocks results in higher
gel strength (Mohammed et al., 2019). These authors found
optimum extraction conditions for S. natans with a yield
between 17 and 28% after a two stage extraction processes
resulting in an alginate with an M/G ratio of 0.45, indicating
high guluronic acid content, aligned to high gelling capabilities
(Mohammed et al., 2019).

On the other hand, fucoidans found in various Sargassum
species are prominently sulfated galactofurans, which may differ
considerably in chemical composition, molecular mass and
structure, depending on the algal species studied, spatial and
temporal variation, or on the type of tissue sampled (Duarte et al.,
2001). Extraction and purification methods may greatly affect
the structure and the composition of the isolated fucoidan and
may significantly affect the results obtained when the fucoidan
products are being evaluated for bioactivity (Hifney et al., 2016).
These authors developed an efficient and effective extraction
process for the sulfated polysaccharides from Sargassum sp. with
a fucoidan yield and sulfate content of 19 and 47.6% (dw)
respectively, preserving their structure and biological activity.

Currently, alginates and fucoidans are the only compounds of
Sargassum spp. with a current developed value chain. However,
further studies should be performed to find other potential
uses and other extractable compounds. Thus, the variation in
the relative abundance of species and its chemical composition
during each Sargassum event will determine their valorization
and management strategy.

CHALLENGES AND CONCLUDING
REMARKS

The management of Sargassum events represent a challenge to
the participatory actors, stakeholders and decision makers, which
includes governments, research institutions, local communities,
tourist industry and other private sectors. Some priority actions
are needed:

a) Continuous monitoring of physicochemical parameters
in strategic areas. Relevant seawater physicochemical
parameters, i.e., dissolved oxygen (DO), pH, turbidity
and nutrient concentrations. Measurement of toxic gases
(H2S and NH3) when significant amounts of Sargassum
remain stranded in the beach for more than 72 h
is required (Resiere et al., 2020). This monitoring is
fundamental for understanding how Sargassum events impact
ecosystems/locations and to define management policies. Safe
protocols for Sargassum collection and biomass removal will
help prevent negative impacts during extreme events.

b) To address the Sargassum events in the Caribbean Sea under
a sustainable development approach, we must combine
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ecological, physiological, biotechnological and socioeconomic
approaches. Interdisciplinary research must focus, not
exclusively, but consistently in: (i) improving our knowledge
on the physiology of Sargassum species and how they
respond to environmental changes in order to estimate
the triggering factors and abundance of their biomass. (ii)
understanding how environmental conditions affect the
quality and quantity of compounds of interest in Sargassum
species and therefore determine the optimal collection
opportunities, in order to develop a sustainable bioprocess
to valorize Sargassum biomass.

c) Develop standardization protocols for Sargassum studies
through international cooperation and transdisciplinary work,
i.e., threshold values for heavy metal content, H2S and NH3
air concentrations (ANSES, 2017; Lähteenmäki-Uutela et al.,
2021). International consensus on regulations for Sargassum
detention, collection and treatment methods to avoid/reduce
environmental damage are required. Caribbean Regional
Fisheries Mechanisms (CRFM) has a model protocol for
the management of extreme accumulations of Sargassum for
member States (CRFM, 2016); whereas countries like France
and Mexico have also prepared recommendations to manage
and regulate Sargassum events (ANSES, 2017; CONACYT,
2020).

The above-mentioned actions will definitely aid in finding
the right balance between the valorization of natural resources,
technological development and responding to the need for

coastal management in the affected areas. Interaction between the
different actors is fundamental to the development of strategic
management, processes and technologies.
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Listening to a story stimulates children to understand concepts and vocabulary,
while developing their background knowledge. Previous research indicates that the
use of scientifically accurate literature helps children connect to the natural world.
Promoting environmental education (EE) should be of utmost importance in school
curricula, providing opportunities to students to improve their knowledge regarding the
environment, and how to protect it. Particularly, marine ecosystems have been subject
to increasing pressures, highlighting the importance of taking Ocean Literacy (OL) to the
classroom. Drawing attention to more relatable environments, like a river, by tailoring
OL activities to local contexts and community interests, might be an efficient strategy to
raise awareness of ocean problems. A children’s book, written by a MARE (Marine and
Environmental Sciences Centre, Portugal) researcher, with a macrobenthic invertebrate
as the main character, was the springboard for an outreach project, developed with
elementary school students. The project aimed to assess the impact of using a children’s
book as a tool to promote environmental awareness, focusing on river basin ecological
issues. Researchers conducted reading sessions of the book with 89 female and 87
male elementary school students (ages between 8–10). The target audience were
students from two public and two private schools from an urban city and a city with
a strong fishing tradition, aiming to assess if the reading session impacted students
differently according to their background. A sequential explanatory mixed methodology
was applied, using a pretest-posttest design, combined with focus group interviews in
the last phase, to measure change in students’ knowledge, before and after the reading.
Results demonstrated that there was an overall improvement in students’ knowledge
regarding river basin biodiversity and anthropogenic threats they are subjected to.
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Furthermore, the idea that local impacts on rivers will also reach and influence the
ocean was always present throughout the reading sessions. Students’ background,
such as the type of school and region influenced higher posttest score results. In
particular, students from Lisbon had higher scores in posttest results, while the same
was observed for students from private schools. The present research revealed that a
children’s book is an effective tool to improve environmental knowledge, while being an
entertaining activity for students.

Keywords: environmental education, Ocean Literacy, storybook reading, elementary students, outreach project

INTRODUCTION

Our society relies on limited resources that are being overused
and neglected, jeopardizing not only nature but human health
and global prosperity (Muthukrishnan, 2019). It is urgent to
educate and inform citizens of all ages, promoting responsible
attitudes, and a critical mindset. Stapp et al. (1969), the first to
coin the term environmental education (EE), defined its goal as
“(. . .) producing a citizenry that is knowledgeable concerning
the biophysical environment and its associated problems, aware
of how to help solve these problems, and motivated to work
toward their solution.” EE should be accessible to all, providing
opportunities for every citizen to improve their knowledge
regarding the natural world, and the ways to protect it, engaging
society to contribute in its protection (UNESCO-UNEP, 1978).
This should be a subject of utmost importance in school curricula,
not only because students of today are the citizens of the future,
but also because they can be influential vectors, through whom
the environmental message reaches a wider audience, since it is
passed on to their relatives (Ballantyne et al., 1998).

Marine ecosystems have been subject to increasing pressures,
accentuating the need to raise awareness on their environmental
problems, through the advocacy of a more ocean literate society.
The goals of EE are aligned with the ones of Ocean Literacy (OL):
according to the US Commission on Ocean Policy [USCOP],
2004, to be considered an ocean-literate person, besides
understanding the ocean, one should be able to communicate
about it and to make informed and responsible decisions
regarding its resources (Cava et al., 2005), understanding how
dependent we all are on the marine ecosystems, and how those
depend on our attitudes [National Oceanic and Atmospheric
Administration [NOAA], 2013]. Highlighting the importance of
taking the ocean to the classrooms, in 2015 the United Nations
announced the Agenda 2030 for Sustainable Development,
composed of 17 Sustainable Development Goals (SDGs), one
of which, the SDG 14 is: “Conserve and sustainably use the
oceans, seas and marine resources for sustainable development”
[UNESCO, 2017]. More recently, it was declared the United
Nations Decade of Ocean Science for Sustainable Development
2021–2030, demanding increasing efforts to implement OL
activities [United Nations [UN], 2018]. Promoting awareness
on ocean issues while strengthening society’s connection to the
ocean is fundamental, considering most citizens across different
countries have deficient knowledge of ocean concepts and the

way marine ecosystems affect their life quality (Schoedinger et al.,
2006; Guest et al., 2015; Mogias et al., 2019).

Drawing attention to more relatable environments, tailoring
OL activities to local contexts and community interests, might
be an efficient strategy to raise awareness on ocean problems
(Kelly et al., 2021). As stated in the “OL Essential Principles and
Fundamental Concepts,” principle 1.g. and 6.e. (Ocean Literacy
Campaign, 2013), all the water in the planet is somehow united
to the ocean, and pollution and physical modifications in inland
ecosystems, like rivers, affect the ocean. Promoting awareness
for inland waters, like river’s protection, can be a path for the
promotion of OL.

A scientifically accurate children’s book is an accessible tool
to deliver knowledge in a delightful way (Pringle and Lamme,
2005), allowing young readers to understand abstract concepts
that become more relatable (Carr et al., 2001). By immersing
in the plot of the story, children relate with the characters’
emotions, making connections that inspire them to find solutions
to problems that gain a more empathetic perspective (Butzow and
Butzow, 1990; Monhardt and Monhardt, 2000; Zambo, 2007).
Besides knowledge improvement, using a storybook to teach
scientific concepts often contributes to gain respect, caring, and
concern for nature (Moser, 1994) fundamental values to embrace
environmental protection.

When choosing a storybook to teach science, attention to
accuracy should be a priority, since students will assume that
the information they hear in the classroom is correct, thus,
without dismissing writers’ creativity, the text must contain
precise scientific concepts (Rice, 2002; Pringle and Lamme,
2005). Furthermore, communicating to the public is often a
challenge for many researchers, despite being a crucial part of
their work, and storytelling can be a valuable outreach tool
(Martinez-Conde and Macknik, 2017).

In the present study, a children’s book, an original short
story written by a MARE (Marine and Environmental Sciences
Centre, Portugal) researcher, with a macrobenthic invertebrate
as the charismatic main character (a water scorpion), was the
springboard for an outreach project. Reading sessions of the book
by Chaves (2018) Zé, the false scorpion (“Zé, o falso escorpião”)
were carried out with elementary school students from private
and public schools located at the Portuguese cities: Lisbon, a more
urbanized city and Setúbal, a city with a strong fishing heritage.
The project aimed to assess the impact of using a children’s
book as a tool to promote environmental awareness, focusing on
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river basin ecological issues. Another objective was to understand
how student’s background (different cities and different types of
school) influences knowledge improvement, given the use of the
referred tool. Overall, we expect to further contribute to a more
ecologically educated and ocean-literate society.

MATERIALS AND METHODS

The project was presented to the schools’ coordinators and
teachers, to grant permissions and establish contacts. A total of
176 elementary school students participated in the project (89
female and 87 male), comprising eight classes from grades 3 and 4
(aged 8–10). The students belonged to four different schools: one
private and one public school, respectively, from an urban city
(Lisbon) and from a city with a strong fishing heritage (Setúbal).

Activities included two visits to each school, carried out
by MARE researchers, belonging to the educational outreach
program “MARE goes to school.” The first visit, performed
always by the same person, to avoid variances across the read-
aloud, consisted of a reading session of the book “Zé, the false
scorpion” (“Zé, o falso escorpião”). In the story, a boy is enjoying
a walk by a river when encounters a water scorpion. Curious, the
boy wants to know more about it, and it is the water scorpion that
explains all about its anatomy and ecology, and human impacts
on the river (water pollution, sand extraction, plants destruction
and the construction of bridges and dams). Deciding to help
preserve the river, the boy spreads the message and manages to
get the attention of grownups that build a fishway to mitigate
the dam impact. In the end, the reader is encouraged to visit
a river and learn more about it. During the session, students
were stimulated to interact, by asking questions, or commenting
on the story. Book illustrations were displayed through a data-
show system, so students could observe them while listening, for
a better comprehension of the mentioned concepts. Two and
a half weeks later, the second visit consisted of collecting data
to assess the book effect on students, and was carried out by
the person of the first visit, with the assistance of another co-
author of the present study (MARE researcher). Sessions were
performed inside the classroom, during school-time, and the
teachers were always present.

Data Collection
To investigate the effect of the reading on students’ knowledge,
a sequential explanatory mixed methodology was applied, with
a pretest-posttest design, combined with focus group sessions in
the last phase. The following assessment instruments were used:

(i) A pretest closed questionnaire (Table 1), comprising
seven questions related to rivers biodiversity and the
anthropogenic impacts they are subjected to, aiming to
evaluate students’ previous knowledge of the issues focused
in the subsequent reading session;

(ii) A posttest consisting of the same questionnaires used as
pretest (Table 1) was applied on the last visit to the school,
to compare change in students’ knowledge before and after
the reading;

TABLE 1 | List of questions used as pretest and posttest.

Question

1. Knowledge on rivers’ biodiversity

1.1. Identify all the animals that can be found in rivers
a. Killer Whales
b. Fishes
c. Insects
d. Anemones
e. Corals

1.2. To which group of animals belongs the water scorpion?
a. Insects
b. Crustaceans
c. Mollusks
d. Amphibians
e. Mammals

1.3. What distinguishes insects from other animals?
a. Lay eggs, metamorphize, molt the external skeleton, have six

legs
b. Can’t metamorphize, have scales, have an internal skeleton, have four

legs
c. Have fur, produce milk for their young through mammary glands,

females get pregnant, the skeleton grows
d. Have feathers, lay eggs, the skeleton grows, have two legs

2. Threats to river’s biodiversity

2.1. Identify all the examples of threats to river’s biodiversity:
a. Water pollution
b. Dams
c. Air pollution
d. Wind turbine towers
e. Native forest conservation

2.2. Identify one problem caused by dams to rivers’ biodiversity:
a. Block the passage through the river
b. Water gets saltier
c. Damage coral reefs
d. Reduce seals’ population
e. Increase water clearness

3. Rivers’ Conservation

3.1. Identify all that can be done to protect rivers’ biodiversity:
a. Reach to an environmental organization when there is a threat
b. Build a fish ladder
c. Organize a music festival by the river
d. Feed the animals that live on the river
e. Cut vegetation from the margins

4. Uses of rivers

4.1. From the examples, choose all that better fit the next sentence, “Rivers are
important for people, to”:

a. Produce energy
b. Water the fields
c. Observe whales and sharks
d. Extract oil
e. Produce seaweed

Correct answers are indicated in bold.

(iii) A focus group session was conducted with each class,
after the posttest was applied. The session had a duration
of 15 min and it was held with each class divided in
two groups, which participated separately in the session.
The moderator facilitated the discussion using eight
pre-determined questions (Table 2), allowing students
to offer contributions on what they believed was the
main message of the story and their appreciation of
the book. This instrument supports the findings from
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TABLE 2 | List of pre-determined questions used to facilitate the focus group
sessions.

Question

1. What kind of river animals do you know?
2. In the story, which animal is the main character? What distinguishes it from

other animals?
3. What does António [character from the story] find about the threats rivers

are facing?
4. How does António try to solve the problem?
5. Why is it important to protect rivers and their biodiversity?
6. What can we do to protect them?
7. What would you like to add about the questionnaire (posttest) you filled

today?
8. And finally, what did you like the most? And the least?

the other questionnaires, enabling a methodological
triangulation approach. To ensure that none of the
student’s interventions was missed, focus group sessions
were audio-recorded;

(iv) Satisfaction questionnaires (Supplementary Appendix 1),
composed of nine questions with answers varying in a
Likert scale from 1 to 5 (1 – Nothing; 2 – Not much;
3 – More or less; 4 – Very; 5 – A lot), and two “open
questions” (“What did you like the most? And the least?”)
were applied after the reading session, to assess students’
appreciation of the book.

Data Analysis
Pre and Posttest
Answers obtained from both questionnaires (pre and post)
were scored according to a correction matrix (Mogias et al.,
2019): each correct answer from both questionnaires had
a score equal to one (1); on multiple-choice questions the
score value was divided by the number of correct options;
each incorrect answer was scored as zero (0); the total score
obtained was considered proportional to students’ knowledge
on the subjects.

Students’ answers to each question in pre and post
questionnaires were also transformed in relative frequencies. To
compare these relative frequencies between pre and posttests, a
t-test statistic (t) was used and if greater than 1.97 a statistically
significant difference was considered.

Considering that score data were not normal, the non-
parametric Kruskal–Wallis (H) test was applied to analyze
the existence of statistically significant differences (p < 0.05).
Applying the same method, posttest results were further
analyzed, to assess the effects of schools’ background factors
(region and public/private) on students’ knowledge. Analyses
were performed in R software (R Core Team, 2019).

Focus Group
All focus group interviews were audio-recorded and were
analyzed through content analysis, based on categories that
emerged from starting questions and responses given by the
participants, aiming to support the study results. Through an
iterative process of reading and re-reading data, meaningful

pieces of text were assigned to those categories (Miles and
Huberman, 1994).

Appreciation Survey
Answers to the appreciation questionnaires were subject to
descriptive statistics based on their relative percentages.

RESULTS

Knowledge and Environmental
Awareness
Students revealed an overall improvement of knowledge
on the issues presented in the story, obtaining significant
statistical differences between the scores, in pre and posttests
(H = 10.854, p < 0.05), with higher average scores in posttest
questionnaires (Figure 1).

Significant statistical differences between pre and posttests
were obtained across most of the questions, with exception to
the questions: 1.1. E, 1.2. C and D, 2.1. A and E and 2.2. D
(t < 1.97) (Figure 2). The highest change in perception was
registered on the following issues: the correct classification of the
water scorpion as an insect (1.2. A and 1.2. E), the perception of
dams as a threat to river biodiversity (2.1. B), and the realization
that feeding the animals is not a solution to protect river fauna
(3.1. D) (Figure 2). These results were validated during the focus
group sessions. The aspects of the story better retained by the
students were related to the main character, human impacts and
the appropriate solutions:

Zé was a water scorpion, a bug! (Student 1).
It had a tube to breathe above the water (Student 2).
It is different from the other scorpion, because its tail does not
sting (Student 3).
The river was polluted because humans were polluting it, and
there was a dam blocking animals’ passage to the other side of
the river (Student 4).
In the end they built a ladder to help the fishes (Student 5).

Influence of Students’ Background
Factors
From the 176 students that took part in the project, 57.4% were
from private schools, and 42.4% from public schools. Results
revealed a statistically significant difference between public and
private schools, regarding posttest’s scores. Students from private
schools had higher average scores in posttests. (H = 10.854,
p < 0.05) (Figure 3).

Regarding school location, students from Lisbon represented
57.4% of the total sample, and students from Setúbal represented
42.6%. Differences in posttest scores between students from
Lisbon (urban area) and Setúbal (fishing area) were statistically
significant (H = 10.854, p < 0.05). Higher average scores in
posttests were obtained for Lisbon students (Figure 4).

Appreciation Survey
The overall students’ evaluation of the story was very positive (4 –
34%; 5 – 58%) (Table 3). Regarding illustrations, opinions were
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FIGURE 1 | Total scores for each type of questionnaire (Middle line – median; box lower and upper limits – 1st and 3rd quantiles; whisker values – 1.5 times the
interquartile range from the top (or bottom) of the box to the furthest datum; points – outliers).

FIGURE 2 | Relative frequencies obtained for each question: � pretest; � posttest. Questions with significant differences between pre and posttests are marked
with ∗ (Correct answers are marked with a rectangle).

also positive (4 – 25%; 5 – 41%). Most found the story informative
(5 – 72%), “easy to understand” (5 – 62%) and interesting (5 –
54%). Students indicated that the story contributed to raise
their awareness of river conservation (5 – 69%) and helped
them to understand human impacts on rivers. One of the
most liked aspects referred to in the open answers, besides the
story (11.9%) and the main character (10.2%), was “helping the
animals/the river” (7.4%), and one of the least liked was “river
pollution” (9%).

Results from the appreciation questionnaires were consistent
with students’ opinions expressed during the focus group
sessions, when they highlighted the following aspects of the story:

I liked that they [story characters] contributed to save the
river (Student 6).
I liked that they helped the river to get better (Student 7).
What I liked the most was that they built a passage for the
fishes (Student 8).
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FIGURE 3 | Posttest scores considering the type of school (private and public) [Middle line – median; box lower and upper limits – 1st and 3rd quantiles; whisker
values – 1.5 times the interquartile range from the top (or bottom) of the box to the furthest datum; points – outliers].

FIGURE 4 | Posttest scores considering school region [Middle line – median; box lower and upper limits – 1st and 3rd quantiles; whisker values – 1.5 times the
interquartile range from the top (or bottom) of the box to the furthest datum; points – outliers].

I enjoyed the story, because it was original, and about an
animal (Student 9).
While the aspects they most disliked were:
I did not like that the river was polluted (Student 10).

TABLE 3 | Answers (%) from the appreciation questionnaires.

Question 1 2 3 4 5

Did you like the story? - 1 8 34 58

Did you like the illustrations? 4 5 25 25 41

Overall, did you find the story:

Fun - 7 14 30 48

Informative - 1 5 22 72

Interesting 2 5 14 24 54

Easy to understand 1 3 11 23 62

How did the story contributed to:

Improve your knowledge on river biodiversity 1 3 6 29 60

Raise your awareness on the need to protect rivers 1 2 6 22 69

Understand human impacts on rivers 1 2 8 26 62

n = 176. Likert scale: 1, nothing; 2, not much; 3, more or less; 4, very; 5, a lot.

I did not like when they were polluting, and Zé was
sad (Student 11).
I did not like that they built dams on rivers (Student 12).

Overall, these results showed a knowledge improvement on
the environmental concepts presented in the story as well as a
positive perception of the book among the majority of students.

DISCUSSION

Knowledge and Environmental
Awareness
Results obtained showed a significant knowledge improvement
of environmental concepts related to river basin ecological
issues, after the reading session. This reveals that listening to
a story contributes to understanding concepts and is coherent
with previous studies that demonstrated how stories about
nature that incorporate science concepts contribute to a better
comprehension of ecological issues (Dowd, 1991). Furthermore,
Rice (2002) has also shown that a plot helps children to
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better remember and comprehend concepts than facts presented
in a textbook. Kaser (2001) demonstrated how stories widen
children’s knowledge and imagination, by awakening their
intrinsic curiosity.

From the comparison of the relative frequencies of the answers
in pre and posttests, no significant statistical differences were
found on the questions related to aspects students are already
familiar with, for example, that the water scorpion could not
be a mollusk or an amphibian, or that water pollution is a
threat to river biodiversity. Contrarily, questions that revealed a
more accentuated change in perception elucidate elements of the
story better retained by students: main character aspects (water
scorpion being an insect), anthropogenic threats to its habitat
(more specifically dams), and the most appropriate measures to
solve, mitigate or prevent their impacts. When children listen
to a story, they relate to the characters’ problems, making
connections with their feelings and emotions, in such a way
that book characters often become friends and teachers (Zambo,
2007). In a project described by Monhardt and Monhardt (2000),
where children’s books were used to examine environmental
beliefs and attitudes of sixth graders, it was demonstrated
that most of the students identified with the environmentalist
cause debated in the story, feeling empathy for the main
character (an endangered species that broke into someone’s
house). Nonetheless, authors warn for the children’s emotional
connection with characters often being stronger than the
development of critical thinking skills. Since they might become
biased for a particular perspective, based on emotions rather
than on scientific concepts, researchers suggest caution when
addressing ecologic controversial issues. This might be surpassed
with a group discussion after the reading, when different
perspectives can be debated and a deeper critical understanding
of the story should be promoted, encouraging children to
reflect on the issues addressed (Baumann and Duffy, 1997). The
inclusion of critical questions to be discussed in scientifically
sound children’s books, would also be an important tool to
promote this debate. In the present study, students’ interventions
during focus group sessions were consistent with the posttests’
results, highlighting their interest and curiosity about the main
character, and their concern on the threats that put its life in
danger, while it was clear that they remembered the appropriate
solutions to the environmental problems addressed. Regarding
the anthropogenic threats, there was a clear improvement in the
perception about the impacts caused by dams, but also their
relevance for the community and how the impact might be
mitigated. In the story, the construction of a dam represents
an obstacle for the main character (water scorpion) and other
animals, and the solution found (a fishway) contributes to the
happy ending (Chaves, 2018).

Understanding how physical modifications in rivers have a
wider impact, threatening more than the local biodiversity, raises
awareness for the fact that all ecosystems are connected. This
is aligned with OL principles 1.g., “The ocean is connected
to major lakes, watersheds and waterways because all major
watersheds on Earth drain to the ocean (. . .)” and 6.e.,
“Humans affect the ocean in a variety of ways. (. . .) Human
development and activity lead to pollution (. . .) and physical

modifications (such as changes to beaches, shores and rivers).”
(Cava et al., 2005). Promoting environmental activities related to
local ecosystems may contribute to promote OL, helping students
to feel connected to the ocean. In a project developed to promote
OL and the importance of coastal ecosystems, Barracosa et al.
(2019) also used a story written by one of the project researchers
as a tool for educating on ecosystem services, adopting a local
example (estuarine seagrass meadows).

A children’s book, used to teach science in the classroom,
helps students relate otherwise abstract concepts to the real world
(Carr et al., 2001), thus making it a useful tool to promote
environmentally friendly behaviors regarding daily habits. As
noticed by Hsiao and Shih’s (2016) in their research about the use
of children’s books to teach ideas of environmental protection,
they increase children’s knowledge of environmental concepts.
Moreover, the same study highlighted that reading sessions
encouraged a positive change in attitudes, both in school and at
home, regarding resources conservation.

Influence of Students’ Background
Factors
Results demonstrated that students from private schools had
better posttest’s scores than the ones from public schools. This
might be related with the fact that in Portugal, the majority of
students from private schools come from families with highly
educated parents and with more prevalence of professional
jobs, that usually have more educational resources available at
home, like books (Pereira, 2010). Besides, they might have more
opportunities to attend informal educational settings like zoos
and aquaria, experiences that have already been demonstrated
to have a positive impact on visitors’ knowledge improvement
and behaviors, regarding the environment (Falk et al., 2007).
The OL Mediterranean survey carried out by Mogias et al.
(2019), also revealed that students that have easy access to such
educational infrastructures, or that had previously participated
in nature-related activities, showed higher knowledge scores. In
a study assessing the general public OL in the United States, Steel
et al. (2005) found that the difficulties answering ocean-related
questions were pervasive, whether coming from coastal or inland
respondents. However, the same authors noticed how having the
opportunity to visit coastal areas during holidays or leisure time,
was a positive factor to acquire ocean content knowledge.

Regarding students’ hometown, schools from Lisbon, an
urban area, had higher average scores in posttests results, either
coming from a private or a public school, compared with
Setúbal, a smaller city with a strong fishing heritage. Due to the
relationship that Setúbal’s inhabitants have with the river and
the ocean, allied with their fishing tradition, it was hypothesized
that these students had higher scores than those from Lisbon.
Once again, these results might be related to the fact that students
from Lisbon, a more developed city, have more access to attend
informal educational activities or settings. This might be more
likely than the geographic location of the schools, since both cities
are in coastal and estuarine areas, regardless of Setúbal being
under a stronger influence of fisheries tradition.
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The effect of the background factors analyzed in the present
study enhances the importance of using a children’s book to
increase awareness of students to environmental issues. Books
are accessible tools for teachers, who easily implement an activity
as a reading session, since it barely demands specific training for
the teacher. Nevertheless, carefully thought must be undertaken
by the teacher in the task of choosing the book, taking special
attention to the scientific accuracy of the text, since children take
as true what they hear in the classroom (Rice, 2002; Pringle and
Lamme, 2005).

Assessment surveys, as demonstrated in the present
study, are fundamental tools to understand if the growing
number of activities implemented in schools to promote
the EE and the OL, are contributing to increase student’s
knowledge and environmental awareness. Moreover, since
this research was developed as an outreach project, it was
shown that a children’s book might be a good tool to
promote science communication, as part of the researcher’s
work, contributing to connect the scientific community
with schools and society, besides promoting environmental
awareness.

In future editions, the study could be more extended
in time to include follow-up activities, and consider more
active participation of teachers. They could participate in the
reading sessions and answer questionnaires conceived to evaluate
their perception of student’s change in behaviors regarding
environmental issues. Additionally, it would also be relevant to
include in the study inland schools, where students have less
access to OL activities. Listening and discussing a story focused
on a better-known ecosystem (e.g., a river) that connects them
and their community to the ocean and the environment could
contribute to better understanding of marine ecosystem issues.

Most children enjoy listening to captivating stories, and the
overall positive evaluation revealed by the appreciation survey,
demonstrates that the book is an effective tool to improve
environmental knowledge and at the same time an entertaining
activity for the students.
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In this article the authors share their experiences, results, and lessons learned during
the creation of a coastal biodiversity participatory monitoring initiative. Throughout
2019, we delivered five training workshops to 51 citizen scientists. Data collected by
the citizens scientists were validated by checking its similarities against that gathered
by specialists. High similarity values were found, indicating that, if proper training is
provided, there is a great potential for citizen scientists to contribute biodiversity data
with high value. During this process a certain level of variation in data produced
by specialists was found, drawing attention to the need for prior alignment among
specialists who may offer training for citizens. In addition, despite overall similar results
between specialists and participants, some differences emerged in particular parts of the
habitat; for example, the bivalve zones presented higher complexity and hence greater
challenge. Identifying key challenges for participants is key to developing appropriate
citizen science protocols. Here it is provided preliminary evidence that supports the
use of the monitoring protocol to obtain biodiversity data gathered by citizen scientists,
assuring its scientific quality. Enhancing participation by the community and specialists is
key to further validate the approach and to effectively expand such protocols, enhancing
the level of biodiversity data collection. In order to promote participation, and maintain
citizen scientist engagement in the initiative, it is recommended the development of new
investigations that assess the interests and motivations of the public to take part. It is
also fundamentally important to have an effective strategy to communicate the results of
participants’ monitoring and their applicability to local and global issues, thus maximizing
the continuity of engagement of citizen scientists.

Keywords: citizen science, coastal ecosystems, biodiversity, community engagement, ocean literacy

INTRODUCTION

Among the ecosystems found on Earth, coastal marine environments are one of the most diverse
and productive (Ray, 1996). Their vast biodiversity is responsible for many ecosystem services,
including those that benefit humans (Nellemann et al., 2009). Despite this, biodiversity loss
continues to accelerate (Brondizio et al., 2019), under pressure from a range of different sources
including pollution, overexploitation, and climate change (Agardy, 2007). Concern regarding
biodiversity loss in marine systems is such that the UN has proclaimed the Ocean Decade
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for Sustainable Development (2021–2030) (United Nations,
2019)1, a period to promote ocean science and support the
efforts to overcome social environmental issues closely linked to
marine ecosystems. For that, monitoring programs are essential,
to establish the current status of biodiversity, detect its natural
fluctuations and follow the consequences of different pressures
over it. In this way appropriate management and conservation
efforts may arise.

Biodiversity monitoring programs support researchers to
detect changes in observed patterns and also to propose
different investigation strategies. Such programs are essential
to provide subsidies for public policies that are aligned with
marine conservation and sustainable development. However,
maintaining biodiversity monitoring schemes requires significant
resources, which in many contexts can be a great challenge to
overcome. As an alternative, many researchers have implemented
citizen science initiatives as a tool for both acquiring biological
data, but also approximating society to the academic realm
and promoting environmental awareness (Stepenuck and Green,
2015). Citizen science was pointed as a key strategy to achieve
the Aichi Biodiversity Target 18 in coastal zones after 2020
(Fajardo et al., 2021), stressing its important contribution to
environmental and social sciences, while co-producing data that
are fundamental for integrated management.

Citizen science is understood as the volunteer contribution to
science made by members of society who lack formal scientific
training (Bonney et al., 2009). Although citizen science has
been evident for centuries (Miller-Rushing et al., 2012) it has
grown considerably in recent times. As a consequence data
that otherwise could not have been acquired has been gathered
(Miller-Rushing et al., 2012), while engaging many members
of the population in environmental issues and impacting
management decisions (Chandler et al., 2017a). It is aligned
with the concept of ocean science for the Ocean Decade
(Intergovernmental Oceanographic Comission of UNESCO,
2020)2 where the role of social and environmental sciences
together is a key point. Also, citizen science is an important
strategy to promote ocean and science literacy, by engaging
layman people with ocean sciences (Kelly et al., 2019).

Different learning and educational outcomes can be achieved
through citizen science: e.g., acquiring new knowledge about
specific subjects (Brossard et al., 2005) or greater understanding
and awareness of the scientific process (Ruiz-Mallén et al., 2016).
Also, participating in a citizen science initiative can enhance
people’s sense of well-being due to its direct contact with natural
spaces (Nellemann et al., 2010). Despite the broad impact that
citizen science projects can have (Hecker et al., 2018; Shirk and
Bonney, 2018), these initiatives still face challenges to reach their
full potential. Integrating data that has been collected into official
documents or scientific publications in peer-reviewed journals
is a first barrier encountered (Delaney et al., 2008; Lukyanenko
et al., 2016). As data is being collected by people with different

1https://www.oceandecade.org/
2https://www.oceandecade.org/news/72/Version-20-of-the-Ocean-Decade-
Implementation-Plan-submitted-for-presentation-to-the-United-Nations-
General-Assembly

skills and knowledge, there is a need for scientific validation,
to assure data quality. In this context, validation procedures to
assess the accuracy and precision of data sampled by participants
are necessary to enhance citizen science reach and acceptance by
the scientific community (Lukyanenko et al., 2016; Aceves-Bueno
et al., 2017).

THE SOCIAL-ECOLOGICAL CONTEXT

Brazil has a coastline of continental proportions, comprising
8.500 km of different ecosystems. Among those, rocky shores
are used as models in the studies of marine biodiversity and in
the determination of ecological patterns and processes between
the planktonic and benthic environments (e.g., Kasten and
Flores, 2013; López et al., 2014; Mazzuco et al., 2015). They
are home to many different commercially important species
such as the mussel Perna perna (da Silva et al., 2009; Casarini
and Henriques, 2011). Moreover, rocky shores support many
organisms that are already living in their extreme temperature
tolerance (Foster, 1971; Firth and Williams, 2009), being much
more sensitive to the effects of climate change and, thus, good
biological models in climate change studies. In this way, rocky
shores are key environments to be monitored when trying to
understand and predict the responses of biodiversity to the
different threats it suffers.

This study was developed in the “Baixada Santista” region
which is home to the largest harbor of Latin America. It
also includes a mosaic of natural reserves and protected
areas. Local biodiversity is threatened by the consequences
of intense industrial activity and urbanization processes on
the region (Miloslavich et al., 2016), enhancing the need for
monitoring protocols. In this urbanized region, rocky shores,
sandy beaches, and mangroves form part of the natural back-
yards for the population.

Within this scenario, the authors outline an unprecedented
citizen science project for coastal marine biodiversity monitoring
on the southern coast of Brazil. The purpose of this study
was to develop and validate the data from the citizen science
program, considering the identity, culture, and social aspects of
the volunteers involved. The objectives were: (i) to build and
apply a monitoring protocol for coastal biodiversity (rocky shores
being used as a model); and (ii) to validate data produced by
volunteers following traditional scientific procedures, through
tests of similarity. Also, we provide an overview of the profile
of the people involved, their motivations to take part in the
given initiative, providing baseline knowledge and information
for the continuity of this initiative and other practitioners in
similar contexts.

TRAINING WORKSHOPS, DATA
VALIDATION, AND BIODIVERSITY
PERCEPTION SURVEY

The rocky shore chosen for the field survey is the only natural
rocky shore found at the study site (“Urubuqueçaba Island” at the
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city of Santos). It is easily accessible by the public and anecdotal
evidence suggests that Santos’ inhabitants show an emotional
connection to this place, a fact which could improve people’s
interest in the initiative.

Key partnerships were established with different institutions
for the development and delivery of this initiative. A partnership
with researchers at Bangor University, part of the Capturing Our
Coast project (Garcia-Soto et al., 2017a) provided knowledge
and strategy exchange before the development of the training
workshop. The first author of this study had the opportunity
to know and experience in situ different protocols of the
3-year citizen science project, established to gather data and to
help understand the distribution of rocky shore species around
Britain’s coast, particularly within the context of climate change.
Members of the this research team (PK and RC) were also
trained by British Council’s Active Citizen Program (British
Council, 2021a,b),3 a social leadership program that equips
members of the community to promote intercultural dialogue
in the search for local solutions that are aligned to global
challenges. Skills gained were fundamental as the authors were
also interested in providing a training workshop that could
promote environmental citizenship (Jørgensen and Jørgensen,
2020). From these experiences, the training workshop was
designed to cater for the local context in Santos, Brazil, but also
considering successful strategies used by the CoCoast team and
applying the Active Citizens tools to engage our participants in
the process. Also, the Secretary of Environment from Santos was
a local partner essential for the divulgation of the initiative, using
their official media channels and providing logistical assistance
for the field surveys.

Training Workshops
Workshops were designed not only to coach participants
into applying the monitoring protocol, but also to promote
environmental awareness and citizenship. The workshops
consisted of three parts: (i) contextualization of the project, group
engagement, and reflection on the local community’s role in
the participatory monitoring scheme; (ii) theoretical concepts
of rocky shore ecology and monitoring methodology; and (iii)
practical activity in the field (applying the monitoring protocol).

Citizens were invited to enroll in the workshop through
posts on social media by local groups of organized volunteers,
students, associations, and others who shared an interest in the
theme of the initiative. With the assistance of the Secretary of
Environment of Santos, the invitation was promoted through
their official channels and also broadcast the invitation through
one of the local TV channel daily news programs. The
only prerequisite to enroll in the workshop was to be older
than 18 years old.

Contextualization of the Project and Group
Engagement
During 2019, five training workshops were delivered. The
research team received 123 registration of interest, 62 people
participated only in the first two parts of the training (and

3https://active-citizens.britishcouncil.org/

completed the Biodiversity Perception Survey), and 51 people
were completely trained (participated in all three parts of the
training). These were then part of our citizen science network. It
consisted of an equal gender ratio (51% women and 49% men),
with most aged between 18 and 33 years old (62%), but there
were also participants (37%) between 34 and 42 years old or
over 42. Participants’ backgrounds ranged from undergraduate
students and professionals from environmental fields (such
as biology or geography), retirees, primary, and secondary
teachers, environmental technicians, and managers to engineers
and journalists.

The workshops began with a brief time-line of the
development of the project, its objectives, and perspective of
applicability of the data gathered. Then, participants wereasked
to share phrases or words that expressed their expectations about
the workshop and the project. The same procedure was done
to assess participants’ skills and knowledge they believed they
have and could be beneficial for the project’s development. This
activity was important to align the participants with the purpose
of the project, and minimize any feelings of frustration regarding
participants’ expectations. Also, it created an atmosphere of
well-being and trust among the group, as everyone could picture
their role in the project and observe that each individual could
contribute to the group effort.

Following the sharing of up to three words/sentences by
participants to express their expectations of the project, the
most used terms were calculated. People mostly expected to
acquire knowledge (mentioned 36% of times), learn (22%) more
about the environment (21%), and about rocky shores (14%,
Figure 1A).

Interestingly, many of the words used to express their
expectations were also used to express how participants
could contribute to the project (Figure 1B). Participants
considered they could contribute with knowledge (28%;
both in environmental and scientific areas), experience
(9%), time (5%), and commitment (9%). Other personal
characteristics such as goodwill, willingness, and easygoing
nature were often mentioned by the participants as ways of
contributing to teamwork.

The research team wanted to engage participants in reflections
and discussions on how citizenship, science, and decision-
making related to each other, and then propose possible
solutions for existing challenges. For that, the participants were
divided into smaller groups and each received one or two
sets of questions: (1) What do you understand by participative
monitoring? How can citizens engage in environmental issues?
What challenges are there in the relationship between citizens and
decision-makers? (2) How do you think science and citizenship
relate to each other? Which qualities of citizens can contribute
to science and nature preservation? What challenges are there
in the relationship between science and citizenship? Groups
shared their ideas with the rest of the participants and further
discussions were mediated by the research team. With this
activity it was expected to awake in the participants their sense of
environmental citizenship, understanding their roles both in the
cause of some issues, but also as part of the solution, with their
behaviors and actions.
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FIGURE 1 | Responses provided by participants when asked to express their (A) expectations for the workshop and (B) their contribution for the project. In the word
clouds, the size of the words represents the frequency it was mentioned.

Theoretical Concepts of Rocky Shore Ecology and
Monitoring Protocol
Ecological concepts that are key to understanding rocky shore
and benthic community dynamics were presented. Namely, the
following themes were covered: biotic factors influencing the
dynamics of rocky shore organisms, vertical distribution patterns,
most commonly found organisms in rocky shores (functional
groups and species present in the local region).

For this initiative, an existing scientific protocol developed
by the Coastal Benthic Habitats Monitoring Network (ReBentos,
Coutinho et al., 2015) was adapted (found in Supplementary
Material). In doing so, there is an opportunity to standardize
the sampling methodology for biodiversity in these habitats and,
thus, contribute to the time series of that network. The target of
the present monitoring protocol, considering the local diversity,
were the following sessile and sedentary groups: barnacles of the
upper intertidal zone (mainly Chthamalus bisinuatus), mussels
from the middle intertidal zone (mostly Mytilaster solisianus),
oysters (Magallana gigas), macroalgae of the sublittoral fringe
and gastropods such as Fissurella clenchi, Lottia subrugosa, and
Echinolittorina lineolata.

Succinctly, the protocol consists in: defining and measuring
the monitoring transects; defining and measuring each principal
zone of distribution of organisms (from the upper limit of
the barnacle C. bisinuatus prevailing zone to the lower limit
of the macroalgae prevailing zone—the sublittoral fringe);
counting the organisms within each of these zones, using the
sampling quadrats (10 cm × 10 cm for the barnacle zone and
20 cm × 20 cm for the others, both with a 50-point grid) and
the point-intercept methodology. After presenting the protocol to
participants, they could practice the method using pictures of the
sampling site on which one could see the sampling quadrats over

a specific zone. With this activity,it is believed that participants
could elucidate doubts and feel more confident for the next day’s
activity: applying the monitoring protocol in the field.

At the monitoring station, participants worked in teams of
two. They received a sheet to be filled with the data they
would acquire (found in Supplementary Material), two sampling
quadrats (one for the barnacle zone and another for the other
zones), and a measuring tape. Participants were asked to bring
their own mobile to photograph their sampling quadrats, but
cameras were also provided when needed. At the end of the
activity, participants would return their datasheets and were
instructed to send their pictures to the team trainer. In total,
data at 10 different dates throughout 2019 were gathered and
the research team received around 195 pictures. From all these
pictures, 12 were selected to submit for participants in the data
validation process. Those pictures were of good resolution and
encompassed all main organisms’ distribution patterns of the
targeted rocky shore.

Data Validation: Similarity Analysis
Validation of data collected by the participants was assessed by
comparison with data gathered by specialist researchers (Wiggins
et al., 2011; Kosmala et al., 2016). After training workshops were
delivered, and the volunteers had the opportunity to use the
monitoring protocol on site, participants were invited (through
electronic mail) to analyze pictures taken during the monitoring
days. The 12 pictures mentioned previously were sent for those
who accepted the invitation and also to three researchers (from
now on called specialists), as the control group. The pictures were
from different areas of the rocky shore, with the sampling quadrat
over the present organisms. For each picture, each individual was
asked to perform the counting protocol (point-intercept method)
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and fill in the same datasheet they used in the field, before
submitting it to the responsible researcher.

Organisms Identification Similarity
The number of different organisms identified on each picture
by the participants was compared to the number of organisms
identified on that same picture by the specialists. With this
procedure, it was possible to assess the degree of variation in
the number of organisms identified between the participants
and specialists. For this purpose, the Sørensen similarity index
was calculated (Sørensen, 1948; Wolda, 1981) for each picture.
The values of this index range from zero (no similarity) to
one (complete similarity). The Sørensen similarity index can be
calculated by the following formula:

Ss =
2a

2a+ b+ c

where:
Ss= Sørensen similarity index
a= the number of organisms identified by the participants and

the specialists
b= the number of organisms identified by the participants, but

not by the specialists
c= the number of organisms identified by the specialists, but

not the participants.

Percentage Cover Similarity
To evaluate the similarity of participants’ organism counts
compared to that of specialists, the Percentage Similarity (PS)
value was calculated, as proposed by Renkonen (1938) (Wolda,
1981). The percentage cover of each organism identified by the
participants and the specialists, for each picture analyzed were
compared. To calculate the Percentage Similarity value proposed
by Renkonen, the following formula is used:

PS = 6min(P1i, P2i)

where:
PS= percentage similarity between samples 1 and 2

(1 = specialists, 2 = participants)
P1i= cover percentage of organism i in sample 1
P2i= cover percentage of organism i in sample 2.
The values for this index range from zero (no similarity) to 100

(complete similarity) and, although it is a rather simple metric,
this measure is one of the most efficient indices for quantitative
similarity calculation (Wolda, 1981).

All 51 participants who completed the training workshop
(three parts) were invited to participate in all the monitoring
events and also to take part in the validation process.
After the consultation, six participants (11.76%) agreed to
analyze the pictures.

High values of similarity between species identifications made
by participants and specialists were found (Ss = 0.74 ± 0.12
SD). When looking separately at the two main zones monitored
in the rocky shore (cirripede zone, corresponding to the high
intertidal; bivalve zone, corresponding to the medium/low
intertidal), pictures from the cirripede zone resulted in
higher values of similarity (Ss = 0.81 ± 0.03 SD) when

compared to the bivalve zone (Ss = 0.69 ± 0.13 SD;
Supplementary Figure 1).

When comparing the frequency of times a specific organism
was detected by the participants and the specialists (Student’s
t-test for independent variables for all pictures), a significant
difference was only found in the frequency of detection
of periwinkles; participants showed a significant reduction
(p < 0.05; t = 4.409; df = 7; Figure 2A). The variation among
observers detecting oysters, algae, and mussels was higher in
the participants than in the specialists group. This difference
was higher when considering percentage cover. This result
indicates that the degree of concordance between specialists
and participants can vary depending on the organism being
monitored, and this must be considered for long-term plans
(Cox et al., 2012).

It is important to point out that, even after log
transformations, no homogeneity was found in the variance
within the specialists identification of “other” organisms, which
did not allow further comparisons between the observers.
Considerable variation among specialists identification of
“other” organisms was detected (Figure 2A), which indicates
that even among specialists discrepancies in identification data
might emerge. This result draws attention to the necessity of a
previous alignment among specialists who might offer future
training in order to reduce great variability in data collection.

After testing for the similarity between observers counting of
each organism (and thereafter their stipulated cover percentage),
an overall percentage of similarity value of 77.88 ± 15.19 SD
was obtained. As observed for the similarity in detecting the
organisms in the different zones, participants’ count of the
animals in the cirripede zone was more similar to the count
of specialists (PS = 94.09 ± 2.47 SD) in comparison to the
counts of animals in the bivalve zone (PS = 66.30 ± 9.17 SD;
Supplementary Figure 2).

When assessing statistical differences for the counts of each
common organism, it was observed that specialists counted
(Student’s t-test), on average, more mussels (p < 0.05; t = 2.60;
df = 7), periwinkles (p < 0.05; t = 2.74; df = 7), and other
organisms than the participants (p < 0.05; t = 2.59; df = 7.
Figure 2B). Here we observe again that, although no statistical
significance was achieved, specialists tended to recognize and
register a higher percentage cover of oysters present than the
participants. During the validation process of the pictures, it was
observed that participants had more difficulties distinguishing
between live and dead oysters, which could result in this
discrepancy. Also, participants had an expressive low count
frequency of the organisms which were considered to be other
than the main groups investigated (Figure 2B). This points to a
limitation to our analysis, and further discussion regarding this
result should be cautious.

Biodiversity Perception Survey
To assess participants’ overall perception and knowledge of
biodiversity, an environmental perception survey was applied
(found at Supplementary Material). This was held after the
participants had already introduced themselves and learned
about the project’s timeline. In total, 62 people took part
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FIGURE 2 | (A) Average frequency of occurrence (%) and (B) average cover percentage of common organisms of the rocky shore, detected by specialists and
participants. Bars represent the upper and lower limits of standard error. *Statistical difference (t-test, p < 0.05). Others = any other organisms, different from those
considered common, detected by specialists or participants. Data for “others” where log transformed in order to meet homogeneity of variation. In the case of cover
percentage of “others” no homogeneity of variance was reached.

in this survey, with 50% of them female and most (61.2%)
between 18 and 34 years old and the other 37.8% were between
35 and 64 years old. Virtually half of the participants had
completed the secondary education degree (48.3%) or were
undergraduates (50%).

When analyzing the results, it was perceived that the
public involved in the workshop were already engaged in
other environmental activities (such as environmental education
projects or activism) and were well aware and informed about
many of the biodiversity issues questioned in the survey.
The majority of people knew what the term “biodiversity”
is (77.42%), but less than half of respondents felt informed
about biodiversity loss (37%). Most respondents perceived water
and air pollution (98.4%), intense agriculture, deforestation
and overfishing (96.7%), disasters caused by humans (91.9%),
and climate change (62.9%) as great threats for biodiversity
(Supplementary Figure 3). Also, the great majority (70.97%)
responded they are already affected by biodiversity loss and about
one-fourth (24.19%) believe they will be affected only in the
future. Following a similar pattern, 72% of respondents indicated
they already strive to protect biodiversity, but wish they could
do more (Supplementary Figure 4). Such findings demonstrate
the participant’s concern about the present state and future of
our biodiversity.

Participants were also questioned about which measures
they agreed Brazil should take to protect its biodiversity.
The great majority agreed that: citizens should be better
informed about the importance of biodiversity (98.3%); more
research about the impacts of biodiversity loss should be
promoted (88.7%) and protected areas in Brazil should
increase (80.7%). Most people also agreed that Brazil should
allocate more financial resources for nature’s protection
(74.2%), create financial rewards for nature conservation
(66.1%), and guarantee financial support for activities that

consider biodiversity protection in their practices (59.7%;
Supplementary Figure 5).

DISCUSSION AND CONCLUSION

Throughout the first year of this participatory monitoring
scheme, engaging with local citizens was successful. Participants
were well informed and aware of different issues regarding
biodiversity and were willing to dedicate their free time to discuss
issues related to monitoring rocky shores. Such outcome is
probably a consequence of the invitation strategy used, that could
have narrowed the communication to groups of people already
active in other environmental initiative, and, thus, who are prone
to be more informed about the subject. In this initiative, a simple
protocol to be used by citizen scientists was developed, tested
and validated for the quality of the data gathered by participants.
These findings provide evidence that this biodiversity monitoring
scheme with a citizen science approach has great potential to be
applied along the Brazilian coast, contributing with scientifically
sound data, which, in turn, benefits not only the scientific
community but also the engagement of citizens with marine
sciences and conservation.

It has been shown that, when participants are properly
trained to identify local marine organisms and to apply a
monitoring protocol, data gathered by them are highly similar
to those gathered by specialists, both in precision and accuracy.
Nevertheless, the identification of benthic organisms at zones
with a higher level of complexity (for example the bivalve
zone) (Seed, 1996; Kovalenko et al., 2012) seems to be where
further training is necessary. A discrepancy in the identification
of uncommon organisms by citizen scientists and specialists
is expected and has been previously documented (Cox et al.,
2012; Forrester et al., 2015). One interesting finding was the
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observed variability among the specialists in the identification
of organisms other than the common groups targeted. Such
findings draw attention to the necessity of an alignment between
trainers before delivering workshops for general participants.
Promoting continuous data quality assessment through the
initiative (Balázs et al., 2021) is important to achieve robust data
(Bonter and Cooper, 2012).

The successful development, implementation, and validation
of this monitoring protocol was the first step to deliver a
scientifically sound methodology with the potential to be applied
along many rocky shores. Nevertheless, the next challenge to be
faced to guarantee the quality of data gathered and the longevity
of the initiative is in maintaining citizens involved in the project.
People have different interests when participating in initiatives
like this one and new participants might have expectations other
than those already known. Combining the low response rate in
the validation process (around 11%), along with the restricted
number of participants who engaged in the monitoring days
after the workshop, it is clear that interest or engagement with
the initiative’s goals is a limiting factor. Perhaps a possibility to
have more participants involved in the validation process is to
keep participants informed (and reminded) of the importance
of this procedure for the applicability of the outcomes (Balázs
et al., 2021). Also, it has been shown that communication about
the application of the data gathered is fundamental to maintain
participants engaged and interested (Schläppy et al., 2017). This
stresses also the importance of an interdisciplinary team, where
specialists in social sciences and communication could promote
different strategies for engagement.

It is true that monitoring initiatives with a citizen science
approach can greatly contribute to progress in ocean sciences
(Couvet et al., 2008; Chandler et al., 2017b). Yet, this
experience showed the importance of actually developing further
the “citizen aspect” of these programs. Great care must be
taken not simply to see the citizen science approach as a
means to rapidly (and cheaply) gather high volumes of data.
Implementation of Citizen Science initiatives in the marine
realm is a grand opportunity to promote people’s ocean literacy
(UNESCO, 2017), develop the environmental citizenship of
participants (Jørgensen and Jørgensen, 2020), and produce
knowledge that is co-created (Garcia-Soto et al., 2017b). For
that, researchers from the environmental fields could benefit
if trained for conflict mediation and intercultural dialogue
and apply such skills when designing their citizen science
initiative. In this experience, the Active Citizen training allowed
the incorporation of different activities in the workshop that
resulted in group trust and environmental reflections that
otherwise would not have emerged. Also, the collaboration
among people of different backgrounds and experiences in
participatory research is the proper path to co-create new
scientific questions that are truly aligned with the community’s
needs (English et al., 2018).

As now the Ocean Decade begin (United Nations, 2019),
great efforts are being made to promote a more inclusive
and participative ocean science, that shares knowledge and
information with a multitude of audiences. Citizen science
monitoring programs for marine biodiversity such as the one

presented here have the potential to fulfill such demand while
providing important evidence for many different ecological
processes, essential for biodiversity conservation. Greater
attention should be given to some topics before and during
the training workshops: the alignment of identification skills
among the specialists who are to provide training workshops,
and more attention when training participants to identify
organisms in complex regions of the environment. To maintain
the enthusiasm and motivation of participants involved in
the project, we recommend further assessment of people’s
expectations and interests and constant communication
about the results that will be obtained and their usage. With
the experience presented here and with further adjustments
recommended, participatory monitoring of marine biodiversity
through a citizen science approach can be the path for
a more environmentally engaged society with a deeper
understanding of the ocean.
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The Manila clam (Ruditapes philippinarum, Adam & Reeve 1850) is a non-indigenous
species that was introduced in Europe (France) in the 1970s for commercial purposes,
and reached Portugal in the 1980s. Currently, it occurs in several European coastal
systems, from the Bay of Biscay to the north Mediterranean. In Portugal, it is present in
estuarine systems and coastal lagoons from the north to south, such as Ria de Aveiro,
Óbidos Lagoon and Sado estuary, but a sharp rise in the prevalence of this species
in the largest Portuguese estuary, the Tagus, resulted in the exponential growth of the
number of harvesters and, consequently, an increase in the illegal exploitation of this
resource. At least 1700 harvesters were estimated in this system and an annual catch
volume of between around 4,000 and 17,000 t which corresponds to an annual value
around €10,000,000 to €23,000,000 of sales. There is a general failure to comply with
current legislation, both in relation to harvesting and marketing, as well as constraints
arising from spatial planning instruments in force on the estuary. The failure to comply
with sanitary standards for the exploitation and trade of bivalve mollusks presents a risk
to public health and a social-economic issue resulting from this activity. The goal of this
study is to propose management models for this activity with the aim of contributing
to create a legal framework in which sustainable harvesting can be achieved, in the
different systems where exploitation occurs. In order to accomplish this goal, the current
state play, legal framework, regulation for harvesting and trade and relevant spatial
planning instruments in Portugal are analyzed. In order to ascertain an adequate national
management strategy, a variety of case studies in France, Spain and Italy were studied.
The outcome is a management model which includes a co-management strategy of
concessions as well as a mixed regime with concession areas and free areas. The
creation of specific regulations; implementation of a co-management model with the
active participation of harvesters; science-based regulation of a closed season and
maximum daily quotas and an improved surveillance of the activity are recommended.

Keywords: bivalve exploitation, Tagus estuary, legal framework, spatial planning instruments, management model
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INTRODUCTION

The management of coastal areas and the exploitation of
their renewable resources leads to the integration of biological,
economic and social sciences and is recognized worldwide as
an important and relevant issue (Pastres et al., 2001; Bald
et al., 2009). The production and exploitation of the Manila
clam (Ruditapes philippinarum, Adams & Reeve, 1850) has
gained increasing importance worldwide in recent decades. This
species is native to the Indo-Pacific area (Food and Agriculture
Organization, 2020) and is characterized by high growth rates
and an elevated tolerance to a wide range of environmental
conditions European Union Regulation 1143/2014, sets rules to
prevent and manage the introduction and spread of invasive
alien species. However, Ruditapes philippinarum is included on
a list found in Regulation 708/2007 which excludes it from the
requirements outlined in Regulation 1143/2014, concerning the
use of alien and locally absent species in aquaculture. Therefore,
this species has no longer been considered as an invasive species
but managed as a natural resource, requiring a group of measures
that ensure sustainable exploitation, such as the definition of
catch limitations based on estimates of fishing yields and the
implementation of gear selectivity measures to ensure minimum
landing sizes (Gorman et al., 2011).

Manila clam populations are usually highly abundant, easy to
capture and purify and have strong market demand (Bidegain
and Juanes, 2013). It became the preferred species for the clam
production industry, which successfully boosted its introduction
across the globe (Melià et al., 2004; Melià and Gatto, 2005;
Bald et al., 2009). In Europe, overfishing and irregular yields
of native clam species, like Ruditapes decussatus, resulted in
the import of the Manila clam, which was first introduced
in France (Bodoy et al., 1981) and its current European
distribution ranges from the south coast of the British Isles to
the northern Mediterranean (Garaulet, 2011). The species was
also introduced in Ria Formosa, Portugal in the 1980s, and
is currently distributed in several Portuguese coastal systems,
including the Ria de Aveiro, Mondego estuary, Óbidos lagoon,
Tagus and Sado estuaries and the Albufeira lagoon (Figure 1;
Ruano and Sobral, 2000; Gaspar, 2010; Velez et al., 2015;
Chiesa et al., 2016).

The current state of the Manila clam fishery in Portugal as
well as the legal framework and spatial planning instruments
in force in the studied systems are portrayed in this study, as
a baseline for the development and future implementation of
a management model. A cross comparison of the Portuguese
and other European coastal systems where different fisheries
models were implemented is used to select the best approaches
for each case study.

In the Tagus estuary, recent studies show that the Manila
clam is well distributed, usually in areas of lower depth and low
concentrations of dissolved oxygen (Carvalho, 2017). Compared
to other species with commercial interest, it is the most abundant
and has a wider distribution area, mainly in the middle area of the
estuary and shallow bays (Carvalho, 2017).

The species is also abundant, but not dominant, in
the Sado estuary and in the Ria de Aveiro, where its

occurrence was first reported in 2009 and 2011 (Chainho, 2014;
Maia and Gaspar, 2014). Since its introduction in these systems,
there has been a rapid spatial dispersion, evidencing its preference
for habitats in shallower areas (Maia and Gaspar, 2014).

In the Óbidos lagoon, a recent study revealed that, although it
is already well established, it is still less abundant than the native
species R. decussatus and presented a similar reproductive cycle
(Duarte, 2018). Although R. decussatus is more abundant than
the introduced species in this coastal lagoon, the co-occurrence of
both species might represent a threat to the valuation of the native
species due to the possibility of hybridization among the species,
as was previously observed in the Ria de Vigo, Spain (Hurtado
et al., 2011) and Ria de Aveiro, Portugal (Chiesa et al., 2014).

There is no comprehensive management model for the Manila
clam in Portugal, although legislation has been tailored to
areas where harvesting pressure is higher (Carvalho, 2017).
Currently there are serious challenges in managing the harvesting
activities and sale of this species due to several factors, such
as shortfall in the issuing of licenses, use of illegal gear,
absence of designated transposition zones, and a lack of
specific regulations for the Sado estuary, Ria de Aveiro and
Óbidos lagoon, where the species is commercially exploited.
This activity is recognized as having a high socio-economic
importance, requiring the analysis of possible governance
scenarios for the creation of a fisheries management model of
marine bivalve mollusks. Governance scenarios are understood
as alternative ways of managing an activity, resource or
area, regarding the current state, and providing information
for the elaboration of a different management approach
(Kuzdas and Wiek, 2014).

The main objective of this study is to identify a possible
management model for the sustainable exploitation of the Manila
clam in Portugal. using four different coastal systems where this
species is harvested as case studies. This model is based on the
integration of information related to:

• The current state of the Manila clam exploitation in each of
the studied system;
• The compatibility or adaptability of the legal framework

and spatial planning instruments with the current
exploitation practices;
• The adequacy of management models used in other

European coastal systems for each Portuguese case study.

METHODOLOGY

This study addresses four Portuguese coastal systems with
different characteristics and in which the introduction of the
Manila clam resulted in different impacts on the exploitation of
its living resources (Figure 1):

(A) Ria de Aveiro – a large coastal lagoon where the species
is abundant but not dominant and the exploitation
occurs at the same level as other bivalve species
(Maia and Gaspar, 2014);

(B) Óbidos lagoon – a small coastal lagoon where the species
is also abundant but not dominant and with a smaller

Frontiers in Marine Science | www.frontiersin.org 2 July 2021 | Volume 8 | Article 685307184

https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/marine-science#articles


fmars-08-685307 November 19, 2021 Time: 10:23 # 3

Coelho et al. Management Models of the Manila Clam Fisheries

FIGURE 1 | Locations of estuaries and coastal lagoons where the Manila clam (Ruditapes philippinarum) has been recorded. From north to south of Portugal: Ria de
Aveiro (A), Mondego Estuary, Óbidos Lagoon (B), Tagus Estuary (C), Albufeira Lagoon, Sado Estuary (D) and Ria Formosa. The letters mark the systems addressed
in this manuscript.

fishing community compared with the other systems
(Duarte, 2018);

(C) Tagus Estuary – the largest estuarine system in Portugal
where the species is abundant and dominant and its
exploitation is intensive with a large fishing community,
that resort to illegal harvesting techniques (Ramajal et al.,
2016; Carvalho, 2017);

(D) Sado Estuary – a large estuarine system where the species is
also abundant but not dominant and its exploitation does
not show much expression (Cabral et al., 2020).

In order to further explore the possible governance scenarios
for the management of this resource we followed a four-step
approach:

(i) Step 1 – Portrait of the Portuguese legal framework, based
on a search conducted in the homepages of the Directorate
General for Marine Resources (DGRM), the Portuguese
Institute for Sea and Atmosphere (IPMA) and the Official
Portuguese Republic Journal – Diário da República. That
search included key words such as fishing regulation,
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bivalves harvesting and trade, Manila clam, and Ruditapes
philippinarum. Specific regulation for the studied areas
(Ria de Aveiro, Óbidos lagoon, Tagus and Sado estuaries)
were also collated.

(ii) Step 2 – Collation of available information on the current
state of the Manila clam exploitation in Portugal including
not only published bibliography but also technical reports
of projects developed in the studied systems, namely
GEPETO (Maia and Gaspar, 2014), PROMAR (Chainho
et al., 2016) and NIPOGES (Chainho et al., 2020),
and other gray literature. These projects were developed
within a framework of interaction between different
stakeholders (harvesters, decision makers and researchers),
which has provided support for the identification of
management measures that were incorporated in the
governance scenarios proposed in this study. These
interactions included the collaboration between harvesters
and researchers during sampling surveys, participatory
meetings with all relevant stakeholders in each system
and specific meetings between researchers and selected
stakeholders;
The harvesting techniques and respective zonation, the
abundance and spatial distribution of the Manila clam,
the harvesting community characterization, the annual
catches, the market value and product chain (harvesting,
processing, transport and marketing) were characterized
for each studied system. Detailed information for some
aspects was only available for the Tagus estuary.
Problems identified in the of Manila clam exploitation in
each case study system were summarized and classified
according to different importance levels, with “+”
corresponding to “low importance,” “++” to “high
importance” and “+++” to “very high importance.”

(iii) Step 3 – Assessment of the compliance of the activity with
the legal framework and spatial planning instruments in
force in the case study areas. Spatial planning instruments
include protected areas and Nature 2000 areas. These
documents are available in the website of the national
authority for nature conservation (ICNF). The assessment
of compliance was based on the cross comparison between
the zonation of current harvesting activities with the
zonation of protected areas and conditioning factors in
force in these areas, in particular restrictions to fishing and
harvesting activities.

(iv) Step 4 – Analysis of management strategies applied to the
Manila clam fishery in different EU countries with different
management objectives as well as the management
strategies proposed for the Tagus estuary (Chainho et al.,
2016). The adequacy of management models used in
other EU member states for the Portuguese scenarios
were evaluated based on: the area of the exploited system,
the abundance of Ruditapes philippinarum, the harvesting
practices and the characteristics of the fishing community.
Management strategies applied and/or proposed in each
European case study were summarized and associated to
the Portuguese systems for which their application could be
more relevant. Different management models were defined

for the Portuguese case study systems based on the results
of this analysis and taking into account the legal framework
and spatial planning instruments in force. The strategies
proposed for each system and respective characterization
were summarized, with the identification of the major and
complementary management measures.

RESULTS

Assessment of the Portuguese Legal
Framework (Step 1)
Harvesting Regulation
The Tagus estuary is the only system in Portugal where
the harvesting of R. philippinarum is regulated by Ordinance
85/2011, which defines the technical requirements of the
clam rake and establishes a maximum daily catch amount of
80 kg per harvester. The harvesting of R. philippinarum in
the Tagus estuary is currently encompassed under the general
umbrella of Ruditapes spp. in the list of “Marine animal
species that may be harvested” published in Ordinance No.
1228/2010. The production and commercialization of live marine
bivalve mollusks, echinoderms, tunicates and gastropods are
regulated by Ordinance No. 1421/2006. The exploitation of
marine bivalve species in Ria de Aveiro and Óbidos lagoon is
regulated by Ordinance No. 563/90 and Ordinance No. 567/90,
respectively, but the Manila clam is not included as an exploitable
species in these documents. This activity is not regulated for
the Sado estuary since no bivalve species are included in
Ordinance No. 562/90, that regulates fishing activities in Sado
estuary. Table 1 summarizes the main legal documents related
to this activity.

Recreational harvesting is also regulated by Ordinance No.
14/2014, which indicates the allowed harvesting techniques
and establishes a maximum daily catch amount of 5 kg per
harvester (Table 1).

The European Union has established a classification system for
bivalve molluscs in coastal lagoon zones according to the levels of
microbiological contamination in the bivalves by analyzing the
“Escherichia coli/100 g level,” presented in EU Regulation (EC)
No 854/2004 of the European Parliament and of the Council of
29 April 2004:

• A – ≤ 230 – Bivalves can be harvested and marketed for
direct human consumption;
• B – > 230 e ≤ 4600 – Bivalves can be harvested and

transport to purification, transposition or transformation in
an industrial unit;
• C – > 4600 e ≤ 46000 – Bivalves can be harvested and

transport to long time transposition or transformation in
an industrial unit;
• Harvesting forbidden –> 46000 – Bivalves cannot

be harvested.

The classification of estuarine and coastal lagoon zones
addressed in this manuscript for Manila clam exploitation,
regarding the levels of microbiological contamination, according
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TABLE 1 | Summary of the main legal documents regulating Manila clam
harvesting in Portugal.

Document Subject and Constraints

Ordinance 1102-B/2000,
November 22, changed by
Ordinance No. 1228/2010,
December 6 – General
Harvesting Regulation.

Establishes the legal framework for the
harvesting of marine animal species in ocean
waters and in maritime and non-maritime inland
waters.

Ordinance No. 85/2011,
February 25 – Fishing regulation
in non-maritime inland waters
of the Tagus river.

Establishes legal regulations for fishing in the
non-maritime inland waters of the Tagus river.
Maximum daily catch amount per harvester
with clam rake: 80 kg.

Ordinance No. 14/2014,
January 23 – Regulation of
recreational fishery

Defines the harvesting techniques,
conditionings, licensing terms and fees
applicable to the exercise of recreational fishing
in ocean waters, maritime inland waters or
non-maritime inland waters under the
jurisdiction of the maritime authority.
Maximum daily catch amount per
harvester: 5 kg.

Ordinance No. 27/2001,
January 15 – Regulation of
species minimum size

Minimum size for the Manila clam landing: 4 cm

Ordinance No. 1421/2006,
December 21 – Regulation for
the production and trading of
live marine bivalve mollusks,
echinoderms, tunicates and
gastropods.

Establishes the regulation for the production
and sale of live marine bivalve mollusks,
echinoderms, tunicates and gastropods.

Ordinance No. 563/90, July
19 – Fishing regulation in Ria de
Aveiro
Ordinance No. 1026/2004,
August 9 and Ordinance No.
575/2006, June 19 complete
the previous one.

Establishes the regulation of fishing in Ria de
Aveiro, allowing the use of clam rake.
Maximum daily catch amount per harvester
(R. decussatus): 2 kg.
Maximum daily catch amount with clam rake
(R. decussatus): 7 kg.

Ordinance No. 567/90, July
19 – Fishing regulation in
Óbidos lagoon
Ordinance No. 483/2007, April
19 completes the previous one.

Establishes the regulation of fishing in Óbidos
lagoon, allowing the use of clam rake.

Ordinance No. 562/90, July
19 – Fishing regulations in Sado
river

Establishes the regulation of fishing in the Sado
river, not including any bivalve harvesting
device.

to Order No. 2102/2019, March 1, were (at the time of this
study – 2019):

• Ria de Aveiro – zones B and C;
• Óbidos lagoon – B;
• Tagus estuary – C;
• Sado estuary – zones B and C.

Spatial Planning
Spatial planning is a fundamental instrument for the
conservation of nature and biodiversity, and can be used to help
regulators organize land use by taking into account ecologically
sensitive areas, both for habitats as well as protected species
within national Protected Areas and Nature 2000 Network.

In Portugal, within the current legal framework for National
Spatial Planning, Special Spatial Plans (SSP’s) were developed
which supersede any other territorial spatial plan, protecting
natural values. Special Spatial Plans range include Protected
Areas, coastal areas and estuaries.

The Spatial Planning Instruments (SPI’s) in force in the areas
addressed in this study are:

• Coastal Spatial Plans (CSP):

◦ Ovar – Marinha Grande (Ria de Aveiro) (Resolution of
the Ministers Council No.o 142/2000, October 20);
◦ Alcobaça – Mafra (Óbidos Lagoon) (Resolution of the

Ministers Council No. o 11/2002, January 17);
◦ Sintra – Sado (Tagus and Sado estuaries) (Resolution of

the Ministers Council No. 86/2003, June 25);

• Protected Areas Spatial Plans (PASP):

◦ Tagus estuary Nature Reserve Spatial Plan (TENRSP)
(Resolution of the Ministers Council No. 177/2008,
November 24);
◦ Sado estuary Nature Reserve Spatial Plan (SENRSP)

(Resolution of the Ministers Council No. 182/2008,
November 24);

• Natura 2000 Network Sectoral Plan (N2000NSP)
(Resolution of the Ministers Council No.
115-A/2008, July 21).

The CSP’s and PASP’s are integrated into the SSP’s, as signed by
Law No. 48/98, August 11, which established the “Bases of spatial
planning and urbanism policy.” The N2000NSP was approved by
Resolution of the Ministers Council No. 115-A/2008.

Coastal Spatial Plans
Of the estuarine and coastal lagoon systems addressed in this
study, only a part of the Óbidos lagoon, in which there is no
Manila clam exploration, is referenced in the zoning map of the
CSP Alcobaça – Mafra (Resolution of the Ministers Council No.
11/2002). This is due to the fact that the range of CSP’s is from
bathymetry of −30 m to inland areas up to 500 m from the
coast, which means that none of the other addressed systems are
indicated in these documents.

Protected Areas Spatial Plans
The PASP relevant to this study are the Tagus Estuary
Nature Reserve Spatial Plan (TENRSP) (Resolution of the
Ministers Council No. 177/2008) and the Sado Estuary Nature
Reserve Spatial Plan (SENRSP) (Resolution of the Ministers
Council No. 182/2008).

According to these documents, both estuarine areas of the
nature reserves were divided and classified according to the
following zonation system:

• Total Protection;
• Partial Protection Type I;
• Partial Protection Type II;
• Complementary Protection.

These areas correspond to progressively less restrictive
protection levels, with the highest level (Total Protection)
attributed to areas with higher value and sensitivity, while the
lowest level of protection (Complementary) is attributed to areas
with reduced value or sensitivity. Critical areas for species and
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habitats of community importance were largely classified with the
highest levels of protection.

Natura 2000 Network Sectoral Plan
The N2000NSP encompasses Sites of Community Importance
(SCI’s) and Special Protection Areas (SPA’s), establishing
guidelines for the management of these areas. Manila clam
harvesting is not permitted with gears that re-suspend the
sediment in the SPA’s – Ria de Aveiro, SCI – Tagus Estuary and
SCI – Sado Estuary (Resolution of the Ministers Council No.
115-A/2008, July 21).

Current State of the Manila Clam
Exploitation in Portugal (Step 2)
In the Tagus estuary, the abundance of Manila clams and their
accessibility, particularly in the middle estuary, coupled with
the fact that it has become an economically appealing activity
(Garaulet, 2011), has fundamentally altered the dynamics of this
estuarine system’s clam fishery. Most licensed harvesters changed
their target species to the Manila clam and started using new
harvesting techniques (Ramajal et al., 2016). Moreover, there was
a significant increase of the number of unlicensed harvesters.
Project PROMAR estimated around 1700 harvesters operating
in the Tagus estuary in 2014–2015, although less than 200 had
been attribute (Chainho et al., 2016). These “new harvesters”
included unemployed people, professionals from fields unrelated
to seafood, and recreational harvesters, the majority of whom
are engaged in illegal, unregulated, and unreported (IUU) fishing
activities (Ramajal et al., 2016).

Recent survey flights performed in the scope of the NIPOGES
project over the Ria de Aveiro and the Sado and Tagus
estuaries have confirmed that the Tagus estuary is still the most
important system for the Manila clam harvesting. Preliminary,
and yet unpublished, aerial observations indicate that there are
approximately 4 to 5 time more manual, rake and snorkel
harvesters operating in the Tagus estuary (approximately 600
harvesters observed daily) in comparison to the Sado estuary
(approximately 130 harvesters observed daily). It is important
to note that these counts do not include techniques which are
known to occur in the Tagus but are not possible to identify from
the air such as diving and dredging.

The Ria de Aveiro has similar amounts of manual, rake
and snorkel harvesters operating in the system as the Sado
(approximately 120 harvesters observed daily), however, landing
data from DGRM and interviews with these harvesters indicate
that the target species are cockles and that clams make up a small
amount of the daily catch (Figure 2).

The number of harvesters in the Óbidos lagoon, the smallest
case study system, was also assessed by the NIPOGES project,
using land-based observation points over a period of 7 months.
An average of 37 harvesters/day was counted and these harvesters
were using hand collection, rake, and snorkel. No SCUBA
diving or clam dredging are known to having ever been
used in this system.

The study previously conducted in the Tagus estuary indicated
that 90 percent of Manila clam catches are exported to Spain,
with reported annual landings ranging from 4,000 to 17,000 t,

corresponding to a business value of €10 million to €23
million (Ramajal et al., 2016). Nevertheless, only an average
of 52 t was reported as the Tagus estuary landings between
2014 and 2018, while in the Sado estuary the Manila clam
average landing was 573 t for the same period (Figure 2).
The absence of specific regulation for other systems where
the species occur makes it easy for criminals to mislabel the
catches origin. Specimens collected in the Tagus estuary are
frequently transported and landed in the area of jurisdiction
of Setúbal maritime authority, where they are erroneously
indicated as having origin in the Sado estuary (Ramajal et al.,
2016; Table 2). This system has areas classified as zone B, and
there is no daily catch limit or any other type of limitations.
Landings records from 1990 to 2019 show an increase in the
amount of bivalves captured in the Sado estuary after 2010
mainly related to R. philippinarum landings, corresponding
exactly to the period when the Manila clam started to be
intensively explored in the Tagus estuary (Figure 2). However,
recent scientific results indicate that the quantity of landings
recorded as coming from that system is extremely unlikely
(Cabral et al., 2020), which leads to the conclusion that the
true origin of a large part of the catches is the Tagus estuary.
The Tagus estuary was classified as zone C in 2015, requiring
the transposition or industrial processing of the Manila clam
specimens before being marketed. The current lack of designated
transposition zones and the inability to industrially process the
catches mean that the consumption of Manila clam captured
in the Tagus estuary incurs a risk to public health (Carvalho,
2017). That was shown by the unconformities found during the
inspections conducted by the Portuguese Food and Economic
Safety Authority, which reported a high number of unsatisfactory
results for microbiological analysis conducted in Manila clam
specimens collected at restaurants in the areas of Lisbon and
Setúbal (Oliveira, 2018).

The vast majority of first transactions of the Manila clam in the
Tagus are made to illegal intermediaries (Ramajal et al., 2016) and
although this activity involves a large and complex value chain,
this parallel market devaluates the resource introduces a market
imbalance (Carvalho, 2017).

Observations conducted during the development of the
PROMAR and NIPOGES projects and issues raised by different
stakeholders during participatory and other specific meetings list
several situations that make it difficult to manage the harvesting
and trade of R. philippinarum in Portugal (Ramajal et al., 2016;
Carvalho, 2017; Chainho et al., 2020). These problems have
distinct importance levels in the different case study systems, as
shown by the classifications attributed in Table 2.

Assessment of the Compliance of the
Activity With the Legal Framework and
Spatial Planning (Step 3)
Legal Non-conformities Practiced in Harvesting and
Trade
The Manila clam harvesting includes activities incorporate Illegal,
Unreported and Unregulated (IUU) fishing activities. Most active
harvesters in the Tagus estuary in 2014/2015 were unlicensed
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FIGURE 2 | Annual landings of the bivalve species in Ria de Aveiro, Óbidos lagoon, Tagus estuary and Sado estuary between 1990 and 2019 (Source: DGRM, 2020).

(90%) and most of the licensed harvesters used illegal fishing
gears such as clam dredges and SCUBA diving (Ramajal et al.,
2016; Figure 3) (Illegal fishery). Most harvesters in Ria de Aveiro
and Óbidos lagoon are licensed for bivalve harvesting, although
there is no specific regulation for the Manila clam harvesting in
these systems (Tables 1, 2) (Unregulated fishery).

All harvesting devices not included in Ordinance no 1102-
B/2000 and Ordinance no 14/2014 used in the Sado estuary are
illegal since the general harvesting regulation and recreational

bivalve harvesting apply to this activity in the absence of specific
regulation. All harvesters observed in Ria de Aveiro and Óbidos
lagoon were using tools permitted in those systems.

More than 80% of the catches of the Tagus estuary were
not reported to the competent authority (DOCAPESCA), based
on the landing data (Figure 2) and observation-based estimates
of the Manila clam landings (Ramajal et al., 2016; Carvalho,
2017) (Unreported fishery). Using clam dredge, a harvester
can expect to land around 350 kg/day (Carvalho, 2017).
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TABLE 2 | Summary and classification of major problems identified in the
harvesting of Manila clam in Ria de Aveiro, Óbidos lagoon, Tagus estuary
and Sado estuary.

Major problems Ria de
Aveiro

Óbidos
lagoon

Tagus
estuary

Sado
estuary

Fast growth of the activity in a short
time period

++ ++ +++ +

The decentralized participation of many
people

+ + +++ +

Practice of various illegalities
throughout the process (harvesting,
purification, transport and trade)

+ + +++ +

Existence of a parallel market, including
outside the country.

+ + +++ +++

Lack of association among the various
players in the activity

++ + +++ +

Absence of species-specific legislation +++ +++ + +++

Absence of system-specific legislation + + + +++

Authorities unable to manage, regulate,
monitor and supervise the activity due
to limited human and logistical
resources

++ + +++ +

These issues are classified according to importance level at each study system as
“+” for “low importance,” “++” for “high importance” and “+++” for “very high
importance.”

Since the maximum daily catches regulated for the Tagus
estuary are 80 Kg/day/harvester, most catches of this system
are unreported or reported as collected in the Sado estuary
since maximum daily catches are not regulated in that system
(Unregulated fishery).

Direct sales by harvesters in illegal markets, restaurants and
coffee houses and not writing receipts of the Manila clam sales
are other examples of Unreported fisheries.

The majority of primary and secondary intermediaries are
not licensed to sell bivalve mollusks (particularly in the Tagus
estuary). The transport of batches with false labels is done without
a certificate, not respecting the basic rules of food safety or
customs laws (particularly in the Tagus estuary) and, as already
indicated, non-compliances with the food safety requirements
were verified in restaurants and other commercial entities with
direct sale to the consumer (Oliveira, 2018).

Conditions Not Respected by the Exploitation of
R. philippinarum
Ramajal et al. (2016) (Figure 4) mapped the areas under
exploitation in the Tagus Natural Reserve, which indicated that
Manila clam harvesting occurs in the Areas of Partial Protection
Type II and Complementary Protection. – In the subtidal zone
there is harvesting using clam rake, SCUBA diving and clam
dredge; in the intertidal zone there is manual harvesting.

Harvesting using a telescopic clam rake and snorkeling in the
subtidal zone occurs in very specific areas of the estuary that
are not incorporated in the Tagus Estuary Nature Reserve. The
Manila clam harvesting is less significant in the Sado Estuary
Nature Reserve, occurring in specific areas with Partial Protection
Type II or Complementary Protection and using techniques
allowed for recreational harvesting (unpublished data).

Therefore, Manila clam harvesting collides with the
constraints imposed by TENRSP, regarding the gear and
equipment used in the activity (SCUBA diving and clam dredge),

FIGURE 3 | Manila clam harvesting techniques depending on the depth (adapted from Ramajal et al., 2016).
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FIGURE 4 | Zonation of Manila clam harvesting techniques used in the Tagus (Source: Ramajal et al., 2016).

as well as in the practice of these techniques in areas of Partial
Protection Type II.

In the other systems addressed in this study, there is no
occurrence of infractions of the regulations of Spatial Plans S
in force in these systems. However, this is probably due to
constraints imposed in these systems not being as restrictive as
for the Tagus estuary.

Case Studies in the European Union
(Step 4)
The Manila clam is distributed throughout Europe and the
management of this resource has been the subject of study in
several countries such as France, Spain and Italy.

In the Arcachon Bay, France, this species colonized most of the
system (Bald et al., 2009). A study to evaluate which management
measures were the most appropriate for sustainable exploitation
of thissystem’s resource concluded that the most important
measure is to increase the legal minimum catch size, as it allows

a considerable increase in population and, consequently in long
term, an increase in annual catches and fishers income. Other
proposed measures are to reduce the capture season and increase
no-take zones (Bald et al., 2009). A co-management Manila
clam process between fishermen, scientists and administration
has also been in place since 2003 (Caill-Milly et al., 2021). This
collaborative process takes the form of various collective actions
such as co-organized monitoring surveys, research programs
that have been intensified since 2006 and working groups to
have discussion and make decisions (Caill-Milly et al., 2021).
The questioning mainly concerned the capability of the Manila
clam stock renewal, the establishment of closed areas and
reseeding (Caill-Milly et al., 2021). This work (Caill-Milly et al.,
2021) also highlighted some difficulties such as the available
funds to schedule regular surveys (with a financial contribution
supported by the professionals which is the structure carrying
out the campaign from funders) and available funds for research
programs applied to local issues. All the actions implemented in
Arcachon to ensure the sustainability of the Manila clam stock
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illustrate that this species is not perceived as invasive (Caill-Milly
et al., 2021), which is not the case in other countries where this
species occurs such as Portugal (Ramajal et al., 2016; Carvalho,
2017), Spain (Juanes et al., 2012; Bidegain et al., 2013) and
Italy (Pellizzato and Da Ros, 2005; Vincenzi et al., 2006, 2011;
Brusà et al., 2013).

In Spain, in Plentzia and Mundaka estuaries (Basque
Country), the species R. decussatus has been exploited by both
professional and illegal fishers (Bald and Borja, 2002). Different
alternatives for the exploitation of this species in these systems
were simulated by Bald and Borja (2002). In this study, three
management measures were proposed: to halve the current
number of harvesters, limit the capture season to 1 month
per year and to establish a sustainable minimum limit for the
species’ biomass.

The Santander Bay and the Marismas de Santoña (Basque
Country) are considerably productive estuaries in terms of
R. decussatus and R. philippinarum permanent stock (Bidegain
et al., 2013). The clam fishing management in these estuaries
has been based on the establishment of a minimum catch
size and no-take areas through annual regional regulations
(Bidegain et al., 2013).

In Santander Bay, the estuarine populations of these two
species have been largely exploited by illegal and professional
fishers (Juanes et al., 2012). Juanes et al. (2012) carried out a
study on mollusk harvesting in this system and the following
management measures focusing on the conservation of native
species were proposed:

• strict control over the legal minimum catch size;
• establish specific no-take zones in areas where population

densities and recruitment of native mollusks are high;
• increased control of the spread and density of cultivated

bivalves and/or dispersal of cultivation areas to reduce the
potential effects of high densities on natural surrounding
populations of native clams;
• incorporation of the fishers into a harvesting

co-management system.

The fishers’ participation in management is not yet considered
in this region, contrasting with the policy practiced in the
neighboring region of Galicia for the exploitation of the
goose barnacle (Pollicipes pollicipes). The Galician government
regulations promote a cooperative management system between
fishers’ organizations (“cofradías”) and the fishing authority
(Molares and Freire, 2003).

Access to natural areas of this resource is granted only to
licensed fishers belonging to “cofradías” which develop an
annual exploitation plan. This plan defines all the components
and conditions for the practice of the activity and is evaluated
by biologists and technicians of the public administration
responsible for fisheries management. Some of the “cofradías”
have their own inspection system and therefore impose
individual catch limits. Thus, they collaborate with the
government’s fishing inspection service to prevent harvesting by
illegal fishers. In addition, they can also market the catches by
managing first-sale markets (Molares and Freire, 2003).

Currently, virtually all available natural areas are included in
the exploitation plans accepted by the fishing authorities. The
performance of community-managed fisheries using the plans is
generally positive, proven by the fact that production (both in
biomass and in economic value) has shown an increasing trend
since the implementation of this cooperative management system
(Molares and Freire, 2003).

A different model has been implemented in Italy, where the
Manila clam was introduced and spread to coastal lagoons of the
northern Adriatic Sea such as the Venice lagoon (Pellizzato, 1990)
and Sacca di Goro (Rossi, 1989).

In Sacca di Goro, the species found favorable environmental
conditions for growth and reproduction, replacing the native
species R. decussatus (Paesanti and Pellizzato, 2000). Currently
10 km2 of the 26 km2 of the lagoon are strongly exploited for the
production of R. philippinarum (Vincenzi et al., 2006).

A management system defined as a “culture-based fishery”
has been practiced in this lagoon. This strategy is based on the
division of production areas by the regulatory agency into several
concessions, each managed by local clam fisher with a strict set
of rules on access limitation and exploitation effort (Vincenzi
et al., 2006). Concessions are divided into areas of culture, where
mollusks are produced, and fishing areas, where mollusks are
exploited (Vincenzi et al., 2011).

This model resulted in the rational management of this
resource exploitation (Brusà et al., 2013). The concessions
granting process could still be improved upon by evaluating the
productivity potential of different locations in the lagoon and
thus improving the transparency of decision-making and the
sustainability of the activity (Vincenzi et al., 2011).

Further north, Venice lagoon has become the largest annual
production site of Manila clam in Italy with an income of 85 to
100 million euros (Melaku et al., 2011), which corresponds to 60%
of the country’s total production (Zentilin et al., 2007). It also is
the estuarine system with the most people (900) engaged in this
economic activity, although initially no regulation was defined for
the activity (Solidoro et al., 2003).

This lack of policy led to negative outcomes from both an
ecological and economic point of view (Pellizzato and Da Ros,
2005; Melaku et al., 2011; Brusà et al., 2013), such as:

• indiscriminate exploitation of the natural areas;
• use of illegal and/or high impact harvesting techniques with

consequent harmful effects on sediments and water;
• conflicts between fishers and other activities carried out in

the lagoon;
• inadequate management of nursery areas;
• reduction of the resource’s price and high social cost, which

cannot be internalized;
• health risks due to harvesting in industrial effluents

and polluted areas.

The Province of Venice has begun a gradual shift to a
concession regime under the control of GRAL (“Gestione
Risorse Alieutiche Lagunari”) (Vincenzi et al., 2011) with
the aim of restoring the social, environmental and economic
sustainability of this activity (Brusà et al., 2013). A total of
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3500 ha was licensed, in which mollusks could be cultured
and/or harvested (Pellizzato and Da Ros, 2005). Free access
exploitation continued to be allowed in specific areas, but only
using a clam rake and respecting a daily catch limit per fisher
(Pellizzato and Da Ros, 2005).

Some of the government’s most recent proposals were:
reducing the number of harvesters operating in the lagoon and
remodeling and reducing the areas granted to fishers (Vincenzi
et al., 2011). These measures had the purpose of Pranovi
et al. (2004); Sfriso et al. (2005); Molinaroli et al. (2007);
Vincenzi et al. (2011):

• reducing risks associated with public health due to
industrial pollutants or municipal waste;
• minimize the environmental impacts of clam dredges,

such as sediment loss, increased water turbidity and the
movement of nutrients and pollutants;
• protect habitats with conservation interest, such as seagrass

prairies;
• maximize production to minimize fishing effort, both

in space and time.

Another issue related to Manila clam culture is this activity’s
dependence on the collection of natural juveniles seed from the
environment (Brusà et al., 2013). The availability of seed is one of
the major barriers to the industrialization of the clam production
sector (Brusà et al., 2013). Consequently, the management of wild
seed and the protection of natural nursery areas were considered
priority tasks in order to achieve the sustainability for the current
strategy in force (Brusà et al., 2013).

In Sacca di Goro, nursery areas were identified, georeferenced
and declared as “no-take” areas (Brusà et al., 2013). Their
management was shared among all fishers’ associations under a
regional committee (“Servizio Economia Itálica, Regione Emilia
Romagna”), with the support of a scientific institute (“Istituto
Delta Ecologia Applicata”) (Brusà et al., 2013). Local fishers
directly manage these areas to optimize their capacity and
preserve the resource (removal of macroalgae and bioclasts,
addition of sediments, prevention of illegal extraction) (Brusà
et al., 2013). Field work is regularly carried out to estimate
the available stocks and thus allow for the correct timing of
seed collection campaigns, which are regulated by strict access
controls (Brusà et al., 2013).

Brusà et al. (2013) proposes the classification of the Venice
lagoon nursery areas as “no take” zones, with strict controls to
prevent illegal harvesting. This measure would contribute to the
restoration and protection of juvenile biomass and would favor
the development of mollusk populations in neighboring areas.

Most of the case studies presented in this chapter are
management measure proposals that are not yet evaluated
regarding their success. The exceptions are the models
implemented in Galicia and Italy. In Galicia, as mentioned
before, all available natural areas are included in the exploitation
plans accepted by the fishing authorities and the production
has shown an increasing trend since the implementation of this
cooperative management system (Molares and Freire, 2003).
In Sacca di Goro, the “culture-based fishery” resulted in the

reasonable management of the Manila exploitation (Brusà
et al., 2013). On the other hand, in Venice lagoon this system
solved some of this activity’s problems, but it has not yet been
reached the sustainable practice due to the greater complexity it
presents (Pellizzato and Da Ros, 2005; Vincenzi et al., 2006, 2011;
Brusà et al., 2013).

In Portugal, management strategies for the harvesting of
the Manila clam have been also proposed within the scope of
the project PROMAR (Chainho et al., 2016). The result was
a management proposal, based on the distribution, abundance,
growth rate and reproductive cycle of the species, framed
by the knowledge of the fishing community and the socio-
economic context of the activity. The management proposal
consisted of three alternative strategies and complementary
recommendations; these are:

Strategy 1 – A system with concession and free access areas:

• Allocation of concession areas, with the number of licenses
to be allocated in each defined, dependant on the ecosystem
capacity;
• Zoning – two concession areas to be defined in the area with

the greatest Manila clam abundance, with the remaining
production area allocated as free access zones.
• Harvesting techniques:

◦ In concession areas – snorkeling or SCUBA diving if
allowed, clam rake and telescopic clam rake;
◦ In free access areas – manual methods only;

• Licensed fishers for the concession area may exercise their
activity only within that area, except for harvesters using
SCUBA gear. Non-concessionary harvesters can carry out
their activity throughout the remaining authorized area.

Strategy 2 – Free access system:

• Continuation of the Manila clam exploitation management
in the Tagus estuary in free access system, with the
implementation of the complementary management
measures and recommendations indicated below.

Strategy 3 – Harvesting techniques zoning system:

• Organization of harvesting areas according to
the techniques used, with the implementation
of complementary management measures and
recommendations indicated below.

These complementary measures should be implemented
regardless of the strategy adopted:

• Increase of the number of licenses for Manila clam
harvesting in the Tagus estuary;
• Implementation of a “no take” season;
• Amendments to the recreational fishing regulation

(Ordinance No. 14/2014) to reduce the daily catch limits
per fishers to 2 kg;
• Regulation of Manila clam harvesting in all systems where

it occurs;
• Regulated authorization to use SCUBA diving equipment;
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• Prohibition of professional fishing in the vicinity of
effluents from Wastewater Treatment Plants.

Other recommended measures:

• Creation of local warehouses for registering the catches in
the most frequented zones, simplifying the documentation
to be filled in on the spot and carrying out an awareness
campaign on the new format and specific regulations;
• Carrying out regular monitoring campaigns that should

include the measurement of environmental conditions;
• Conducting awareness campaigns for the bivalve harvesting

and marketing sectors, and for consumers, regarding food
safety;
• Professionalization of the sector through incentives to

foster associations and entrepreneurship.

None of these strategies have been implemented yet, which
does not provide evidence on their adequacy for the management
of the Manila clam in Portugal.

DISCUSSION

The introduction and marked growth of Manila clam populations
have caused significant ecological, social and economic changes,
creating the need to implement new management models,
adapted to the new reality. The Manila clam currently occurs in
several estuarine and lagoon systems on the Portuguese coast,
but there are marked differences in relation to the abundance
and distribution of populations established in the different
coastal systems. These differences are directly associated with
the changes observed at the level of the fishing communities,
with the most profound changes observed in dedicated harvesters
collecting Manila clams in the Tagus estuary. These changes have
occurred in the last decade and have not yet been accompanied by
the necessary adaptation of regulations and management tools.
The results of the detailed analysis of the current situation of
the activity of Manila clam harvesting in Portugal and of the
current planning and management instruments are used as a
basis to propose management models inspired by those adopted
in other European systems where this species has been occurring
for a longer time.

Analysis of Management Models and
Application to the Portuguese Case
Studies
Several strategies for managing the exploitation of marine bivalve
mollusks in coastal systems that have been applied or proposed in
France, Spain, Italy and Portugal are summarized in Table 3, with
the identification of the Portuguese case studies for which those
strategies seem to be more appropriate.

The proposed measures for Arcachon bay, in France by Bald
et al. (2009), and for the Plentzia and Mundaka estuaries, in Spain
(Bald and Borja, 2002), were limited as a management model,
since they aim only to protect the resource. These measures do
not present solutions to combat the illegalities practiced in the
activity. In the case of Portuguese systems, this type of approach

TABLE 3 | Summary of management measures applied to different case studies,
the strategies applied and/or proposed in each one and assigns a classification
according to the Portuguese addressed system in which their application could be
more relevant, if applied in Portuguese estuarine systems.

Case study Management measures Portuguese
system

References

Arcachon
Bay (France)

Increase of the legal minimum
capture size;
Reduction of the capture
season;
Increase of the “no take” zones;

Sado estuary
and Ria de

Aveiro

Bald et al., 2009

Arcachon
Bay (France)

Co-management process
between fishermen, scientists
and administration.

Ria de Aveiro
and Óbidos

lagoon

Caill-Milly et al.,
2021

Plentzia and
Mundaka
Estuaries
(Spain)

Halve the current number of
fishers;
Limitation of the current capture
season to 1 month per year;
Establishment of a sustainable
minimum limit for the biomass
of the species.

Sado estuary
and Ria de

Aveiro

Bald and Borja,
2002

Santander
Bay and
Marismas de
Santoña
(Spain)

Establishment of a minimum
capture size;
Establishment of “no take”
zones;
Control of the spread and
density of cultivated bivalves
and/or dispersion of cultivation
areas;
Incorporation of the fishers into
a co-management system.

Óbidos
lagoon

Juanes et al.,
2012; Bidegain

et al., 2013

Galicia
(Spain)

Establishment of a community
cooperative management
system (“Cofradías”).

Óbidos
lagoon

Molares and
Freire, 2003

Sacca di
Goro and
Venice
Lagoon (Italy)

Establishment of a cooperative
concession management
system (“Culture-based
fishing”);
Classification of the nursery
areas as “no take” zones.

Tagus
estuary

Pellizzato and Da
Ros, 2005;

Vincenzi et al.,
2006; Vincenzi

et al., 2011;
Brusà et al., 2013

Tagus
Estuary
(Portugal)

Strategy 1 – a system with
concessions and free-access
areas

Tagus
estuary

Chainho et al.,
2016

could be more suitable for the Sado estuary, considering that
Manila clam harvesting is less significant (unpublished data), and
for the Ria de Aveiro, where harvesting of this species is less
representative than the exploitation of other species (Figure 2;
Maia and Gaspar, 2014). In Ria de Aveiro, it is also pertinent
to implement species-specific regulations for the harvesting of
bivalve mollusks in order to protect the exploited species.

In Santander Bay and Marismas de Santoña in Spain (Juanes
et al., 2012; Bidegain et al., 2013), in addition to resource
protection measures, there is also a proposal to incorporate the
fishers in a co-management system similar to the one practiced
in Galicia region. This measure is relevant to the Óbidos lagoon,
where most of the harvesters are legal and there is a reasonable
level of association, as well as some stability in the number of
harvesters over time.

In Galicia, also in Spain (Molares and Freire, 2003), the most
efficient model for the management of a fishing resource was

Frontiers in Marine Science | www.frontiersin.org 12 July 2021 | Volume 8 | Article 685307194

https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/marine-science#articles


fmars-08-685307 November 19, 2021 Time: 10:23 # 13

Coelho et al. Management Models of the Manila Clam Fisheries

implemented, as it involves the entire community in the decision
making, based on government guidelines. However, this model
is only applicable to small fishing communities, such as the case
of Óbidos lagoon, and is not, most likely, an effective model
when applied to a large and less organized community such as
the Tagus Estuary.

The co-management process between fishermen, scientists
and administration recently put in place at Arcachon Bay (Caill-
Milly et al., 2021) presents a solution to establish working groups
in these systems with the aim of organizing surveys and research
programs to monitor the annual stock of the exploited species and
its capability of stock renewal, therefore supporting the decision-
making process. This highly organized approach requires the
availability of stakeholders aiming to collaborate and a very
good communication network to coordinate the inputs of the
fishing community, the scientists and administrators. A well
organized and empowered fishing community is needed to ensure
their commitment in the Manila clam population monitoring
surveys in collaboration with researchers. In turn, these must be
able to focus their research to meet the needs of a sustainable
management of the bivalve stocks, such as investigating causes
of high mortalities, to better support management decisions.
The success of this co-management processes also depends on
having a streamlined administration, capable of providing quick
decisions and regulatory/management changes, as a response
to new information provided by the fishing and researcher
communities. Ideally, this model would be the best to ensure
the efficient management of the highly abundant Manila clam
population at the Tagus estuary. Nevertheless, the complete lack
of organization and association within the fishing community is
still a strong barrier to implement this type of approach, as well
as the slowness of decision makers in making and implementing
decisions and regulatory changes. The more advanced level of
organization of the fishing communities and the experience of
working in partnership with researchers and decision makers in
Ria de Aveiro and Óbidos lagoon makes these case studies best
suited for a first try of co-management solutions.

The “culture based fishing” strategy applied by the Italian
authorities in Sacca di Goro and in the Venice lagoon, (Pellizzato
and Da Ros, 2005; Vincenzi et al., 2011, 2006; Brusà et al.,
2013), appears, in our opinion, to be the one with greatest
probability of success in the Tagus estuary. This case study has
several similarities with the case of the Venice lagoon, in relation
to the size and difficulties of managing the activity. By giving
local entrepreneurs ownership of concessions this could greatly
reduce the burden on local authorities to police illegal harvesting
activities, therefore allowing resources to be re-allocated to other
problematic areas of the supply chain and create incentives for
legal business practices as a condition to retain licenses.

The management proposal outlined for the Tagus estuary
(Chainho et al., 2016) included three possible different scenarios.
but strategy 1 consisting on the attribution of concession and free
access areas seemed to be the most adequate for an experimental
pilot study in the Tagus estuary. This system would promote a co-
management process between stakeholders, a decrease of illegal
harvesting, an increase in licensing and more efficient monitoring
of the activity. The other two Chainho et al. (2016) strategies do

not present a solution to address illegal harvesting and therefore
are more appropriate for the other case study systems, where IUU
is much less significant.

Management Model Proposal
The crossover of information on the management models
adopted in other places where this species is exploited (Table 3)
with the strategies and measures proposed by Chainho et al.
(2016), allowed for the elaboration of proposals for the systems
addressed in this case study (Table 4). These proposals were
based on previous knowledge on the exploitation of this species
in the different locations, considering the abundance and
distribution of the species, the harvesting techniques used in each
system, the characteristics of the harvesters’ communities, the
volume of catches and the value chain (harvesting, processing,
transport and marketing).

• Tagus Estuary – A concession and free-access areas system
with similarities to Strategy 1 proposed by Chainho
et al. (2016) and the strategy of “culture based fishing”
(concessions with nursery areas) in practice in Italy
(Pellizzato and Da Ros, 2005; Vincenzi et al., 2011, 2006;
Brusà et al., 2013), is recognized by the authors as the
most promising for the management of the Manila clam
harvesting in this system. This model is characterized by:

◦ Definition of concession exploitation areas that would
include commercial exploitation and nursery areas,
and non-concession areas, where harvesting would be
allowed under a free access system to which the Tagus
estuary harvesting regulations apply;
◦ Additional measures:

� Close monitoring of illegal exploitation located in the
Tagus Estuary Nature Reserve areas classified as partial
protection type I, partial protection type II or total
protection;

� Creation of purification facilities, transposition areas
and processing industries for specimens captured
in systems with a C classification according to EU
Regulation (EC) No 854/2004;

� Creation of “no take” areas, for the development of
natural juveniles (nursery zones);

� Creation of ambulatory markets, in which the
Manila clam trade would be exclusive, to minimize
Unreported Fshery;

� Restricting the bivalve landings only at the area of
jurisdiction of the harvester’s license.

• Sado Estuary – Regulation measures with the definition of
maximum daily quantities, such as those mentioned in the
cases of Arcachon Bay, France (Bald et al., 2009) and the
Plentzia and Mundaka estuaries in Spain (Bald and Borja,
2002), are sufficient as there is currently no significant
presence of Manila clam in this system, which results in a
residual practice of the exploitation of this species;
• Óbidos Lagoon – In this system, most fishers are

licensed and use harvesting techniques in accordance with
current legislation (Duarte, 2018), which means that a
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TABLE 4 | Summary of the management models proposed for the Portuguese estuarine and lagoon systems and respective characterization and additional measures.

System Model Model characterization Management/ Monitoring measures Legislation/ Regulation measures

Tagus
estuary

Concession areas
and free-access
areas

Concession areas:
• Commercial exploitation
• Nursery areas
Non-concession areas:
• Free access system

Management:
• Close monitoring of illegal exploitation located
in TENR partial protection type I, type II or total
protection classified areas
• Creation of purification facilities, transposition
areas and processing industries
Monitoring:
• Regular monitoring campaigns
• Awareness campaigns for harvesters and
consumers

Increase the number of harvesting licenses
Creation of “no take” areas
Amendments to the recreational fishing regulation
(Ordinance No. 14/2014) to reduce the daily
catch limits per fishers to 2 kg.
Regulated authorization to use SCUBA diving
equipment.
Prohibition of professional fishing in the vicinity of
effluents from Wastewater Treatment Plants.
Creation of ambulatory markets
Professionalization of the sector

Sado
estuary

Regulation
measures

Definition of maximum daily
quantities.

Management:
• Establish working groups between stakeholders
Monitoring:
• Regular monitoring campaigns
• Awareness campaigns for harvesters and
consumers

Update the system-specific regulation to include
this species.
Professionalization of the sector

Óbidos
Lagoon

Co-management
model

Active participation of the
harvesters in:
• maximum daily quantities,
• monitoring process

Monitoring:
• Regular monitoring campaigns
• Awareness campaigns for harvesters and
consumers

Update the system-specific regulation to include
this species.

Ria de
Aveiro

Regulation
measures

Definition of:
• maximum daily quantities
• monitoring mechanisms

Management:
• Establish working groups between stakeholders
Monitoring
• Regular monitoring campaigns
• Awareness campaigns for harvesters and
consumers

Update the system-specific regulation to include
this species.
Professionalization of the sector.

co-management model with the active participation of the
fishers, such as the one practiced in Galicia, Spain (Molares
and Freire, 2003), could be the most advantageous for
promoting sustainable exploitation of this species;
• Ria de Aveiro – In this systems bivalve mollusk harvesting

targets different species depending on the time of year
(Maia and Gaspar, 2014). Therefore, it may justify
regulations measure that include maximum daily quantities
and mechanisms of monitoring the activity.

The inclusion of this species in the system-specific harvesting
regulations is also proposed for the Sado Estuary, Óbidos Lagoon
and Ria de Aveiro.

Additional measures should be implemented at a national
level since many of the activities of IUU fishing are facilitated
by differences in regulation and practices in different coastal
systems. The definition of seasonal closures to shellfish harvesting
associated to the reproductive cycle is used as a management
measure to ensure the replenishment of bivalve stocks. The
Manila clam has an extensive spawning period, as was confirmed
for the populations in the Ria de Aveiro (Maia et al., 2021) and
the Tagus estuary (Moura et al., 2018), starting at the end of
spring and extending until autumn. Nevertheless, this type of
measure must be comprehensive, in order to protect the various
exploitable species that co-occur in the same systems. This might
be achieved by setting the closure season during a common
breeding season between different species, which in Portugal
occurs in June-July. This type of measure would be applicable
to all Portuguese coastal systems, as well as any changes of the
minimum landing size (MLS), to ensure consistent management
across areas. The MLS currently in force in Portugal is 40 mm
(Table 2), similarly to what has been applied to Atlantic waters

(Moura et al., 2017). However the fishing community claims that
the Mediterranean waters MLS of 35 mm should be used in
Portugal. A study conducted on the growth of the Tagus estuary
population concluded that R. philippinarum sexual maturation
close to 30 mm (Moura et al., 2017). These results reinforced by
the increase in the abundance of the Manila clam in the Tagus
estuary during the last 5 years in spite of intensive exploitation
seem corroborate with the fishing communities’ expectations.

The implementation of the proposed management models
also requires starting to mobilize the relevant stakeholders that
have been identified within the development of projects such as
PROMAR, GEPETO and NIPOGES. These measures include:

• Constitution of stakeholders working groups at each case
study system to start working on the proposed management
models, define a collaborative working structure and
identify major problems and possible solutions;
• Professionalization of the sector through incentives

to foster associations and entrepreneurship amongst
harvesters and other relevant stakeholders;
• Carrying out regular monitoring campaigns to assess the

Manila clam population status and adjust the regulatory
and management measures accordingly;
• Conducting awareness campaigns for the bivalve

harvesting and marketing sectors, and for consumers,
regarding food safety.

CONCLUSION

Manila clam harvesting has become an integral part of life for
many in Portugal who rely on coastal ecosystems to survive.
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This phenomenon is predominantly felt in the Tagus estuary,
due to the large number of people involved and the biomass
of Manila clam in the system. The expansion of this activity
led to practices that do not respect current legislation, both
in relation to harvesting and marketing, as well as constraints
arising from spatial planning instruments in force in this system.
This situation, coupled with the lack of specific legislation for
other systems where this species occurs and is exploited, such
as the Ria de Aveiro, the Óbidos lagoon and the Sado estuary,
have made the need to develop a management model for the
exploitation of this species a relevant topic to explore.

The analysis carried out in this study has demonstrated
that the most promising management model for the Tagus
estuary, where the exploitation of this resource is particularly
strained, is the combination of “culture based fishing”
strategy, such as the one in practice in Italy, with a system
with concession areas and free access areas, as well as the
implementation of several complementary measures aimed at
nurturing the creation of infrastructures and legal framework
changes. As for the other systems where the exploitation of
Manila clam is less intense: creation of specific regulations
directed to these systems and implementation of a co-
management model with the active participation of all
stakeholders, mainly in the Óbidos lagoon, science-based
regulation of a closed season, maximum daily quantities,
monitoring of the exploited species annual stocks and
improved surveillance of the activity, are the management
proposals recommended.

This activity deregulation is untenable due to the illegalities
and criminality involved resulting in public health risks. Thus,
a sustainable management has to incorporate: (i) legislation and
regulations entities; (ii) a stock exploitation organizational model;
(iii) effective communication between stakeholders, researchers
and public administration; (iv) safeguard of public health; and (v)
monitoring plans integrated with the scientific community.

This study addressed different scenarios for the exploitation of
an invasive marine bivalve species in different types of Portuguese
coastal systems. By comparing these cases with similar ones

across Europe, management models and measures specific for
each one were proposed. It’s an important step toward the
sustainable exploitation of this invasive species and furthermore,
establishes a foundation for future management approaches
and studies about the exploitation of marine bivalve species in
estuarine coastal ecosystems.
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A Corrigendum on

Management Models of the Manila Clam (Ruditapes philippinarum) Fisheries in Invaded

European Coastal Systems

by Coelho, P., Carvalho, F., Goulding, T. A., Chainho, P., and Guerreiro, J. (2021). Front. Mar. Sci.
8:685307. doi: 10.3389/fmars.2021.685307

In the original article, there was an error. At the beginning of the abstract, in the sentence “The
Manila clam (Ruditapes philippinarum, Adam & Reeve 1850) is a non-indigenous species that was
illegally introduced in Europe (France) in the 1970s for commercial purposes, and reached Portugal
in the 1980s,” the word “illegally” shouldn’t be there because it doesn’t match the bibliography
presented. This error was due to several rewritings of the abstract and originally refered to Portugal’s
case. The word should have been deleted when referring to Europe (France).

A correction has been made to Abstract.
The Manila clam (Ruditapes philippinarum, Adam & Reeve 1850) is a non-indigenous species

that was introduced in Europe (France) in the 1970s for commercial purposes, and reached Portugal
in the 1980s. Currently, it occurs in several European coastal systems, from the Bay of Biscay to the
north Mediterranean. In Portugal, it is present in estuarine systems and coastal lagoons from the
north to south, such as Ria de Aveiro, Óbidos Lagoon and Sado estuary, but a sharp rise in the
prevalence of this species in the largest Portuguese estuary, the Tagus, resulted in the exponential
growth of the number of harvesters and, consequently, an increase in the illegal exploitation of this
resource. At least 1700 harvesters were estimated in this system and an annual catch volume of
between around 4,000 and 17,000 t which corresponds to an annual value around e10,000,000 to
e23,000,000 of sales. There is a general failure to comply with current legislation, both in relation
to harvesting and marketing, as well as constraints arising from spatial planning instruments in
force on the estuary. The failure to comply with sanitary standards for the exploitation and trade
of bivalve mollusks presents a risk to public health and a social-economic issue resulting from this
activity. The goal of this study is to propose management models for this activity with the aim of
contributing to create a legal framework in which sustainable harvesting can be achieved, in the
different systems where exploitation occurs. In order to accomplish this goal, the current state play,
legal framework, regulation for harvesting and trade and relevant spatial planning instruments in
Portugal are analyzed. In order to ascertain an adequate national management strategy, a variety
of case studies in France, Spain and Italy were studied. The outcome is a management model
which includes a co-management strategy of concessions as well as a mixed regime with concession
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areas and free areas. The creation of specific regulations;
implementation of a co-management model with the active
participation of harvesters; science-based regulation of a closed
season and maximum daily quotas and an improved surveillance
of the activity are recommended.

The authors apologize for this error and state that this does
not change the scientific conclusions of the article in any way.
The original article has been updated.
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Modelling the Distribution of a
Commercial NE-Atlantic Sea
Cucumber, Holothuria mammata:
Demographic and Abundance
Spatio-Temporal Patterns
Pedro M. Félix1* , Ana Pombo2, Francisco Azevedo e Silva1, Tomás Simões1,
Tiago A. Marques3,4,5, Ricardo Melo1,6, Cristina Rocha3,7, João Sousa2, Eliana Venâncio2,
José L. Costa1,5 and Ana C. Brito1,6

1 MARE – Marine and Environmental Sciences Centre, Faculdade de Ciências, Universidade de Lisboa, Lisbon, Portugal,
2 MARE – Marine and Environmental Sciences Centre, ESTM, Polytechnic Institute of Leiria, Leiria, Portugal, 3 CEAUL –
Centro de Estatística e Aplicações, Faculdade de Ciências, Universidade de Lisboa, Lisbon, Portugal, 4 Centre for Research
into Ecological and Environmental Modelling, The Observatory, University of St Andrews, St Andrews, United Kingdom,
5 Departamento de Biologia Animal, Faculdade de Ciências, Universidade de Lisboa, Lisbon, Portugal, 6 Departamento
de Biologia Vegetal, Faculdade de Ciências, Universidade de Lisboa, Lisbon, Portugal, 7 Departamento de Estatística e
Investigação Operacional, Faculdade de Ciências, Universidade de Lisboa, Lisbon, Portugal

There is an increasing demand for sea cucumbers, for human consumption, mainly from
Asian markets and, as a consequence, NE-Atlantic species are now new targets for
exploitation and exportation. Holothuria mammata is one of the most valuable species
in Europe. However, the lack of historical economic interest in this species in most
European countries has also led to a lack of studies concerning biological and ecological
aspects on wild populations and this is a major issue for stock management. This study
aims to determine the temporal and spatial patterns of distribution of H. mammata,
considering its abundance and demographic structure in a NE-Atlantic area, SW
Portugal, as a function of environmental conditions. For that, a population from a marine
protected area was followed for 1 year at 1.5-month intervals. Throughout the coastal
area, six sites were selected and at each sampling campaign three random transects
per site and substrate (rock and sand) in which all H. mammata individuals were
counted and measured. For each site and survey several environmental parameters of
interest, from the water column, the sediment and substrate cover, were also measured.
Generalized Linear Models were used to model the spatial and temporal distribution of
the species according to environmental conditions, to determine the species’ habitat
preferences. The distribution models indicate that abiotic and biotic parameters of the
water column are not the main drivers shaping the distribution of H. mammata. The
species has a patchy distribution, and its habitat preferences depend on environmental
stability, the presence of shelter and habitat complexity, which is more important for
smaller, more vulnerable, individuals, while bigger size classes tend to venture more
into less stable environments in an opportunistic fashion. The knowledge of these
population traits is determinant to develop stock management measures, which are
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now urgent to prevent the depletion of commercial sea cucumber populations in the
NE-Atlantic. Sustainable fisheries policies should be developed and start by considering
to delimit fishing areas and periods, considering the species spatial and temporal
distribution patterns.

Keywords: Holothuroidea, density, size-class distribution, habitat preferences, environmental parameters, rocky
reef, Portugal

INTRODUCTION

Sea cucumbers are a group of echinoderms with important
ecological functions. Deposit-feeders compose a large group
of these holothurians, which play a critical role in habitat
structuring through bioturbation, recycling and redistributing
nutrients (e.g., MacTavish et al., 2012; Purcell et al., 2016).
Their feeding behaviour, ingesting sediments and digesting its
organic content, help to maintain or improve the physico-
chemical processes of benthic habitats, by decomposing sediment
organic matter and controlling populations of bacteria, fungi, and
phytobenthos (e.g., Uthicke, 1999; Michio et al., 2003; Namukose
et al., 2016). Sea cucumbers are a highly priced commodity in
China and have been harvested for more than three centuries
(Schwerdtner Máñez and Ferse, 2010). As a consequence of
high fishing pressure and intrinsic biological and ecological
characteristics, such as low mobility, density dependent breeding,
slow growth of many species, or shallow water occurrence
for others (Hamel and Mercier, 1996a; Kinch et al., 2008;
Mercier and Hamel, 2009; Purcell et al., 2013), this group is
vulnerable to overfishing. The majority of exploited sea cucumber
species are, in fact, deposit-feeders (most of the formerly known
aspidochirotids) (Purcell et al., 2016), and several of these
are currently overexploited or depleted (Purcell et al., 2013).
This can create a set of inevitable ecological consequences
that can result in a curtailment in primary productivity,
decrease in benthic diversity and biomass, decrease of buffering
capacity of surrounding seawater acidity, preclude symbiotic
associations, impair trophic relationships, etc. (Moriarty et al.,
1985; Uthicke, 1999; Michio et al., 2003; Solan, 2004; So et al.,
2010; Wolkenhauer et al., 2010; Schneider et al., 2011, 2013;
Purcell et al., 2016). Considering the ecosystem services provided
by these species, the overexploitation of multiple populations has
the potential to create severe cascading effects in the ecosystems.

Setting limits to fisheries is now urgent but, for that to be
done efficiently, improved knowledge on the ecological traits
of exploited species is of the utmost importance. Distribution
patterns and their drivers are a fundamental set of information
for stock management, e.g., establishing geographical limits to
harvest and avoid excessive capture of breeders or specific size-
classes, particularly due to a common patchy distribution of sea
cucumbers, where high density areas can be followed by adjacent
zero or near-zero abundances (e.g., Džeroski and Drumm, 2003;
Mendes et al., 2006; Eckert, 2007; Shears and Babcock, 2007;
Dissanayake and Stefansson, 2010; Domínguez-Godino and
González-Wangüemert, 2020). The study of these traits takes on a
new importance considering that this is not only species-specific
but varies according to habitat, i.e., the distribution patterns of

a species may depend on the habitat it occurs in Sloan and
von Bodungen (1980), Navarro et al. (2013), Domínguez-Godino
and González-Wangüemert (2020). Depending on habitat type,
densities of deposit-feeders may be higher in shallow-waters,
but may vary in depth, for reasons like reduced exposure from
UV radiation (Domínguez-Godino and González-Wangüemert,
2020). A vegetated cover can be the main driver for aggregation,
as it provides shelter (Dissanayake and Stefansson, 2012; Navarro
et al., 2014; Siegenthaler et al., 2015, 2017) or the opposite
(Tuya et al., 2006), but in some cases the preference can change
according to life-cycle stage (Mercier et al., 2000; Hamel et al.,
2001; Eriksson et al., 2012; Aydin, 2019a). Rocky reefs can
also be preferred when compared to adjacent areas without
rocky substrate, offering more complex habitats, regarding food
sources or shelter (Zhou and Shirley, 1996; Džeroski and Drumm,
2003; Mendes et al., 2006). Generally, density is not related
to organic content of the sediment, although it can be related
to its granulometry and, consequently, to diet quality through
benthic biodiversity (Sloan and von Bodungen, 1980; Mercier
et al., 2000; Dissanayake and Stefansson, 2012; Navarro et al.,
2014; Domínguez-Godino and González-Wangüemert, 2020;
Viyakarn et al., 2020). Muddy sediments, with more organic
content, have, typically, less microbenthic diversity than sandy
sea beds (Underwood and Barnett, 2006). Often, the main habitat
preferences stem on lower hydrodynamic characteristics of the
area and the presence of shelter (Sloan and von Bodungen, 1980;
Mendes et al., 2006; Al-Rashdi et al., 2007; Morgan, 2011).

However, and in spite of the ecological relevance of these
species and risk of overexploitation, these traits are fairly
described for the most relevant species in the trade market (e.g.,
Mercier et al., 2000; Shiell, 2007; Morgan, 2011; Dissanayake
and Stefansson, 2012; Purcell et al., 2012, 2016; Kashio et al.,
2016) but for others are sparse and scarce. Emergent target
species (from the Mediterranean and NE-Atlantic) are less
studied, or not at all, or have a strong regional or habitat focus
(e.g., Simunovic et al., 2000; Navarro et al., 2014; Siegenthaler
et al., 2015, 2017; Marquet et al., 2017; Aydin, 2019b; Boncagni
et al., 2019; Domínguez-Godino and González-Wangüemert,
2020). The introduction of these species in the international
trade markets is the result of a stock depletion of traditional
commercial species, mainly from the Indo-Pacific, increasing
demand and consequent fisheries expansion to new areas (Purcell
et al., 2013; Conand, 2017; González-Wangüemert et al., 2018;
Dereli and Aydın, 2021). Holothuria mammata Grube, 1840, is
currently one of the most relevant commercial species in the
NE-Atlantic and Mediterranean (González-Wangüemert et al.,
2014, 2018; Dereli and Aydın, 2021). Its geographical distribution
covers the NE-Atlantic where it has its northern limits at the Bay
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of Biscay and southern limits at the meridional Macaronesian
islands including the insular regions of Madeira, Azores and
Canary islands, the north-African coast, occurring also in the
Mediterranean sea (Tortonese, 1965; Borrero-Pérez et al., 2009).
Still, the knowledge on ecological traits for this species is
scarce, limited and regional, and insufficient to establish stock
management policies, although relevant efforts have been put
into it (Navarro et al., 2013; González-Wangüemert et al., 2014,
2016, 2018; Aydin and Erkan, 2015; Mustapha and Hattour, 2017;
Siegenthaler et al., 2017; Azevedo E Silva et al., 2018; Félix et al.,
2018; Simões et al., 2018; Aydin, 2019a,b, 2020; Sousa et al., 2020;
Venâncio et al., 2021; Azevedo e Silva et al., 2021). There are
several ecological details missing, either to allow management
and control of harvest activities or for future mitigation actions
involving population recovery or replenishment. Hence, there is
a need for further studies on reproductive parameters (across
the species distribution range), growth, recruitment, population
structure and dynamics, meta-population variability, and other
life-history traits.

This study aims to determine the temporal and spatial
patterns of distribution of H. mammata, considering its
abundance and demographic structure in a NE-Atlantic area,
SW Portugal. Individual size and density will be modelled as a
function of the site’s environmental characteristics to describe
habitat preferences.

Materials and Methodology

Study Area
The study was carried out at a NE-Atlantic coastal area in the
southwest of Portugal, within a marine protected area (MPA),
the Arrábida Marine Park (38◦26′50.4′′N; 9◦01′58.7′′W). The
study area is dominated by a rocky reef that ends in a sandy sea
floor in a gradual transition around 3–10 m in depth, depending
on site, as depth varies greatly throughout this coastline. This
subtidal area displays a variety of habitats in complex diversity
of macro- and microhabitats, which supports a high diversity of
algae, invertebrates and fish that benefit from the hydro- and
geomorphological conditions of the area. The productivity of
these coastal waters increases in the summer, as a consequence
of upwelling events (Wooster et al., 1976; Costa et al., 2013).
Sampling was extended offshore up to the 20-meter bathymetric
mark and the Sado estuary to delimit the actual range of
occurrence of H. mammata (Figure 1). This is a currently
unexploited population. Fisheries are mostly banned in this MPA,
where local marine authorities display a regular surveillance for
illegal activities, and sea cucumbers, in particular, are not yet
a fishing target.

Sampling
Considering the lack of knowledge on the distribution of
H. mammata extensive preliminary surveys were conducted
considering habitat type, depth and area to identify the
distribution of the species in the region (Figure 1 – all sites).
These surveys, that allowed to determine which areas should be
considered for the bulk study, continued throughout a 1-year

period, at each of its four seasons (in January, May, August, and
November), to account for temporal variability and guarantee
the sites with no occurrences were true zeroes. The majority
of estuarine sites go from muddy to sandy sediment, without
cover, except for sites SE7 and SE8 that were set within subtidal
patches of Zostera marina, Linnaeus. Sites SE9 and SE10 were
also exceptions regarding the spatial distribution of sampling
sites. They are at a close distance but have markedly different
properties: SE10 is the only site within the estuarine area with
a subtidal isolated rocky outcrop that resembles the coastal rocky
reefs; and SE9 is an open area without shelter or biotic cover of
the substrate. The marine area (offshore and southern coast) is
dominated by a sandy substrate regardless of depth. Sites SC2 to
SC6 differ from the remaining sites by the presence of a rocky reef
(Supplementary Table 1).

Based on these surveys, each site with a recorded presence
of H. mammata was included in the distribution range of the
species. This distribution area included the sites SC2 to SC6
and SE10, which were then specifically set based on spatial
heterogeneity considering hydromorphological characteristics
(exposure to tidal currents), available substrates (sand, rock,
density of algae cover in each of the previous), shelter frequency
(available crevices in rock and in sand/rock transition areas)
species densities and distance to the estuary. As this area of
occurrence was the one used to assess the distribution patterns of
the species, sampling effort was increased to 1.5-month intervals,
between the months of January 2018 and March 2019 (1.5
sampling intervals were set to match the seasonal samplings that
occur every 3 months). Thus, for sites SC2 to SC6 and SE10, 9
sampling campaigns were performed, while for all other sites,
only four sampling campaigns were done, in total.

To ensure comparability across the study area sampling
campaigns were always based on a catch per unit of effort (cpue)
of number of individuals per unit of area, always carried out
between 9 to 12 h (a.m.) and with three replicates per site.
Sampling was primarily done by scuba-diving (visual census on
random transects of 30 m × 3 m, parallell to the coastline),
except for sites at depths higher than 12 m, with high currents
or in upper estuarine areas, where visibility did not allow a
visual census. In these sites, sampling was carried by beam-trawl
with an opening of 2 m and a 2 mm mesh size at the cod
end. Depending on location, tows of 5–10 min, also with three
replicates per site, were performed. Typically, longer tows were
possible offshore (higher depths and sandy bottoms) and shorter
tows inside the estuary, with muddy bottoms and debris that
promote a quick trawl clogging (Supplementary Table 1). Sites
SC2 to SC6 and SE10 (species distribution area), unlike every
other site, had two bottom types (rock and sand). For these,
six random transects were done (three per substrate type) to
represent the full heterogeneity of the site. The first transects were
based on the deployment location and the following to the left
and right of that location, parallell to the coastline. Transect areas
were not repeated along the study period.

All H. mammata individuals detected in each transect were
counted, and measured (nearest mm ±1), in situ, without
manipulation to prevent muscle contraction and minimise
size variability (using a flexible measuring tape). Since rocky
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FIGURE 1 | Map of the study area, with sampling sites, grouped according to habitat type, classified as; estuary (yellow); coastal (red); and offshore (blue).

substrates have sandy patches and vice-versa, the surface on
which each individual occurred was also recorded (e.g., presence
of an individual in sand substrate/patch of a rock transect), as was
the cryptic condition of each individual (within macroalgal cover
or sheltered in crevices and seams in rocks).

For each site (coastal, estuarine, and offshore) and each survey
several environmental parameters of interest were measured,
using a calibrated multiparametric sonde YSI-EXO2: water
temperature, pH, salinity, dissolved oxygen (ODO), dissolved
solids, turbidity, chlorophyll a, and depth. Site current was
measured with a Doppler Current Sensor 4100. The type of rock
surface for each site (plain or presenting crevices and seams) and
the type of biological cover of the substrate (seagrass, macroalgae,
or none) were also recorded. Grab samples were collected at
each site for determination of sediment grain size and total
organic matter (TOM) of sediments. The later was obtained
by loss on ignition (480◦C) and the former determined using
63 µm to 2 mm sieves to separate, respectively, the silt, sand and
gravel fractions. Each fraction was then dried and weighed, and
sediments assorted according to their percentages (Blott and Pye,
2001) and then classified with Shepard diagrams (Shepard, 1954).

Data Analysis
The data analysis was divided in two stages: (1) the exploratory
assessment of occurrence areas for H. mammata and the
identification of space and time differences in the distribution of
the population; and (2) the use of empirical models to evaluate
which environmental factors influence population density and
size distribution of H. mammata. All statistical analyses were
carried out in R software (R Core Team, 2020) and results
considered significant at a p-value < 0.05.

To assess the environmental characteristics of the study area
and to help explain the distribution range of H. mammata, a
Principal Components Analysis (PCA) was used to group sites by
their environmental parameters, considering three main habitats,
classified as: estuary, coast, and offshore. The existence of spatial
and temporal differences in the distribution of H. mammata,
based on density and mean size, was assessed with a Kruskal–
Wallis rank test. The selection of non-parametric techniques was
justified by a non-normal distribution of density and a positively
skewed distribution of mean size. Multiple comparisons were
then conducted with the Hochberg method, for an adjusted
p-value (Hochberg, 1988). An ANOVA was used to determine
differences between sheltered and unsheltered behaviour (e.g.,
individuals in crevices or algae cover), based on individual sizes
(normally distributed).

The second stage of the data analysis relied on empirical
modelling to explain distribution patterns (density and mean
size) according to environmental factors. To avoid misleading
inferences due to similar effects of correlated variables (Morrissey
and Ruxton, 2018), the collinearity between predictors to be
included in the empirical models was assessed by applying a
stepwise trait selection based on variance inflation factors (VIF),
using the function vifstep() in the R package usdm (Naimi et al.,
2014), with a VIF threshold set at th = 8, and checked with
correlation plots. The selected predictors are described in Table 1.
Apart from the variables excluded due to collinearity issues
(dissolved solids, fine and medium sand fractions, and gravel), the
two following variables were also left out. Salinity in the coastal
area is more conservative than in estuarine environments. Since
there is only one site at the estuary mouth (SE10) this could result
in local salinity variations based on tidal regimes. Sea cucumbers
are low mobility animals and salinity variations that are tidal
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TABLE 1 | Selected variables based on variance inflation factors to be included in empirical models assessing habitat preferences for Holothuria mammata.

Variable Type Unit Relevance

Substrate Binary Sand/rock Indicates sampling at the rocky reef or sandy bottom. The latter are transects set in open and exposed areas, with
sand substrate, which are the main feeding substrate for Holothuria mammata.

Depth Continuous m Site depth represents a response to physical environmental stressors, as site hydrodynamics decrease with depth.

Longitude Continuous Decimal Longitude was chosen as a proxy of environmental stress, as it represents distance to estuary mouth (longitude
increases with distance). Estuarine environments have more environmental variability than its adjacent coastal areas.

Current Continuous m.s−1 Current represents the hydrodynamism of each site, as an environmental stressor. Reflects the tolerance of sea
cucumbers to hydrodynamic conditions when related to density or size class.

Coarse sand Continuous % A granulometric feature of the sediment that may be related to feeding preferences. Of all sand fractions, the coarse
sand was that which best explained the granulometry of the sediment, by correlating with all others.

Silt Continuous % A granulometric feature of the sediment that may be related to feeding preferences. Silt represents the finer fraction
(<63 µm) of the sediment.

Total organic matter
(TOM) in the sediment

Continuous % Total organic content of the sediment is a measure of organic content availability that may be related to feeding
preferences, although not providing information on nutritional quality.

Chlorophyll a Continuous µg.L−1 Represents the primary productivity of the site.

Dissolved oxygen
(ODO)

Continuous mg.L−1 Chosen as an environmental stressor that can vary spatially according to hydrodynamism and different ecological
processes, particularly relevant for benthic species as a result of stratification in brackish systems.

Turbidity Continuous FNU Chosen as an environmental stressor that is higher in estuarine sites, as a result of run-off from the hydrographic
basin.

Temperature Continuous ◦C Represents the variability of each site. Temperature variations can be a seasonal indicator or reflect the exposure of
each site to currents.

pH Continuous – Chosen as an environmental stressor that can influence physiological processes in invertebrates.

FIGURE 2 | Principal Component Analysis (PCA) diagram of environmental data by sampled site, grouped according to habitat, classified as coast, estuary, and
offshore.

dependent make a poor predictor for distribution patterns. Thus,
other variables were chosen to represent a proximity to the
estuary (e.g., longitude, turbidity, and ODO). Besides, longitude
is not influenced by tidal regimes and salinity is, which, in turn,

varies according to sampling hour and day (sampling logistics
did not allow a standardised sampling regarding the tide). Shelter
(presence or absence of crevices or seams where sea cucumbers
can find shelter in), a binary variable representing a response to
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physical environmental stressors, like current, or predation, was
also removed, because it was highly correlated to site current and
caused convergence issues in the models. Sites without shelter
were, simultaneously, the sites with the highest exposure to
hydrodynamic influence (high current).

The Generalized Linear Models (GLM) were implemented
for two response variables: (1) density and (2) mean size, with
Tweedie and Gamma distributions, respectively, and log-link
functions (Tweedie, 1984). The 1AIC was the measure derived
from the AIC (Akaike information criterion) that was used
as the model selection criterion and significant interactions
were assessed considering the signs of the coefficients for the
interaction and individual variables and with surface plots (Feld
et al., 2016). A thorough description on the used models and
the analytical procedures that supported the interpretation of the
results are detailed in Supplementary Material 2. For relevant
predictors in the models that showed a variations in time, a
causality test, based on the ccf() cross-correlation function, was
used to determine relationships between two time series: the
relevant predictor variable and the response variable, across the
sampling period. The autocorrelation function (ACF) plotted the
results with all tested time-lags.

RESULTS

Space-Time Distribution Patterns
The distribution range of H. mammata in the sampled area, like
the other two commercial holothurians (Holothuria forskali and
Holothuria arguinensis), was restricted to rocky reefs. Marine
open areas without hard substrate had no occurrences and
at rocky reefs no individuals were found beyond a maximum
distance of 7 m from the transition border between rock and
sand substrates. The estuarine area showed a wider heterogeneity
concerning its environmental features and the dissimilarities
from the adjacent marine environment were, mainly, related to
the granulometric characteristics of the sediment, its organic
content, turbidity, dissolved oxygen and temperature (Figure 2).
The only estuarine site with H. mammata (or any of the
aforementioned) was SE10, a site near the estuary mouth
distinguished by the presence of a rocky outcrop and, in more
than a year of sampling, no occurrence was observed at the
two low depth nearby sites, SE9 and SE8, the latter in a
seagrass meadow patch.

Within the area of distribution of H. mammata 2114
individuals, ranging from 119 to 510 mm, were observed and
counted in a total sampled area of 29,160 m2. Density per
replicate ranged from 0 to 120 ind/10 m2 (or 12,000 ind/ha –
a maximum value recorded at SC2) (Figure 3). The majority
of individual counts were made on rock transects (94%), when
compared to sand transects. Of those, 68% were settled on a sandy
patch. In sand transects, the large majority was, in fact, settled
on sand (82%) and remaining on small rocky patches. However,
it should be considered that sand transects have very few rock
outcrops and in rock transects sandy patches are common. Only
a small number of individuals preferred a macroalgal cover,
as only 5% occurred in the algal cover of rock transects and

none in the algal cover of sand transects. Of all specimens, 34%
were found to be sheltered in crevices at the time of sampling
(daytime) and these individuals were overall smaller in size
(ANOVA: p = 0.0086). When comparing sizes between substrates
of settlement, individuals occurring on rock were also smaller
than those on sand (ANOVA: p < 0.0001) and so were those
occurring within an algal cover (ANOVA: p = 0.039).

Both density and mean size showed a significant spatial
variation (KW: p = 2.474e-14 and p = 1.408e-13, respectively),
but not temporal, although overall average density increased
from spring up until early autumn (Figure 3). However,
spatial differences in density were not related to site proximity
(Figure 4). The most similar pair in density was SC5 and SE10
(KW, Hochberg: adjusted p = 1) and the most dissimilar pair
was SC2 and SC3 (KW, Hochberg, adjusted p = 1.003e-10).
Mean size, however, tended to increase towards the estuary,
considering the four most distant sites (Figure 5). Size-classes
presented a unimodal distribution at all sites. Mean size and
density have a negative a linear relationship, with higher densities
corresponding to lower size classes (R2 = 0.12, F1,155 = 20.4,
p = 1.24e-05).

Density Distribution Models
The GLM used to explain the density distribution of
H. mammata, rendered only one final model with a 1AIC > 2
and adjusted R2 of 62% and an explained deviance of 68.6%
(Table 2). Density, consistently higher at rock transects,
decreased with increasing current, with pH (between the values
of 7.71 and 8.54), with proximity to the estuary and increased
with depth (Figure 6). The pH did not show a spatial variation,
but a temporal one, increasing in the rainy months. The cross-
correlation function showed a significant negative correlation at
lag = 0 (months) (Figure 7A), with the peak of pH corresponding
to the lowest average density value (Figure 7B). The significant
interaction between depth and current, with a positive coefficient
contrasting with the negative coefficients of its individual
variables, showed an antagonistic effect, i.e., depth cancelled
the negative effect of current on density. The interaction plot
(Figure 8), detailing the effect, shows that between the depth
values of 6 and 8 m, there was little variation in density, as
opposed to lower depth values where the current had an effect on
density, which decreased as current increased. In other words,
the intensity of current only had a negative influence on density
at low depths. At higher depths the hydrological characteristics
of the site had less impact on density, as it even increased with
increasing current at the two deepest sites.

Size Distribution Models
The GLM used to explain the size distribution rendered four top
models with a 1AIC < 2. Model averaging for these models
(full and conditional) revealed different levels of importance
for several predictors, with substrate and distance to estuary
(longitude) as the most relevant variables (Table 3 – full average),
and coarse sand, ODO, TOM, Chla, Turbidity and the interaction
depth:current as less important in explaining the variance of
mean size for this species (Table 3 – conditional average).
Considering the sum of weights of each variable in all four
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FIGURE 3 | Temporal density data for Holothuria mammata at Arrábida, Setúbal, during the nine month sampling period. Red dots at each month connected by a
line represent the evolution of the mean.

FIGURE 4 | Density of Holothuria mammata by sampling site, arranged according to distance to estuary (left to right). Red dotted line represents the overall mean
value.

models, ODO and depth still presented a relatively relevant
contribution in explaining the variance of the response variable.
Coarse sand, TOM, the interaction depth:current and turbidity
were relatively similar in contribution to the final model, but
Chla was only represented in one model (Table 4). These results
were corroborated by the assessment of the confidence intervals

of the predictor’s coefficients (Figure 9). Nonetheless, of all
the predictors regarded as less important, coarse sand and the
interaction depth:current provided a more precise estimate of
effect (narrower confidence intervals). Depth, although with a
high importance (sum of weights), crosses zero and shows a wider
confidence interval and, hence, not significant in either averaged
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FIGURE 5 | Size-class distribution of Holothuria mammata by sampling site, arranged according to distance to estuary (bottom to top). Vertical lines represent the
site mean.

model (full or conditional). Considering the interpretation of
all model validation methods, the key predictors explaining size
were substrate (larger individuals on sand) and longitude (larger
individuals closer to the estuary). To a lesser extent, coarse
sand (larger individuals associated to the higher granulometric
fraction of sand), TOM (larger individuals at sites with more
organic content in sediment: values between 0.3 and 8.5%),
and turbidity (larger individuals at lower turbidity sites) also
seem relevant. The relationship of larger individuals with more
productive sites (Chla) was the least important association. The
interaction depth:current was not assessed as to its type due
to the unsignificant relevance of its individual predictors in
the model. Of the predictors, ODO, TOM, and Chla, only the
latter showed an obvious pattern, although like pH, it was not

spatial, but temporal, with higher average values in the summer
months. The cross-correlation function showed a significant
positive correlation at lag =−1 (months) between Chla and mean
size (Figure 10A), depicting an increase in local productivity
preceded by a peak in mean length (Figure 10B).

DISCUSSION

The population of H. mammata at this NE-Atlantic rocky reef
was the healthiest studied up to this moment. It showed the
largest individuals reported so far, with a maximum total length
of 51 cm, densities up to 120 ind/10 m2 and unimodal size-class
distributions. This reflects the good environmental conditions,
successful recruitment and an unexploited population. The
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TABLE 2 | Fixed-effect GLM model results with a Tweedie distribution (R2 = 62%),
explaining density distribution patterns of Holothuria mammata at
Arrábida, Setúbal.

Parameter β Standard error t-Value p-Value

Intercept −131.813 26.841 −4.911 1.45e-06***

Depth −1.393 0.287 −4.855 1.89e-06***

Substrate (sand) −2.589 0.174 −14.918 <2e-16***

Longitude −16.966 3.103 −5.467 9.27e-08***

Current −0.713 0.114 −6.236 1.43e-09***

pH −1.065 0.258 −4.133 4.59e-05***

Depth:current 0.102 0.020 5.142 4.77e-07***

p-values significance codes: 0 “***” 0.001; “**” 0.01; “*” 0.05; “.” 0.1; “ ” 1.

Mediterranean and other NE-Atlantic regions show populations
of this species with lower maximum sizes, the majority between
25 and 38 cm (Navarro et al., 2013; González-Wangüemert
et al., 2014, 2018; Marquet et al., 2017; Mustapha and Hattour,
2017; Siegenthaler et al., 2017). Previous records show that
H. mammata in the NE-Atlantic attain bigger sizes than in
the Mediterranean and the largest in the Portuguese coast,
with Peniche, a highly productive marine area, presenting the
previous largest documented specimen, with 43 cm (González-
Wangüemert et al., 2016). Densities found in the present

study were also the highest, compared to a maximum density
of 55 ind/10 m2 found in the Mediterranean, Aegean Sea
(Aydin, 2019a), 16 ind/10 m2 reported in the Canary Islands
(Navarro et al., 2013), and particular low densities observed at
Ria Formosa (south Portugal) of 1.2 ind/10 m2 (Siegenthaler
et al., 2017). However, densities tend to be much lower in
habitats without rocky bottoms (Navarro et al., 2013) and
Ria Formosa is a shallow mesotidal lagoon lacking the typical
H. mammata habitat (Siegenthaler et al., 2017). Like at Peniche,
the Arrábida coast is also a highly productive area, benefiting
from upwelling events in the summer, nutrient inputs from
the estuary and from a complex subtidal habitat (Wooster
et al., 1976; Cabeçadas et al., 1999; Costa et al., 2013) that
can have positive effects on the condition of the population.
The high productivity together with the subtidal distribution
of the species, unlike intertidal distributions (Siegenthaler
et al., 2017), provide more stable environmental conditions,
which may be the reason for higher abundances and lower
variation in time.

This population was not only restricted to the marine
environment but it preferred rocky reefs as opposed to other
complex environments such as stands of macroalgae and seagrass
meadows. Siegenthaler et al. (2017) had already reported that
the preference of H. mammata for seagrass meadows at Ria
Formosa did not reflect the species’ habitat preferences, but

FIGURE 6 | Partial plots of the density model for all significant predictors – Fixed-effect GLM with a Tweedie distribution – explaining distribution patterns of
Holothuria mammata at Arrábida, Setúbal.
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FIGURE 7 | Cross-correlation analysis for the time series of pH of the water column and mean density of Holothuria mammata, at Arrábida, Setúbal, during the
nine month sampling period: (A) ACF plot depicting correlations (vertical lines) and significance threshold (horizontal dotted lines); (B) average monthly values for pH
and density.

a distribution driven by the lack of rocky substrata and the
consequent search for shelter and a more complex habitat
(González-Wangüemert et al., 2014, 2016). Despite the higher
occurrence found on rocky substrate, smaller animals were the
ones sheltered in crevices or macroalgae, contrary to those on
sand. There are a number of sea cucumber predators, with sea
stars as the most common, particularly at the juvenile stage
(Francour, 1997). Hence, those larger that venture more into
open spaces (for feeding activities) are less prone to be preyed
upon, as predation risk declines with growth (Shiell and Knott,

2008; Purcell, 2010; Ceccarelli et al., 2018). It is important to stress
that while sandy patches in rocky areas have shelter close by,
sand areas do not, which may be the cause for the proportion of
individuals on sand to be higher when considering the individual
presence, rather than the transects density (sandy areas vs.
rock). So, this may be either a defence strategy for smaller
individuals, that use sandy patches to feed, and an opportunistic
behaviour exclusive of larger animals that move more into
sandy areas, or instead, a diel feeding behaviour of lower size-
classes that may be more active at night, as this is a species
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FIGURE 8 | Surface plot depicting the interaction behaviour between current and depth in the density model, explaining distribution patterns of Holothuria mammata
at Arrábida, Setúbal.

TABLE 3 | Fixed-effect GLM averaged model results with a Gamma distribution (averaged R2 = 49%, as the average of all models weighted by their model weights),
explaining size distribution patterns of Holothuria mammata at Arrábida, Setúbal.

Full average Conditional average

Parameter β Standard error z-Value p-Value β Standard error z-Value p-Value

Intercept 23.6367 4.0645 5.7950 <2e-16*** 23.6367 4.0645 5.7950 <2e-16***

Coarse sand (%) 0.0004 0.0005 0.6600 0.5091 0.0010 0.0004 2.7310 0.00632**

Substrate (sand) 0.1342 0.0227 5.8660 <2e-16*** 0.1342 0.0227 5.8660 <2e-16***

Longitude 2.0744 0.4705 4.3940 1.11e-05*** 2.0744 0.4705 4.3940 1.11e-05***

Current 0.0171 0.0107 1.5970 0.1102 0.0171 0.0107 1.5970 0.1102

Dissolved oxygen (ODO) 0.0171 0.0313 1.7930 0.0729 0.0673 0.0208 3.2050 0.00135**

Sediment organic matter (% TOM) 0.0048 0.0075 0.6340 0.5259 0.0138 0.0061 2.2350 0.02540*

Depth 0.0196 0.0399 0.4890 0.6246 0.0299 0.0461 0.6460 0.5180

Chla 0.0043 0.0105 0.4120 0.6801 0.0266 0.0092 2.8700 0.00410**

Turbidity −0.0092 0.0155 0.5910 0.5543 −0.0288 0.0138 2.0690 0.03854*

Depth:current −0.0016 0.0026 0.6220 0.5338 −0.0048 0.0022 2.2120 0.02695*

p-values significance codes: 0 “***” 0.001; “**” 0.01; “*” 0.05; “.” 0.1; “ ” 1.

with reported nocturnal activity (Borrero-Pérez et al., 2010;
Navarro et al., 2013; Siegenthaler et al., 2017). Nighttime was not
covered in the present study, but there was a large proportion
of active individuals at this NE-Atlantic rocky reef during the
day. This was not only assessed by the number of individuals on
sand, because H. mammata feeds exclusively on sand in this area
(Azevedo e Silva et al., 2021) and needs to move from the rock
substrate to a sandy area or patch to feed, but also demonstrated
by the observation of feeding behaviour at sampling time for
several individuals (footage obtained at the study area between 10
and 12 h a.m. at https://seacucumber.eu/en/o-pepino-do-mar).

Like other sea cucumber species (Džeroski and Drumm, 2003;
Mendes et al., 2006; Eckert, 2007; Shears and Babcock, 2007;

Dissanayake and Stefansson, 2010; Domínguez-Godino and
González-Wangüemert, 2020), the population studied in the
present work showed a patchy distribution, with areas of high
abundance followed by zero or near zero sites. However, this
patchiness is size dependent. Lower size-classes aggregated in
higher density groups in more stable environments (away
from the estuary).

The models results suggest that abiotic and biotic parameters
of the water column are not the main drivers shaping
the distribution of H. mammata in the area. Similarly to
other sea cucumber species (e.g., Sloan and von Bodungen,
1980; Sonnenholzner, 2003; Mendes et al., 2006; Morgan,
2011; Domínguez-Godino and González-Wangüemert, 2020),
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TABLE 4 | Model importance values extracted from the GLM averaged model,
considering the four top models with a 1AIC < 2.

Predictor Sum of weights Variable in N of the 4
models

Substrate (sand) 1.00 4

Longitude 1.00 4

Current 1.00 4

Dissolved oxygen (ODO) 0.84 3

Depth 0.66 3

Coarse sand (%) 0.34 1

Sediment organic matter (% TOM) 0.34 1

Depth:current 0.34 1

Turbidity 0.32 2

Chla 0.16 1

its habitat preferences depend on environmental stability,
as opposed to the estuarine variability, low hydrodynamic
conditions and the presence of rocky substrate that may offer
shelter and habitat complexity, more likely to increase food
quality. Depth plays an important role by providing a quieter
refuge in areas that are more susceptible to tidal influence.
Individuals tend to use bathymetry to their advantage in areas
where current is stronger, occupying deeper areas. The significant
physical-chemical predictor of the water column explaining

density was pH. However, pH shows little variation in space,
but is highly variable in time. Its increase in the autumn and
winter months is most likely related to continental run-off
from the limestone ridge of Arrábida that characterises the
entire coastline (Kullberg et al., 2012). This temporal variation
showed a negative correlation with the mean density that, within
this time-frame, represents an aggregation phenomenon that
increases capturability during the months that coincide with
the pH decrease in this coastal area. In echinoderms, pH may
affect abundance, distribution, and also reproductive success,
as a consequence of induced physiological stress (Lawrence
and Herrera, 2000; Walag and Canencia, 2016). Coincidently,
the highest densities found occurred during spring/summer
months, which correspond to the species reproductive season
(unpublished data for the area; Marquet et al., 2017), and
may reflect a relationship between reproduction and suitable
environmental conditions, where pH can play a role, promoting
an aggregation behaviour during this period (Hamel and Mercier,
1996b; Mercier and Hamel, 2009; Leite-Castro et al., 2016). The
model results corroborate the relationship between density and
size. Despite the lower densities on sand, these were represented
by the largest individuals. Smaller individuals were distributed in
rocky substrate and at an increasing distance from the estuary,
where, by comparison, there is less environmental variability.
The relationships with H. mammata sizes and dissolved oxygen,

FIGURE 9 | Confidence intervals for the predictor coefficients of the model – Fixed-effect GLM averaged model with a Gamma distribution – explaining the size
distribution patterns of Holothuria mammata at Arrábida, Setúbal.
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FIGURE 10 | Cross-correlation analysis for the time series of Chla and mean total length of Holothuria mammata, at Arrábida, Setúbal, during the nine month
sampling period: (A) ACF plot depicting correlations (vertical lines) and significance threshold (horizontal dotted lines); (B) average monthly values for Chla and mean
total length.

organic content in the sediment and Chla were, in general,
difficult to assess due to the low importance of these predictors
in the model as well as their inconspicuous patterns. Only Chla
showed an evident temporal variation, increasing in the summer,
which is a common phenomenon in the area, due to seasonal
upwelling cycles (Wooster et al., 1976). Similarly to pH and
density, this rising local productivity is associated an aggregation
behaviour of larger size-classes in the spring/summer months.
Hence, there is a strong suggestion of an aggregation pattern
of breeders in a specific period, which relates to environmental
conditions that potentially favour the physiological process of
gonad development. The species’ preference for coarser sand
fractions may be related to a more diverse diet and less related
to organic sediment content (Underwood and Barnett, 2006). So,
these associations may be explained by the displacement ability
of larger individuals towards more favourable conditions, here

expressed by coarser sediment fractions, higher productivity, less
turbidity and more organic content of the sediment (never higher
than 8.5%), at a lower risk of predation or due to a higher
resilience, both privileged by size.

CONCLUSION

In general, H. mammata prefers a more stable environment,
which is more important for smaller individuals, while bigger
size classes tend to move to less stable environments, probably
in an opportunistic fashion due to their size related resilience.
This behaviour could be related to feeding conditions associated
to lower predation susceptibility of bigger animals, or with a
reproductive behaviour leading the broodstock, as they reach
maturity size, towards more favourable areas for reproduction,
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since sea cucumber larvae are pelagic (Venâncio et al., 2021) and
require currents for dispersion (Pedrotti and Fenaux, 1992).

Conducting research in an unexploited area provided
important advantages in the study of biological and ecological
traits, closer to a pristine condition, in comparison to populations
that are subject to harvest, several of which already showing
signs of exploitation by a reduction of larger size classes, thus
creating multimodal distributions (e.g., González-Wangüemert
et al., 2014, 2018; Aydin and Erkan, 2015). Although, this work
was conducted in a limited area of an Atlantic rocky-reef, there
is a consistency in the drivers that shape the distribution of
different detritivorous sea cucumbers, when compared to other
studies (e.g., Sloan and von Bodungen, 1980; Sonnenholzner,
2003; Mendes et al., 2006; Morgan, 2011; Domínguez-Godino
and González-Wangüemert, 2020). These species tend to prefer
the available shelter, a more complex habitat for feeding and
areas with less environmental variability. This provides guidance
for future stock management measures in a time when only a
small proportion of the species’ distribution range is studied.
At the studied rocky coastal area, the habitat preferences of
H. mammata showed that, at this point, even lacking important
information like growth parameters or size at first maturity to
allow the establishment of recovery periods for the population
and determine, e.g., fishing quotas for each size-class, some
red flags can be raised as to the potential susceptibility of
H. mammata to fisheries. The patchy distribution and the high
density areas should be regarded as sensitive areas, as these
are more attractive for fishermen, allowing a reduced fishing
effort and increased yields, which can lead to a significant
reduction in spawning biomass. Access to high density of
breeders should also be restricted to allow a spillover effect and
help sustain the adjacent populations (Purcell and Kirby, 2006).
On an undesirable note, and to the best of our knowledge,
no study, so far, covers the distribution of wild juveniles of
H. mammata under 100 mm. The understanding of juvenile
habitat preferences, distribution and the integration of these size-
classes in growth models is key knowledge and, currently, a
large gap. During the sampling campaigns no small juveniles
were observed, which suggests a different habitat preference or,
most likely, a cryptic or diel behaviour, as observed for other sea
cucumber species (e.g., Sloan, 1979; Shiell, 2004; Purcell, 2010;
Soliman et al., 2019).

Although, currently, the exploitation of NE-Atlantic sea
cucumbers is restricted in space and to a relatively low number
of illegal fishermen, the high-income potential that these animals
yield will soon widen the interest that easily leads to a high
fishing pressure. This study represents a fundamental step
towards a better understanding of the populations’ dynamics and

can contribute with vital knowledge support decision-making
processes on stock management.
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Coastal areas host some of the planet’s most productive ecosystems, providing life-
sustaining ecological services and several benefits to humankind, while also being some
of the most threatened areas (e.g., by globalization, climate change, and biological
invasion). Salt marshes are coastal habitats with a key role in food and shelter
provisioning, sediment deposition, nutrient cycling and carbon storage. Spartina spp.
is a genus of grass halophytes which occurs in salt marshes worldwide, and includes
species with different invasive potential. We evaluated the effect of climate change in
the distribution and invasion potential of five Spartina species (S. anglica, S. alterniflora,
S. densiflora, S. patens, and S. maritima) at a global scale. Species distribution models
(SDMs) were applied on species occurrence data and atmospheric environmental
predictors (WorldClim 2.1) to project potential changes in habitat suitability and
associated changes in distribution and species co-occurrence until the end of the
century, across four Shared Socioeconomic Pathway scenarios (i.e., SSP1-2.6 to SSP5-
8.5). Projections showed a global trend for increasing species co-occurrence, with
a general range expansion potentiated by increasing pathway severity. This study
suggests that Spartina species can potentially benefit from climate change, predicting
poleward expansions in the Northern Hemisphere for most species, with results
pointing at increased conflict and invasion potential in Northern Europe and East Asian
shorelines, already under strong invasive pressure. S. anglica is projected to remain
a successful invader, with more severe scenarios likely favoring greater expansions.
S. alterniflora exhibits very low expansion comparatively, despite exhibiting the same
northward distribution shift. SSP1-2.6 produced the smallest change to species co-
occurrence, suggesting a smaller potential for invasion-related conflicts, although still
registering a potential net expansion for the Genus. Despite their limitations, SDMs
can help establish general trends in climate change ecology and inform policymakers
and environmental agents to ensure the correct management of these habitats and,
ultimately, ecosystems.
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INTRODUCTION

Coastal zones present some of the planet’s most productive
ecosystems, even though they occupy a relatively small
percentage of total land and ocean extension (Reid, 2005; Himes-
Cornell et al., 2018). These land-ocean transitional habitats
harbor vegetated assemblages that provide a vast array of life-
sustaining ecological services and several benefits to humankind
(Barbier, 2013; Himes-Cornell et al., 2018), and include salt
marshes, mangroves, and seagrass beds, which are known to
play a key role in large scale biogeochemical processes such
as carbon sequestration and nutrient cycling (Duarte et al.,
2005, 2021; Mueller et al., 2019). Considering the proximity of
these ecosystems to human-related activities, it is not surprising
that coastal areas include some of the world’s most threatened
ecosystems, with studies showing that nearly half of salt marshes,
35% of mangroves and 29% of seagrass beds have been lost
in the past 50 years alone (Himes-Cornell et al., 2018). Salt
marshes are distributed worldwide, occurring from polar to
tropical regions (Mcowen et al., 2017), and establish in low-
energy intertidal zones located on the fringes of the inner areas
of bays and estuaries (Leonardi et al., 2018). This habitat type
typically consists of assemblages between halophytic (i.e., salt-
tolerant) herbs, grasses, and low shrubs, which are adapted to
regular or occasional tidal immersion, as well as a great diversity
of land and marine wildlife (Mcowen et al., 2017). It also plays
a key role providing a wide array of ecosystem services such as
habitat provision to migratory birds and vast plant and animal
assemblages (Greenberg et al., 2014); sequestration of carbon and
other pollutants (Duarte et al., 2010, 2021); storage of sediments
and nutrients (Duarte et al., 2013, 2014); water purification, storm
surge, and flood attenuation (Zedler and Kercher, 2005; Donatelli
et al., 2018; Leonardi et al., 2018).

The proximity of these ecosystems to urban settlements means
that salt marshes are highly vulnerable to increased pressure
from anthropogenic sources (Mcowen et al., 2017; Tonti et al.,
2018; Curado et al., 2020). Due to global warming, high rates
of environmental degradation, and rising sea levels, together
with encroachment by invasive species have increasingly being
reported (Duarte et al., 2015; Himes-Cornell et al., 2018; Curado
et al., 2020). Indeed, salt marshes and other coastal wetlands
are among some of the ecosystem types most affected by
biological invasions (Gedan et al., 2009; Vilà et al., 2011). The
spread of invasive species can have broad-scale impacts in these
areas, affecting community dynamics and physically changing
the marsh structure, potentially reducing biological diversity,
and permanently altering their ecological functions and services
(Gedan et al., 2009).

Cordgrasses (of the Genus Spartina, Poaceae), are a group
of halophyte species widespread in salt marshes around the
world (Castillo et al., 2017; Bortolus et al., 2019). These grasses
colonize intertidal mudflats and are known to be important
ecosystem engineers due to their ability to stabilize sediments
and contribute to salt marsh formation (van Hulzen et al., 2007;
Vu et al., 2017). Indeed, this group is of great importance,
since these species facilitate ecological succession, and provide
marshes with the spatial structure needed to promote high

biodiversity levels (Castillo et al., 2017). However, cordgrasses
are also prolific invasive halophytes (Strong and Ayres, 2013;
Castillo et al., 2017). Due to their physiological characteristics
[e.g., root systems adapted to soil inundation and low oxygen
levels (Castillo et al., 2017)], species of the Genus Spartina
can easily dominate frequently flooded tidal flats (Pennings
et al., 2005). Additionally, cordgrasses propagate through both
sexual and clonal reproduction. While clonal growth strategy
partially determines the invasive potential of this group of
halophyte plants (Castillo et al., 2016), seeds, and rhizome
propagules differing in size, resource requirements, and genetic
identity result in different invasive potential across species
(Castillo et al., 2017). Together with biomass accumulation, both
aspects are responsible for invasive Spartina species overgrowing
native salt marshes, leading to significant decreases in plant
and fauna abundance and diversity, as well as carrying the
potential to hybridize with native Spartina species (Strong
and Ayres, 2013). Moreover, the presence of these invasive
Spartina species is also recognized to have severe impacts
on the salt marsh ecosystem services, such as its important
role in the natural remediation of transitional ecosystems
(Human et al., 2020).

Some areas are known to be heavily invaded by cordgrass
[e.g., the Chinese coast (Strong and Ayres, 2013)], with records
of these invasions going back several decades, or even centuries
(Castillo et al., 2018). Some of the most studied invasive cordgrass
species include the common cordgrass, Spartina anglica (Hubb);
the smooth cordgrass, Spartina alterniflora (Loisel); the austral
cordgrass, Spartina densiflora Brongn; and the salt meadow
cordgrass, Spartina patens (Aiton) Muhl. The common cordgrass,
S. anglica, is a highly aggressive non-native species (Strong
and Ayres, 2013). This species emerged through allopolyploid
speciation (Guenegou et al., 1988; Ainouche et al., 2004),
originating from the known hybrid S. × townsendii – the F1
hybrid of Spartina maritima and S. alterniflora (Strong and Ayres,
2013) and is endemic to the British Islands. Despite having
been shown to have lower growth performance and competitive
ability when compared to other invasive cordgrasses (such as
S. alterniflora) in some areas, S. anglica has spread from the coasts
of Europe to North and South American coastlines, to China,
and even to the Australian and New Zealand shore (Bortolus
et al., 2019),being responsible for some of the largest continent-
scale invasion events in Asia and in the Americas, with major
ecological and socioeconomic impacts (Bortolus et al., 2019).

The smooth cordgrass, S. alterniflora, is present in temperate
and subtropical salt marsh habitats (Bortolus et al., 2019), being
native to the Atlantic and Gulf coasts of North and South America
(Kirwan et al., 2009) and dominating intertidal marshes (Zheng
et al., 2018). Like S. anglica, S. alterniflora is also an invasive
cordgrass, both inadvertently and deliberately introduced in
coastal wetlands worldwide (Zhang et al., 2017; Bortolus et al.,
2019). Over the past centuries, reports of invasion of European
coastlines, mainly in France and Southern England (Bertness,
1991; Baumel et al., 2003), in the Mediterranean (Hessini et al.,
2009), China, and New Zealand (Feng et al., 2017; Zheng et al.,
2018) have been increasing; and S. alterniflora is now very well
established in most of these areas due to its high adaptability
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and propagation ability (Zuo et al., 2012; Zhang et al., 2017).
The saltmeadow cordgrass, S. patens, is a native cordgrass to
brackish salt marshes and coastal dunes of the Atlantic and
Gulf coasts of North America (Bertness, 1991). This species has
now a vast non-indigenous distribution in coastlines of Europe,
along the western Mediterranean coast and the Atlantic coast
of the Iberian Peninsula (Baumel et al., 2016; Duarte et al.,
2018). Finally, the denseflower cordgrass, S. densiflora, is native
to the South American continent and has spread to Europe, in
particular to the region of the southwestern Iberian Peninsula
(Nieva et al., 2001; Bortolus, 2006), Morocco, Mexico, and
the western coast of the United States (Bortolus, 2006). The
species is known to have hybridized with the small cordgrass
(S. maritima) in the salt marshes of Southern Iberian Peninsula
(Castillo et al., 2018) and is a case study for the potential
latency of the invasion process of plant species followed by
unprecedented rates of spreading (Duarte et al., 2018; Bortolus
et al., 2019). An example of endemic cordgrass species suffering
from invasion from other sister species is that of S. maritima.
This is a known native of western and southern European shores
(from the Netherlands to the south of England and Ireland), and
is the only cordgrass species that is native to the salt marshes of
continental Europe (Castillo et al., 2018). It also occurs along the
Mediterranean Sea coastlines to the Atlantic coast of Morocco,
and two separated populations in the Atlantic coasts of Namibia
and South Africa (Bortolus et al., 2019). When competing with
other cordgrass invasive species, S. maritima is known to have
suffered hybridization at least twice: (1) with S. alterniflora,
originating S. × townsendii, which later led to S. anglica; and (2)
with S. densiflora; which poses an increased threat of replacement
in its native habitats.

The potential for climate change together with biological
invasions to affect cordgrass species distribution is of particular
interest. The saltmeadow cordgrass (S. patens) is rapidly
disappearing from wetlands in the coastal marshes of the
United States due to current inundation patterns, and accelerated
sea-level rise will likely reduce this species’ persistence (Watson
et al., 2016). However, temperature rise does not seem to
significantly impact S. patens or its role as a foundational
species (Gedan and Bertness, 2010; Duarte et al., 2016). The
hybrid formation has been shown to change in response to
changes in atmospheric variables. Specifically, the establishment
of reciprocal hybrids between the native S. maritima and the
invasive S. densiflora in SW Iberian Peninsula was shown to
change with air temperature and rainfall, with a negative effect
on the native and endangered species S. maritima (Duarte et al.,
2015; Gallego-Tévar et al., 2019). Reciprocal transplant trials
also revealed that S. alterniflora might be stressed by future
warming, leading to decreased belowground allocation and peat
accumulation (Crosby et al., 2017).

An accurate description of a species’ ecological and
geographical distribution is fundamental for understanding
existing patterns of biodiversity, and the processes responsible
for shaping them (Wisz et al., 2008). Given the differential
effects from future conditions in cordgrass fitness, it is important
to predict how cordgrass species might behave under climate
change scenarios, in particular regarding changes to their

potential distribution. By analyzing predicted distributions, it is
possible to recognize where species conflicts may emerge, and
identify potential areas with higher potential of invasion. This
has become a very important part of conservation planning in
the past decades (Elith et al., 2006), with a wide array of modeling
techniques being applied in predicting species or community
distribution, particularly for plant species (Bagheri et al., 2017).
Species distribution models (SDMs) have seen a steep rise in
their development and use (Zimmermann et al., 2010). While
bounded by a set of assumptions and limitations that should
be considered during interpretation (Araújo and Pearson, 2005;
Araújo and Guisan, 2006; Heikkinen et al., 2006; Fitzpatrick
and Hargrove, 2009), these models are widely employed and
offer a good framework for predicting species distributions
and their changes, regarding large species assemblages and vast
geographical spaces (Elith et al., 2006). This type of models has
now been used for several decades to determine suitable habitats
for species or communities, namely to evaluate the invasive
potential of non-indigenous species and their proliferation
(Peterson and Vieglais, 2001; Araújo and Rahbek, 2006; Jiménez-
Valverde et al., 2011; García-Roselló et al., 2014) and project
the potential effects of climate change on the distribution of
species or communities (Araújo and Rahbek, 2006; Peterson
and Soberón, 2012; García-Roselló et al., 2014). Notably,
SDMs that incorporate future climate change predictions are
considered an effective way to address some of the questions
behind climate change effects on biodiversity (Sinclair et al.,
2010). Given this context, the present study aims to evaluate
the potential biogeographical impact of climate change on
cordgrasses worldwide. Specifically, this study implements a
series of SDM ensembles to estimate how future conditions
may affect habitat suitability, species richness and colonization,
and extinction susceptibility for five species of the Spartina
Genus [S. anglica (Hubb), S. alterniflora (Loisel), S. densiflora
Brongn, S. patens (Aiton) Muhl, and S. maritima (Curtis)
Fernald] at a global scale. This analysis is based on the 30 year
average of projections for atmospheric variables (monthly
average maximum temperature; monthly average minimum
temperature; and monthly average total precipitation). The
analysis encompasses both an historical timeframe (early 2000s)
and different future time-spans (i.e., 2021–2040, 2041–2060,
2061–2080, and 2081–2100), considering four of the Shared
Socioeconomic Pathways (SSP1-2.6, 2-4.5, 3-7.0, and 5-8.5) of
the Coupled Model Intercomparison Project phase 6 (CMIP6)
(Tebaldi et al., 2021).

MATERIALS AND METHODS

Species Data and Curation
The occurrence data used in this study was compiled from
data collected from the Global Biodiversity Information Facility
(GBIF), and from literature surveyed from the Web of Knowledge
in the case of specific species: S. densiflora, S. maritima, and
S. patens in the Iberian Peninsula (Caçador et al., 2013); and
S. alterniflora in the coastline of China (Cheng et al., 2006;
Gao et al., 2007; Liu et al., 2007; Zhang et al., 2010, 2020;
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Wang et al., 2013, 2015; Yang et al., 2013; Jin et al., 2016; Pang
et al., 2017; Maebara et al., 2020; Xia et al., 2020; Yue et al., 2021).
Occurrence from GBIF was collected for S. anglica [GBIF.org (14
October 2020) GBIF Occurrence1]; S. maritima [GBIF.org
(14 October 2020) GBIF Occurrence2]; S. patens
[GBIF.org (14 October 2020) GBIF Occurrence3]; S. densiflora
[GBIF.org (14 October 2020) GBIF Occurrence4]; and finally
S. alterniflora [GBIF.org (14 October 2020) GBIF Occurrence5].
A specific set of filters was used for all species in each dataset
to limit the data retrieved. The applied filters included “Human
Observation” and “Preserved specimen” (for the Basis of
Record); “Has Coordinate” set as true; “Has Geospatial issue” set
as false. The endemic status (i.e., endemic versus non-indigenous
species) was also retrieved for each occurrence point. The
occurrence dataset, together with the plotted dataset occurrences
are present in Supplementary Material (see “Spartina_Rfull.csv”
and “plotted_occur.zip,” respectively). The compiled dataset
was then curated using R studio. First, the original dataframe
was converted into a spatial polygon object, which was then
restricted by removing all points outside the extent of the
coastline inland-buffer shapefile. This restriction procedure of
both species’ occurrences and environmental predictors was
performed since SDMs must ideally restrict model calibration
to accessible areas (Peterson and Soberón, 2012). Lastly, the
inclusion of elevation enables model predictions not to occur
in illogical areas (e.g., deep inland areas where the elevation
and abiotic conditions are similar to the coastline and suitable
for the species). Afterwards, the occurrence data was checked
for missing (NA) values in Longitude and Latitude, and for
the existence of duplicates for each species subset. Entries
that matched these criteria were removed from the analysis at
this point. The final dataframe was a subset for each species,
and was converted into spatial polygon format for use in the
SDM analysis. The post-curation number of valid entries for the
analysis per species is provided in Supplementary Table 1. Lastly,
a map of the global distribution of saltmarshes and mangroves
(Figure 1C of the section “Results”) was also included, in order
to allow the potential pinpoint of areas of pressure and potential
expansion of the genus and the species with regards to the
range of these two ecosystem types. This map was plotted in
ArcMap v10.7.1., using two polygon layers obtained from Ocean
Data Viewer6 from (1) the Global Distribution of Saltmarshes
(Mcowen et al., 2017), and (2) the World Atlas of Mangroves
(Spalding et al., 2010).

Predictor Variables
For the present study, three atmospheric climate variables and
one geographical variable were chosen as predictor variables.
These included: (1) monthly average minimum temperature (◦C);
(2) monthly average maximum temperature (◦C); (3) monthly

1https://doi.org/10.15468/dl.xwf3tv
2https://doi.org/10.15468/dl.kkg2y5
3https://doi.org/10.15468/dl.9vxpqb
4https://doi.org/10.15468/dl.m2tkje
5https://doi.org/10.15468/dl.7y58u4
6https://data.unep-wcmc.org

total precipitation (mm); and finally, (4) elevation (m). All
predictor variables were retrieved from the WorldClim database
[version 2.17 (Fick and Hijmans, 2017)]. The choice of the
three atmospheric climate variables was primarily based on
the availability of said predictors on the WorldClim database
for future periods (i.e., 2021–2040, 2041–2060, 2061–2080,
and 2081–2100) as well as for historical climate data for
use as a baseline (i.e., 1971–2000). WorldClim 2.1 provides
downscaled data for these three variables for several Global
Climate Models (GCM) of the CMIP6 (Tebaldi et al., 2021),
and for the four high-priority scenarios which cover the range
of possible pathways depending on socioeconomic choices.
Specifically, these scenarios include: (1) SSP1-2.6 – which
approximately corresponds to the previous scenario generation
representative concentration pathway (RCP) 2.6, and assumes a
“2◦C scenario of the sustainability” SSP1 socioeconomic family;
(2) SSP2-4.5 – approximately corresponding to the RCP-4.5,
and referring to the “middle of the road” socioeconomic family
SSP2; (3) SSP3-7.0 – which is a medium-high reference scenario
within the “region-rivalry” socioeconomic family; and (4) SSP5-
8.5 – which refers to a “high reference scenario” in a high
fossil-fuel development world throughout the 21st century,
marking the upper edge of the SSP scenarios (Meinshausen
et al., 2020). For the historical period, a total of 12 GeoTiff
layers were downloaded per variable from the WorldClim
database, each referring to the average monthly values between
1970 and 2000. From these, the mean of the 12 layers per
environmental variable was calculated to obtain the three
atmospheric climate historical predictor layers. Concerning
data for the future periods, downscaled monthly climate
data was retrieved from the available GCMs at the time
of compilation, specifically from the ones containing all the
variables, time periods, and pathways selected. The resulting
GeoTiff predictor layers were restricted using a 50 km inland
buffer applied to a shapefile of the world coastline, downloaded
from Natural Earth Data,8 with the intent of preventing SDM-
predictions away from the coastal areas. This procedure was
performed using ArcMap v10.7.1. Finally, the environmental
predictor layers were stacked according to their period and
SSP scenario to be used in the following SDM analysis. All
variable layers collected from WorldClim and the shapefile
used for geographical restriction were chosen at a spatial
resolution of 10 min (i.e., ∼340 km2). Layer processing was
performed in R studio software v1.3.959 (R Core Team, 2020),
and the script is supplied in Supplementary Material (see
“SDM_predictors_Rscript”).

Species Distribution Modeling
Species distribution analysis was performed using the “sdm”
package (Naimi and Araújo, 2016) using the same procedures at
both genus (Spartina spp.) and species level, with each species
analyzed independently. First, an “sdmData” class object was
created with each species, the historical climate environmental

7https://www.worldclim.org/data/worldclim21.html
8https://www.naturalearthdata.com/downloads/10m-physical-vectors/10m-
coastline/
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layer stack as explanatory variables, and two randomly obtained
samples of the curated occurrence data for train and test data
(75%). Given that the species occurrence dataframe included only
presence data, an argument for background data of ten thousand
(10,000) points per species using the method “gRandom” was
employed, with removal of matching points, to generate pseudo-
absence data (Barbet-Massin et al., 2012). This was performed
since SDMs must account for absence data either with the
incorporation of true data or pseudo-absence data (Peterson
and Soberón, 2012); the sample size for randomly generated
pseudo-absences was chosen based on Phillips and Dudík (2008).
Specifically, the “gRandom” method randomly assigns absence
points across the available geographical space, while the removal
of matching points ensures that no pseudo-absence is placed
over a known presence point. This “sdmData” object was then
used for running the SDM analysis, using an ensemble of SDMs
comprising generalized linear models (GLM; McCullagh and
Nelder, 1989); random forest (RF; Breiman, 2001); and boosted
regression tree (BRT; De’ath, 2007). In each case, four replicates
with five permutations each were employed, using a train data
of 70% and a test data of 30% for testing for model fit. For each
model, the receiver operating characteristic curve (ROC) curves
were plotted to evaluate model performance (see Supplementary
Material “ROC.zip”). The mean performance (per species) using
an independent test dataset is presented in Table 1. Also, for each
model iteration in each analysis, the area under the curve (AUC),
true skill statistic (TSS), and normalized mutual information
(NMI) evaluation metrics were calculated, and each species’
predictor response curves plotted (see Supplementary Material
“Model_Eval.zip,” “RespCurves.zip”). From these ensembles, the
historical map of habitat suitability was plotted for each species
and the genus. By applying a threshold (i.e., the mean model TSS
criteria of model evaluation, “max (se+ sp),” the respective maps
of binomial probability of occurrence (0 or 1) were obtained. By
using the “predict” function (Naimi and Araújo, 2016), the fitted

TABLE 1 | Mean performance (per individually modeled species) of computed
SDM model methods (GLM, generalized linear model; BRT, boosted regression
tree; RF, random forest), using an independent test dataset.

Species Method AUC COR TSS Deviance

Spartina anglica GLM 0.94 0.51 0.78 0.33

BRT 0.99 0.86 0.93 0.22

RF 1.00 0.96 0.98 0.03

Spartina alterniflora GLM 0.83 0.08 0.60 0.08

BRT 0.96 0.39 0.82 0.06

RF 0.99 0.66 0.89 0.03

Spartina densiflora GLM 0.89 0.09 0.73 0.08

BRT 0.99 0.76 0.95 0.04

RF 1.00 0.93 0.98 0.01

Spartina maritima GLM 0.89 0.14 0.64 0.10

BRT 0.97 0.60 0.89 0.70

RF 0.99 0.87 0.93 0.02

Spartina patens GLM 0.79 0.11 0.44 0.12

BRT 0.96 0.59 0.78 0.08

RF 0.99 0.80 0.90 0.04

models were used to generate future predictions with the future
data layers (per time frame, per SSP scenario). From this process,
at both the genus and species level, for each timeframe and
each SSP, the habitat suitability plots (probability of occurrence)
and the species presence plots (probability of presence/absence)
were obtained. All resulting plots are supplied in Supplementary
Material (see “SDM_outputs.zip”), together with the Rscripts for
2.2 and 2.3 (see “SDM_Rscript”).

Post-analysis
For each species and each SSP scenario, a set of post-analysis was
performed on the resulting SDM outputs. Specifically, the change
in habitat suitability (i.e., the difference between the predicted
habitat suitability of a future period and the historical time) and
the colonization/extinction potential (i.e., the same, but using the
binomial presence/absence probability maps) were plotted. This
provided an overview of the world areas in which conditions
would improve or decay for each species and SSP scenario until
the end of the century, while also following species potential
colonization and extinction through all time points. From these
maps, both the change in habitat suitability per SSP until 2100,
and the change in presence and colonization/extinction potential
for each SSP and future times were quantified. First, the habitat
suitability net percentage change until 2100 was obtained by
calculating the percentage of positive and negative cells from the
habitat suitability change maps for each SSP between 2100 and
historical times, for each species. These positive and negative
percentages were then subtracted to calculate the net percentage
change and, hence, the gain and loss of potential habitat
suitability until the end of the century for each species. Second, to
quantify both changes in the presence status of the genus/species,
and changes in the potential colonization/extinction potential,
cells of each raster map of probability of occurrence. Specifically,
the frequency of cells with values above, equal, and below
zero were counted in each map, and afterwards converted into
percentages regarding the total number of raster cells in each
map (see Supplementary Material archive “cell_count.zip”).
The quantification of the potential colonization/extinction status
allows the identification of areas where a certain species is
projected to spread to or disappear from, as well as the total
change in occurrence status globally, by calculating the net
occurrence probability. These analyses were performed using the
re-projection of the rasters into the Lambert Azimuthal equal-
area projection, which preserves areas across the map’s extent,
and allows for raster cells to hold equal weight, something
that the standard Mercator projection used in the rest of the
study does not allow.

Lastly, species overlap maps were plotted to identify areas
of potential species co-occurrence and, as such, conflict and
invasion/displacement potential. Specifically, for each time
period and each SSP scenario, the presence/absence maps for
each species were summed to obtain their respective worldwide
species co-occurrence gradients. The potential change in species
overlap was also plotted by subtracting each SSP scenario’s
time period to the historical climate species richness map. The
R scripts for the post analysis are present in Supplementary
Material (see “Post_analysis_Rscript”).
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RESULTS

Historical Habitat Suitability, Distribution,
and Richness
The output map of habitat suitability, the geographic distribution
of compiled datapoints and randomly generated pseudo-
absences, and the plotted worldwide distribution of saltmarshes
and mangroves are present in Figures 1A–C. Higher suitability
values were observed in temperate and sub-temperate areas,
partially overlapping areas of known salt marsh distribution
(Figure 1C) such as the North-eastern and South-eastern
coastlines of the American continent (e.g., from the coast
of Florida to Nova Scotia, and in the region north of the
Amazon river’s basin and the mouth of Rio de la Plata); the
English Channel and the North Sea coastlines of France and the
Netherlands in Europe; South-eastern Australia coastlines in the
Bass Strait and the Tasman Sea, and the Northern coastlines of
New Zealand; and finally in the coastline of China and Japan in
the areas of the Yellow Sea, the Sea of Japan, and South China
Sea. Lower values were observed to higher latitudes typically
associated with polar, subpolar, and higher latitude temperate
areas, as well as in the Red Sea and Gulf of Aden, and the
coastlines of Peru and the Gulf of California, and other areas
typically associated to mangrove habitats.

Concerning potential species co-occurrence (Figure 2), most
of the areas mentioned as having higher suitability of habitat
for the entire genus correspond to areas where three or
more species are predicted to co-occur historically (1971–
2000). Occurrence “hotspots” (i.e., five species, in yellow) are
predicted to potentially occur along the Eastern coastline of
the United States; as well as in Europe, specifically in the Gulf
of Biscay and the western coastline of the Iberian Peninsula;
scattered areas around the Mediterranean sea; the mouth of Rio
de la Plata and the Chilean coast in South America; Northern
New Zealand and the Chinese coastline in the northern region
of the Yellow sea. Also, four species can potentially co-occur
in several areas worldwide, including the Gulf of Mexico; the
Argentinian coastline South of Rio de la Plata; the Iberian
Peninsula and the English and French coastlines of the Celtic
Sea; the Indian coastline of the Bay of Bengal and the Gulf
of Thailand and South China Sea; the Yellow Sea and the
North-eastern Japanese coastline; and also in the coastlines of
Papua New Guinea and South-eastern Australia. Most areas
predicted to possess four or more species overlap the known
distribution of salt marshes, although the model did predict the
presence of high historical species richness in areas of current
mangrove distribution, between approximately 12◦N and 20◦S
such as the coast between Venezuela and French Guiana in
South America; the Western and Eastern African coastlines, and
Indonesia, Papua New Guinea, and Malaysia.

Future Change in Habitat Suitability
The predicted potential change in habitat suitability until the
year 2100 for the genus Spartina and the five species of interest
is presented in Figure 3. Overall, there is a positive net change
in suitability at the genus level, as well as for S. anglica and

S. maritima; while this net change is negative for the remaining
three species. Specifically, an increasing trend between shared
socioeconomic pathway scenarios is observed for Spartina spp.,
which exhibits values ranging from the lowest net gain of 16.7%
in SSP1-2.6, to increasingly higher values of 17.1% in SSP2-4.5,
23.7% in SSP3-7.0, and 24.9% in SSP5-8.5. Considering the five
species per SSP scenario, for SSP1-2.6 the clear beneficiary is
S. anglica, with an increase in suitability of just over 20%, followed
by S. maritima (7.13%). On the negative end of the spectrum,
S. densiflora loses the most net suitability (−14.7%), followed by
S. alterniflora (−10.4%) and S. patens (just over 2%). In SSP-2-
4.5, there seems to be an increase in positive net changes for all
five species. Specifically, S. anglica increases up to approximately
21.8% in net suitability gain until 2100, and S. maritima registers
a small increase to 4.3%. For the species on the negative end of
the spectrum, their net values increase relative to SSP1-2.6, to
−14.4% for S. densiflora, −8.3% for S. alterniflora, and finally
−1.3% for S. patens. Under the SSP3-7.0 pathway scenario,
the situation changes on several fronts. There is a decrease
in the net suitability change for both species on the positive
spectrum (to approximately 18.3% and under 3% for S. anglica
and S. maritime, respectively), although both species continue
to have a net gain in habitat suitability until the year 2100 in
this scenario. Also, this scenario presumes a sharp decrease in
suitability for the already negatively impacted S. patens (−9.0%)
and again for S. alterniflora (−10.6%), while S. densiflora sees its
best value at approximately −4%. Finally, in SSP5-8.5, S. anglica
registers a net gain of approximately 21.5% in suitability, while
S. maritima exhibits a value of 3.2%. On the negative end,
S. densiflora exhibits a value of –5.3%, while S. alterniflora
and S. patens show their lowest values comparatively to the
other pathways (of −12.6 and −11.4%, respectively, in both
cases). The Supplementary Material provides an animated
version of habitat suitability over time for each species (see
“HabitatGIFs.zip”).

Future Change in Occurrence Probability
Concerning predicted occurrence distribution, determined by
the percentage of positive raster cells (i.e., signifying presence)
in the binomial presence and absence maps, the results follow
a similar pattern as before. Specifically, most species exhibit
increasing values over time that are higher with increasing
severity of the SSP scenario considered. For the whole genus
(Figure 4A), the increase in proportion is higher for SSP3-
7.0 and SSP5-8.5, with values starting at approximately 13%
for all pathways in 2021–2040 and reaching approximately 17
and 18% for SSP3-7.0 and SSP5-8.5, respectively, by the end
of the century. A similar increase is observed for S. maritima
and S. patens (Figures 4E,F), with both species maintaining
stable values until the end of the century under SSP1-2.6, and
consequently increasing with SSP scenario (e.g., an increase
of approximately 3.9 and 6.7% for S. maritima and S. patens,
respectively, under SSP3-7.0, and of approximately 6.3 and 8.1%,
respectively, under SSP5-8.5). In S. anglica (Figure 4B) the
predicted occurrence distribution exhibits the largest increase
by far with SSP, with increases of approximately 0.6 and
3.4% for SSP1-2.6 and SSP2-4.5, and of 7.6 and 10.7% for
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FIGURE 1 | (A) Habitat suitability map for the historical climate conditions for the genus Spartina; and (B) Distribution of presence points of Spartina spp. in
geographical space (blue), plotted from the data compiled from GBIF and the surveyed literature, and the randomly generated background pseudo-absences for the
whole-genus analysis (white). (C) Worldwide distribution of saltmarshes (COR) and mangroves (COR), plotted in ArcMap v10.7.1., using two polygon layers obtained
from Ocean Data Viewer (https://data.unep-wcmc.org) from (1) the Global Distribution of Saltmarshes (Mcowen et al., 2017), and (2) the World Atlas of Mangroves
(Spalding et al., 2010).
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FIGURE 2 | Potential historical (1971–2000) worldwide richness distribution of Spartina spp. species (i.e., S. alterniflora, S. anglica, S. densiflora, S. maritima, and
S. patens) obtained from summing each species’ SDM-plotted historical presence and absence predictions.

FIGURE 3 | Net change in habitat suitability (%) until 2100, calculated from the difference between each species’ percentage gain and percentage loss in suitability
between the 2081 and 2100 and the historical time periods for each CMIP6 Shared Socioeconomic pathway (i.e., SSP1-2.6, 2-4.5, 3-7.0, and 5-8.5). Presented
values refer to each Spartina spp. species (i.e., S. alterniflora, S. anglica, S. densiflora, S. maritima, and S. patens) and for the whole genus.
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FIGURE 4 | (A) Worldwide presence status (%) over time (until 2100) for the whole Spartina genus and (B) for species S. alterniflora, (C) for S. anglica, (D) for
S. densiflora, (E) for S. maritima, and (F) for S. patens in each specific CMIP6 Shared Socioeconomic pathway (i.e., SSP1-2.6, 2-4.5, 3-7.0, and 5-8.5). Percentage
of presence status was quantified as the proportion of positive (i.e., greater than 0) raster map cells.

SSP3-7.0 and SSP-5.85, respectively. Finally, S. alterniflora and
S. densiflora exhibit values that are not only very stable over
time, but also very similar in what regards different SSP
scenarios (Figures 4C,D). Specifically, the results show predicted

increases of up to 1–2% over time for either pathway in
both species. Refer to the Supplementary Material for an
animated version of the occurrence plots for each species (see
“PresenceGIFS.zip”).
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Future Change in Colonization/Extinction
Potential
Globally, increasing values of both colonization and extinction
potential are observed over time at both genus and species
level (Figure 5). Although all extinction potential values also
increase with pathway severity, they are lower than those
referring to potential colonization. Indeed, there is a clear
tendency for increase over time and SSP for all species, with
S. anglica and S. patens exhibiting the greatest increase in the
proportion of raster cells for potential colonization, compared
to potential extinction (Figures 5B,F, respectively). Although
to a lesser extent, S. maritima, S. densiflora, and S. alterniflora
also exhibit a similar pattern (Figures 5C–E), although for
S. alterniflora and S. densiflora this increase is particularly small.
For all species and the whole genus, the net value between
the colonization and extinction potential is positive (Figure 6).
In SSP1-2.6, the net value is extremely low for all species
considered. Specifically, the lowest values occur for S. maritima
and S. alterniflora (very close to 0% net value), with the remaining
species registering values of approximately 1%, with S. anglica
with the highest value. For SSP2-4.5, all species exhibit higher
values comparatively, with S. anglica exhibiting an increase in

approximately 3.4%, and S. densiflora now at the lower end
with the lowest value. For SSP3-7.0 and SSP5-8.8, there is a
further increase in all species’ net change values, except for
S. alterniflora. In SSP3-7.0, the value almost doubles for all
species compared to SSP2-4.5, except for S. alterniflora which
decreases slightly. S. anglica exhibits approximately 7.6% of net
gain in colonization potential, while S. patens reaches 6.7%
with S. maritima not far-below, at 4%. Finally, in SSP5-8.5 all
species, except for S. alterniflora, exhibit their highest values,
with S. anglica reaching almost 11% net gain, and S. patens and
S. maritima nearly 8.2 and 6.3%, respectively. Despite having its
highest value in this pathway as well, S. densiflora falls short of a
2% net gain. Finally, S. alterniflora exhibits its lowest value, of
under 0.05% net colonization, suggesting high extinction rates
for this scenario.

Future Change to Species
Co-occurrence
Finally, the outputs of the species overlap analysis are provided
in Figure 7. Overall, the maps show increasing levels of potential
species overlap in certain regions, particularly in the higher
latitudes of the Northern Hemisphere, which increase with the

FIGURE 5 | Relative change (colonization or extinction potential) or no change in presence over time (per period, until 2100), given in proportion of raster cells (%)
with positive, negative, and null values, across specific CMIP6 Shared Socioeconomic pathways (i.e., SSP1-2.6, 2-4.5, 3-7.0, and 5-8.5), for (A) the whole genus,
(B) Spartina anglica (C) Spartina alterniflora (D) Spartina densiflora (E) Spartina maritima, and (F) Spartina patens.
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FIGURE 6 | Net change in occurrence increment probability (%) over time (between 2100 time and the historical period) for each Spartina spp. species (i.e.,
S. alterniflora, S. anglica, S. densiflora, S. maritima, and S. patens) for each CMIP6 Shared Socioeconomic pathway (i.e., SSP1-2.6, 2-4.5, 3-7.0, and 5-8.5). The
proportion of colonization and extinction for each species was quantified from the change in proportion of positive (gain), negative (loss), and null (no change) raster
map cells between time periods. The percentage of colonization and extinction were then subtracted to obtain the net percentage change in predicted presences.

SSP in question (i.e., from SSP1-2.6 to SSP-5-8.5). Specifically, in
SSP1-2.6 there appears to occur medium to long term decrease
in overlap (in 2021–2040 and 2041–2060, Figure 7A) in areas
such as the Eastern coast of the United States, all the way to
the Atlantic coast of South America, together with losses in the
Mediterranean Sea and the Iberian Peninsula and South East
Asia and Oceania. In this scenario, increased species overlap
is observed at a lesser, more local extent, particularly in the
northern Canadian shorelines, the Baltic Sea and the North Sea
in Scotland’s shores, and finally in the northern Yellow Sea.

Concerning the “middle of the road” SSP2-4.5 pathway
(Figure 7B), decreases are observed for smaller geographical
extents, primarily in the Mediterranean Sea and southern Iberian
Peninsula; while overlap increases are observed particularly in the
north-eastern region of the Yellow Sea, the Baltic Sea, and the
north/north-eastern region of the North American shorelines.
The same pattern is present, although with progressively
enhanced intensity in SSP3-7.0 and SSP5-8.5 (Figures 7C,D),
with enhanced reductions of overlap in the areas of the
Mediterranean and southern Iberian Peninsula shorelines and
southwestern Australia coastlines, as well as in areas the areas
of the eastern North American coastline and north of Rio de la
Plata in South America (SSP5-8.5, Figure 7D). In these medium-
high and high reference pathway scenarios, the increase in species
overlap is also enhanced and more widespread in higher latitude
areas particularly in the Northern Hemisphere (e.g., in the areas
of Northern Canada and Alaska, the Baltic and North seas, the
Russian coastline of the White Sea, the Yellow and Eastern China
seas), but also to some extent in the Southern Hemisphere (e.g.,
southern Australia and New Zealand).

DISCUSSION

The present study presents a global analysis on the potential
response of five species of the Spartina Genus in response to
climate change until the end of the century. For the majority of
the species, differential responses were observed regarding the
pathway scenario in question. Despite that, however, there was
a clear global trend of increasing species’ occurrence until the
year 2100. Also, this pattern increased with increasing severity of
future scenarios suggesting general range expansion with climate
change. S. anglica showed the most response of all other species,
and the predicted increasing habitat suitability for all scenarios
explains the increase in distribution for this species worldwide,
with a very high net colonization ratio compared to the other
species. Habitat suitability appears to increase with latitude over
time, potentially leading to the expansion of the species’ known
invasive distribution in the Northern Sea and the Baltic, as
well as in the Chinese eastern coastline from the Yellow Sea,
where it is a known invader (An et al., 2007), potentially to the
Gulf of Thailand. The present study suggests that S. anglica can
potentially remain as a successful invader indifferent to the future
pathway scenario of climate change, although the more severe
scenarios will likely favor its expansion.

Despite being one of the more prominent cordgrass invaders
(Bortolus et al., 2019), S. alterniflora showed very low levels of
expansion, while exhibiting some of the worst net values for
habitat suitability of all species. Notwithstanding, it followed
a similar pattern in northward distribution shift as other
species and remained potentially present in some of its known
invasive areas. This suggests that this particular species’ invasive
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FIGURE 7 | Worldwide distribution of species richness over time (until 2100) of Spartina spp. species (i.e., S. alterniflora, S. anglica, S. densiflora, S. maritima, and
S. patens) for each CMIP6 Shared Socioeconomic pathway, SSP1-2.6, (A), 2-4.5 (B), 3-7.0 (C), and 5-8.5 (D).

pressure could remain, although these results seem to indicate
potential vulnerability to future conditions. S. densiflora, already
invasive in the Iberian Peninsula (Bortolus, 2006), exhibits the
same poleward movement worldwide, particularly in Europe,
suggesting that the areas of the Baltic and North seas might
witness future invasion pressure from this species. However, the
relatively small sample size of datapoints available for this species
in areas such as the Chinese coastline could induce subsampling
bias to this specific area, potentially masking effects. Finally,
S. patens exhibits the second highest net gain in occurrence
distribution, with increasing pathway severity, despite showing
large relative losses of habitat suitability. Already an invader in
Europe (Baumel et al., 2016; Sánchez et al., 2019), known also by
the name of Spartina versicolor Fabre, the present study suggests
that this species could not only spread its invasive distribution
in the European continent (northward as the other species), it
also has the potential to expand from its native areas into South
America, and eventually to Asia if taken there by human action.

From an environmental management perspective, the present
study identifies the SSP1-2.6 as the most beneficial. Despite
changes in habitat suitability being different for all species, the
net results from colonization and extinction potential worldwide
present a scenario where all species maintain their current status,
with relatively small increments. Also, regarding species overlap

change until the century’s end, despite localized decrease and gain
in certain regions, this is the scenario with the lowest change,
which indirectly suggests less potential for change in the current
co-occurrence situations hence, less chance for newer regions of
invasion-related conflicts. Exceptions are, however, the areas of
the Baltic Sea and the Yellow Sea, which are presently invaded
(by S. anglica and S. alterniflora, respectively), suggesting that
these areas could become suitable for more species. On the other
end of the spectrum, the scenario representing high fossil fuel-
dependent development (SSP5-8.5), the potential for invasion
by Spartina species increases significantly worldwide. Except for
S. densiflora and S. alterniflora, this scenario leads to greater
net increases in all species’ potential occurrence, despite net
decrease in habitat suitability in some cases (e.g., S. patens).
Also, most species’ distribution shows the potential to increase,
particularly toward higher latitudes in the Northern Hemisphere.
Accordingly, this scenario indicates greater increases in species
richness northward (i.e., above 50◦N) in all northern hemisphere
coastlines, while the areas of the Mediterranean and Southern
Europe experience a sharp drop in richness. The Iberian
Peninsula is known to harbor native S. maritima and invasive
S. alterniflora, S. patens, and S. densiflora (SanLeón et al.,
1999; Castillo et al., 2017; Gallego-Tévar et al., 2019), with
known occurrences of S. anglica as well. In this particular
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scenario, S. maritima exhibits a poleward migration of its
distribution, while S. alterniflora, S. densiflora, and S. patens
see their potential distribution increase in this area, although
with minimum overlay. These results highlight this region
as highly susceptible to substituting its native cordgrass by
those species that are already invading, in those scenarios
where climate change mitigation measures are less efficient. Not
surprisingly, this is already occurring in other areas, such as
the Adriatic Sea (Wong et al., 2018). Also, in this scenario
of high fossil fuel development, the region of the Yellow sea,
already home to significant invasion by the smooth cordgrass
(Zheng et al., 2018; Mao et al., 2019), appears particularly
susceptible to invasion, since this habitat seems suitable for all
the evaluated species. A peculiar result of the present study is the
predicted differential range expansion/loss between colder- and
warmer adapted species. Specifically, the cold-adapted species,
S. anglica, is predicted to undergo an overall range expansion
when compared to the rest of the species, although all species
appear subjected to the same poleward pressure. This could be
due to the difference in availability of longer coastlines with
novel, more suitable habitats, Northward from this species’
range, when compared to the rest of the analyzed species.
An interesting contrast arises between the decrease in habitat
suitability in species like S. patens, S. alterniflora, and S. densiflora;
and the increase in probability of occurrence for the same
species, although in relatively small percentages, which signify
an increase in range expansion. This could be due to the fact
that despite the overall suitability of habitats decreases over
time, there is an increase in the latitudinal distribution of
suitable shores (which is visible throrgh the expansion of the
species northward), so species continue to exhibit increases in
predicted occurrence (although quite limited), despite a net loss
in habitat suitability.

However, some caution is advised in the interpretation of
these SDMs, and these results must not be taken as absolute.
First, the species presence records used were mostly obtained
through GBIF, which being an open-source database is liable to
sampling bias which can induce autocorrelation of the model
data. Indeed, the GBIF database did not feature any points for
S. alterniflora in the coastline of China, and despite the inclusion
of data from articles retrieved from the available literature,
nevertheless the chance for subsampling of important habitats
is a potential risk. Second, since SDMs assume total occupation
of climatically suitable areas (Araújo and Pearson, 2005), it
is likely that there is some level of over-prediction affecting
all species, culminating in predictions for larger areas. Also,
the sample size of specie’s occurrence points used can affect
the accuracy of the predictive models (Stockwell and Peterson,
2002). In this sense, although all models included at least 300
species occurrence points – which for example is greater than
the minimum number required to maximize accuracy in GLM
approaches (Pearce and Ferrier, 2000) – there was a significant
difference in the data size for different species (e.g., over 3000 for
S. anglica while other species had less than 1000), which could
lead to slightly different prediction accuracies. Another issue
refers to the random assignment of pseudo-absence data across
geographical space, which together with potential sampling

bias (i.e., the absence of occurrence points where a species
exists in reality, but has not been sampled or included in the
data sources) could potentially lead to misrepresentations in
the projection of geographical occupancy. Lastly, other non-
climatic variables would likely benefit the model predictions
since they can help increase ecological fidelity (Austin and
Van Niel, 2011). In the specific case of the Spartina species,
the present study does not include potential species interaction
through hybridization, although species were modeled separately
to obtain a clear response to the atmospheric variables and their
variation over time. Other variables salinity, immersion time, and
soil composition could also be useful in this regard. Indeed, the
heterogeneity of the world’s coasts and the differential suitability
of different types of coastline for Spartina settlement (e.g., sandy
beaches, rocky shorelines, and tropical mangroves) should also
be addressed, since the fraction of suitable coast significantly
changes with latitude (Luijendijk et al., 2018). Indeed, the models
in this study predicted and projected the presence of species
of the genus Spartina in areas well known to harbor mangrove
habitats, as well as some areas with relatively low saltmarsh
presence. The intrusion of cordgrasses into mangrove areas is
not unheard of Gao et al. (2019), and if conditions are suitable,
cordgrasses have the potential to colonize mudflat areas and
establish the basis for new saltmarsh habitats. The present study
also highlights the potential for intrusion or colonization in these
new areas, potentially establishing new competitive pressures
with mangrove habitats. As such, future studies should build
on the present work by testing the inclusion of these and
other predictors, with the potential consequence of increasing
computing requirements. Despite these limitations, however,
these models provide a general indication of future trends
and relative habitat suitability shifts which can be useful for
environmental managers (Townhill et al., 2021).

Native saltmarsh vegetation is highly valued due to the
role of its constituting species as foundation species, with
substantial influence on the productivity and health of biological
communities and food webs. The action of aggressive invaders
when deliberately or accidentally introduced to areas outside
their original range of distributions has raised significant concern
from ecologists and environmental managers worldwide. The
present study suggests that Spartina species can potentially
benefit from climate change severity, with poleward expansions
in the Northern Hemisphere being predicted for most species
until 2100. Increased conflict and invasion potential could
occur in Northern Europe and East Asian shorelines, in areas
that already suffer from increased invasive pressure. Overall,
and despite their limitations, SDMs can help establish general
trends in climate change ecology and inform policymakers and
environmental agents to ensure the correct management of these
habitats and, ultimately, ecosystems.
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Resting cysts of planktonic dinoflagellates, once produced, sink to the seabed where
they can remain viable for a long time. These cysts have important ecological roles,
such as acting as the inoculum for the development of planktonic populations.
Moreover, dinoflagellate cyst records from depth sediment cores are broadly used
as a proxy to infer past environmental conditions. In this study, the main objective
was to obtain information on the relationships between the spatial distribution of
modern dinoflagellate cysts and present-day hydrography in the NW Iberian shelf.
Cyst assemblages were analyzed in 51 surface sediment samples with varying grain
sizes, collected at different water depths, following nine transects perpendicular to
the coast, between Aveiro and Figueira da Foz (Atlantic Iberian margin). Multivariate
statistical analyses revealed marked land-sea and latitudinal gradients in the distribution
of cysts, and helped investigate how environmental factors [water depth, grain size,
sea-surface temperature (SST), sea-surface salinity (SSS), bottom temperature (BTT)
and surface chlorophyll-a concentration (CHL)] influence modern dinoflagellate cyst
composition and abundances. Three main ecological signals were identified in the
modern dinoflagellate cyst assemblages: (1) the heterotroph signal as the main upwelling
signal; (2) the dominance of P. reticulatum and L. polyedra signal, indicative of warm
stratified conditions, possibly reflecting transitional environments between more active
inshore upwelling and warmer offshore waters; and (3) the G. catenatum signal for the
presence of mid-shelf upwelling fronts. The almost absence of viable cysts of the toxic
and potentially toxic species G. catenatum L. polyedra and P. reticulatum suggests that
in the study area, for these species, there is no build-up of significant cyst beds and thus
planktonic populations must depend on other seeding processes. These results are the
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first detailed modern distribution of dinoflagellate cysts in the NW Iberian Atlantic margin
(off Portugal), and show a good correspondence with hydrographic features of summer
upwelling season in the study area, meaning that they are reflecting water column
characteristics and therefore may be used as supporting evidence for the interpretation
of stratigraphic cyst records and reconstruction of past marine ecosystems in W Iberia.

Keywords: dinoflagellate cysts, sediments, spatial distribution, environmental gradients, coastal ecosystems,
HABs, Atlantic Iberian margin

INTRODUCTION

Dinoflagellates are a highly diverse group of protists that
along with diatoms and coccolithophores are one of the
most abundant groups of coastal marine phytoplankton,
significantly contributing to primary productivity (Falkowski
and Knoll, 2007). As a group, dinoflagellates present different
trophic strategies: some are autotrophs (photosynthetic), others
heterotrophs, but most of them are mixotrophic (able to combine
both trophic modes) (Schnepf and Elbrächter, 1992; Hansen,
2011; Stoecker et al., 2017). The trophic strategy and life
cycle traits together with different environmental preferences
determine the ecology of the different species (Hansen, 2011).

Around 13–16% of living dinoflagellate species are known
to form benthic resting stages (cysts) as part of their life-
cycle (Head, 1996). Since then, several new species have been
described and their cyst-theca relationship established (e.g.,
Luo et al., 2019). Once formed, cysts are accumulated in the
bottom sediments where they can remain viable for a long
time, playing important ecological roles. Benthic resting cysts
are key for the survival of the species, acting as overwintering
stages, inoculum for the formation of planktonic blooms or as
a genetic reservoir (Anderson et al., 2005; Lundholm et al., 2011;
Bravo and Figueroa, 2014; Ellegaard and Ribeiro, 2018). In the
present-day warming scenario, recent work has highlighted the
importance of considering cyst physiology when investigating the
response of cyst forming dinoflagellates to environmental change
(Brosnahan et al., 2020).

Given their capacity to fossilize, dinoflagellate cyst records
from sediment cores are broadly used as a proxy to infer past
environmental conditions (see Ellegaard et al., 2017 for a review).
Stratigraphic cyst records, and more recently ancient DNA (De
Schepper et al., 2019), represent a very valuable tool to study past
biodiversity and reconstruct past marine ecosystems. However,
interpretations of the cyst record can be biased by several
factors related to the variable representation of the planktonic
populations in the sediments. Importantly, post-depositional
processes such as sediment reworking, horizontal transport and
selective degradation of cysts (e.g., Zonneveld and Brummer,
2000; Zonneveld et al., 2018) can complicate the interpretation
of the environmental signals (Ellegaard et al., 2017). Moreover,
when inferring palaeoenvironmental data from cyst records we
must consider that (1) not all dinoflagellate species produce
resting cysts – i.e., they will not be represented in the cyst
records – and (2) cyst productivity rates can vary between
species – meaning some species can be over- or underrepresented
in the sediment cyst record. Certain studies provide data which

may help in overcoming these limitations, such as studies on
cyst-theca relationships and cyst production dynamics (e.g.,
Susek et al., 2005; Bringué et al., 2013; Matsuoka and Head,
2013), and particularly those oriented to explore the relationships
between modern cyst distributions in surface sediments and
environmental gradients (e.g., Wall et al., 1977; Dale, 1996;
Pospelova et al., 2008; Zonneveld et al., 2009; de Vernal et al.,
2020; Van Nieuwenhove et al., 2020). Although a huge effort
has been made to document in the Northern hemisphere the
distribution of dinoflagellate cysts in surface sediments and their
relation to major environmental variables [see Van Nieuwenhove
et al. (2020) for an historical review] there are not many studies
that investigate at a regional scale dinoflagellate cyst assemblages
and their relation to present day hydrography, particularly
coastal ecosystems of the Atlantic Iberian margin are still largely
underrepresented in reference datasets (de Vernal et al., 2020).

Several dinoflagellates are responsible for harmful algal
blooms (HAB) events, many of which produce resting cysts.
These events can be associated with various threats in coastal
systems, such as seafood poisoning or water discoloration
(Hallegraeff et al., 2003). The W Iberian coast is frequently
affected by these blooms which raise important economic
and health safety concerns (Vale et al., 2008). In this region,
within cyst producing HAB species, Gymnodinium catenatum
is of particular concern given its association with the human
syndrome Paralytic Shellfish Poisoning (PSP). Blooms of
G. catenatum have been recorded in the West Iberian margin
since late 1970s of the last century (Fraga et al., 1988), and
since then have been thoroughly studied. These blooms are
characterized by a high decadal and annual unpredictability.
The conditions leading to bloom seeding and initiation are
still not fully understood, although seeding from planktonic
populations is considered the most plausible hypothesis (Fraga
et al., 1993; Moita et al., 1998; Sordo et al., 2001; Amorim
et al., 2004; Bravo et al., 2010; Smayda and Trainer, 2010).
Blooms generally occur during the summer upwelling season
in relation to upwelling-relaxation-downwelling cycles and the
autumn upwelling-downwelling transition (Fraga et al., 1993;
Moita et al., 1998; Pitcher et al., 2010). Upwelling plumes are
important features on the dynamics of G. catenatum blooms.
Moita et al. (2003) related the presence of G. catenatum in the
inshore side of the upwelling plume front with the asymmetric
hydrodynamic conditions of upwelling plumes rooted at major
capes in the W Iberian coast. The presence of G. catenatum in
frontal zones and downwelling conditions has been attributed
to its high swimming velocities as a result of the long chain
life-form strategy that characterizes this species (Fraga et al.,

Frontiers in Marine Science | www.frontiersin.org 2 August 2021 | Volume 8 | Article 699483236

https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/marine-science#articles


fmars-08-699483 August 18, 2021 Time: 14:28 # 3

García-Moreiras et al. Modern Dinoflagellate Cysts in WIberia

1988; Moita et al., 2003; Pitcher et al., 2010). Evidence from the
sub-fossil cyst record suggests this species recently colonized the
NE Atlantic possibly by geographical range expansion from NW
Africa (Ribeiro et al., 2012).

Lingulodinium polyedra (=L. machaerophorum) and
Protoceratium reticulatum [=Operculodinium centrocarpum
sensu Wall and Dale (1966)] are two other cyst-forming species
of concern because of the production of a group of potentially
nuisance toxins, the yessotoxins. Lingulodinium polyedra is
also known to cause water discoloration in W and SW Iberia
(Amorim et al., 2001, 2004), with high negative impacts on
tourism. Blooms have been reported in summer and early
autumn associated with warm stratified conditions (∼17◦C) in
the inshore side of nutrient rich upwelling filaments (Amorim
et al., 2001, 2004). On a global scale, blooms of L. polyedra have
been reported from temperate regions since the beginning of
last century, occurring in summer-early fall (Lewis and Hallett,
1997). In the NE Atlantic, the distribution of L. polyedra, based
on surface sediment cyst distributions, spans from the equatorial
zone to the temperate/sub-polar boundary with a distribution
center in NW Africa and the Gulf of Cadiz (Dale, 1996; Lewis
and Hallett, 1997; Zonneveld et al., 2013; de Vernal et al., 2020).

Regarding Protoceratium reticulatum, very little is known
on the ecology of the planktonic stage in this area, with only
few records reported in phytoplankton studies off Portugal
(Moita et al., 1998; Loureiro et al., 2011; Silva et al., 2015).
In contrast, the cyst record in modern and subfossil sediments
from the Atlantic Iberian margin, particularly in the NW Iberian
coast, is characterized by the common occurrence of cysts of
P. reticulatum – and also of G. catenatum and L. polyedra –
(e.g., Amorim, 2001; Amorim et al., 2004; Sprangers et al., 2004;
Ribeiro and Amorim, 2008; Ribeiro et al., 2016; García-Moreiras
et al., 2015, 2018). Based on surface sediment cyst distributions,
P. reticulatum is one of the most cosmopolitan species (e.g., Wall
et al., 1977; Dale, 1996; Zonneveld et al., 2013). The proportional
increase of this species (=Operculodinium centrocarpum) in cyst
assemblages seems to be associated with unstable transitional
conditions such as the neritic-oceanic boundary or the influence
of river plumes (Dale, 1996; Dale et al., 2002).

Investigating the oceanographic mechanisms that control
bloom dynamics of these and other HAB species is essential for
the development of HAB forecasting tools and coastal monitoring
programs (Wells et al., 2015; Berdalet et al., 2017). In this context,
the study of dinoflagellate cyst distribution patterns in recent
sediments and of the overlaying abiotic conditions is particularly
interesting to understand how cysts can work as environmental
proxies, identify the presence of potential cyst beds and detect
rare species (Blanco, 1995; Dale, 1996; Orlova et al., 2004;
Anderson et al., 2005; Ellegaard et al., 2017).

In this study, modern dinoflagellate cyst assemblages
(concentration and relative abundance) and grain-size were
analyzed in 51 surface sediment samples off Aveiro-Figueira
da Foz (Atlantic Iberian margin). The well documented
hydrography of the study area (Relvas et al., 2007; Oliveira et al.,
2019) allowed the investigation of how well the cyst assemblages
reflected the water column characteristics. The relationships
between environmental variables – grain-size, water depth,

sea-surface temperatures (SST), sea-surface salinities (SSS),
bottom temperatures (BTT) and chlorophyll-a concentration
(CHL) – and community composition were investigated by
multivariate statistics to study how environmental gradients
affect the present-day spatial distribution of dinoflagellate
cysts. This work represents the first detailed dataset on modern
dinoflagellate cyst distributions on the NW Portuguese shelf
strongly influenced by seasonal upwelling, and may provide
reference data for the interpretation of environmental signals
from stratigraphic dinoflagellate cyst records to reconstruct
past marine ecosystems in coastal environments from related
or similar areas.

MATERIALS, DATA AND METHODS

Study Area
The sampling area is located between the latitudes 40◦7′ and
40◦49′ N and the longitudes −8◦44′ and −9◦18′ W, offshore
Figueira da Foz-Aveiro (Iberian Atlantic margin) (Figure 1A).
From south to north, the main freshwater sources in the study
area are the Mondego river and the Ria de Aveiro (Figure 1B).
The Mondego river has a catchment basin of 6670 km2 and
an annual average runoff of 500 m3s−1 (Cunha and Dinis,
2002; Marques et al., 2002). Several rivers drain to the Ria de
Aveiro – an estuary with coastal lagoon characteristics – with
a total catchment area of ∼3600 m2, Vouga being the largest
river, with an average runoff of 29 m3s−1 (Dias et al., 1999; Da
Silva and Oliveira, 2007). Moreover, during periods of upwelling
favorable winds, the study area may also be influenced by the
Douro river plume, whose outlet is situated ∼35 km north of the
study site (Fernández-Nóvoa et al., 2017). The Douro river has
a larger catchment basin (98 073 km2) and a mean discharge of
700 m3s−1, with a significant sediment load to the NW Iberian
shelf (Dias et al., 2002; Oliveira et al., 2002; Fernández-Nóvoa
et al., 2017).

Seasonal upwelling (spring-early autumn) and the variation of
low-salinity buoyant plumes are among the main oceanographic
features affecting the phytoplankton dynamics within the study
area (Fiúza et al., 1982; Peliz et al., 2002; Moita et al.,
2003; Oliveira et al., 2019). Latitudinal and onshore-offshore
environmental gradients (e.g., SST, SSS) have been described
during upwelling events, and sub-mesoscale oceanographic
processes were suggested as major factors affecting the horizontal
distributions of chlorophyll-a and biota (Moita, 2001; Oliveira
et al., 2019).

In summer, the mean Chl-a and SST distributions have a
typical coastal upwelling pattern: a coastal band of high Chl-a
coinciding with low SST, resulting from the upwelling of cold,
nutrient-rich, sub-surface waters. The resulting gradient is not
uniform and usually presents a maximum at some distance from
the coast along the so-called upwelling fronts. The distribution of
the SST fronts in the study area have been studied by Relvas et al.
(2007) who showed that these fronts are most frequently located
around the 50 isobath, and identified a low frontal probability
zone at mid-shelf (Figure 1C).
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TABLE 1 | Samples studied in this paper and the six environmental parameters included in statistical analyses.

Sample label Water depth (−m) Grain size (mm) SST (◦C) BTT (◦C) SSS Chl-a (µg.L−1)

B91 15.50 0.20 18.3 14.35 33.36 1.99

B67 28.50 0.15 18.3 13.84 34.66 1.53

B68 54.30 0.23 18.5 13.51 35.25 0.84

B69 84.70 0.16 18.6 13.26 35.36 0.61

B66 40.40 0.21 18.3 13.85 34.37 1.56

B65 62.10 0.19 18.5 13.50 35.24 0.82

B64 86.60 0.12 18.7 13.16 35.34 0.59

B63 102.20 0.08 18.8 12.94 35.39 0.47

B83 111.90 1.20 18.9 12.86 35.40 0.43

B82 117.80 0.19 18.9 12.79 35.39 0.40

B90 21.20 0.16 18.2 14.20 34.70 2.17

B49 45.10 0.31 18.3 13.66 35.06 1.37

B50 64.30 0.20 18.5 13.39 35.28 0.77

B51 87.60 0.12 18.7 13.09 35.33 0.57

B79 97.20 0.09 18.7 12.88 35.34 0.53

B89 16.50 0.15 18.2 13.99 34.85 2.28

B48 36.90 0.72 18.2 13.72 35.07 1.64

B47B 59.20 1.06 18.4 13.34 35.25 0.89

B46 72.80 0.21 18.6 13.13 35.32 0.65

B45 100.00 0.12 18.7 12.88 35.36 0.51

B78 113.70 0.10 18.7 12.74 35.38 0.45

B44 117.60 0.11 18.8 12.72 35.39 0.42

B88 16.20 0.65 18.1 14.04 34.82 2.58

B31 33.30 0.88 18.2 13.60 35.13 1.67

B32 51.70 1.18 18.3 13.34 35.23 1.02

B35 119.80 0.06 18.1 12.70 35.37 0.43

B87 18.70 0.12 18.1 13.97 34.73 2.47

B30 34.80 1.22 18.2 13.61 35.09 1.78

B29 54.20 1.52 18.3 13.30 35.17 0.96

B28 72.90 1.60 18.4 13.09 35.24 0.69

B27 90.40 0.21 18.5 12.86 35.34 0.52

B86 20.70 0.16 18.1 13.75 34.89 2.15

B16 37.10 1.78 18.2 13.52 35.07 1.59

B17 54.50 1.89 18.3 13.23 35.14 0.96

B18 75.00 1.42 18.4 12.99 35.23 0.69

B19 92.90 0.22 18.5 12.77 35.33 0.52

B76 111.70 0.81 18.5 12.65 35.37 0.45

B77A 127.70 0.22 18.6 12.64 35.38 0.42

B85 16.80 0.71 18.1 13.75 34.84 2.38

B15 34.80 1.91 18.1 13.53 35.01 1.37

B14 49.40 1.87 18.2 13.34 35.06 0.97

B13 70.30 1.43 18.3 13.05 35.18 0.71

B12 94.10 0.21 18.4 12.75 35.29 0.52

B11 128.70 0.14 18.4 12.63 35.38 0.42

B84 17.00 0.16 18.0 13.62 34.75 2.09

B1 31.00 0.97 18.1 13.48 34.87 1.47

B2 42.50 1.32 18.1 13.34 35.01 1.03

B3 61.30 2.20 18.2 13.02 35.16 0.80

B4 87.00 0.26 18.2 12.75 35.28 0.58

B5 118.00 0.63 18.3 12.61 35.35 0.46

B75 117.80 0.11 18.3 12.61 35.35 0.46

Mean 66.99 0.63 18.38 13.26 35.12 1.05

SD 35.71 0.63 0.24 0.46 0.35 0.66

SST, satellite-derived sea-surface temperature (average of the warmest trimester, July to September); BTT, sea-bottom temperature (average for the warmest trimester,
July to September); SSS, sea-surface salinity (global median); Chl a, satellite-derived surface chlorophyll a concentration (global median). SST and Chl a concentration
are satellite-derived parameters calculated from daily values from 2003 to 2019. BTT and SSS were determined by numerical models from a data series corresponding
to the period 2018–2020 (for more details see the methods section of this paper). Mean and Standard Deviation (SD) are shown in the bottom rows.
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FIGURE 1 | Study site and location of sampling stations off Aveiro-Figueira da Foz (Atlantic Iberian margin). Red arrows (A) indicate the position of the Douro estuary
(DE) and the Nazaré canyon (NC). Station positions (B,C) are superimposed on the Seabed Substrate maps from EMODnet Geology
(https://www.emodnet-geology.eu/map-viewer/?p=seabed_substrate) (B) and the frontal probability map performed by Relvas et al. (2007) from average SST
anomalies (◦C) of satellite-derived summer data for the period 2001–2005 (C). Bathymetric contours are in meters and are taken from the General Bathymetric Chart
of the Oceans (https://www.gebco.net/) (A) and the IH (https://www.hidrografico.pt/op/33) (B,C).

In the same area, Oliveira et al. (2019) described the
bifurcation of the equatorward alongshore flow of upwelled
waters originating further north (from 41–42◦N) and the
presence of a cyclonic area over the mid-shelf (∼100 m isobath)
(see their Figure 10) with a location that coincides with the low
frontal probability zone of Relvas et al. (2007). SSS distribution
is influenced by the low-saline waters of the Western Iberia
Buoyant Plume (WIBP), composed mainly by freshwater loads
from the Douro River (Figure 1A). During strong upwelling
events, the WIBP is advected equatorward and covers most of the
northern portion of the study area (Oliveira et al., 2019), with SSS
increasing southwards and offshore.

During winter the predominant SW winds induce poleward
currents along the shelf. However, winter upwelling events may
be recorded generating equatorward currents (Relvas et al., 2007).

Moita (2001) recorded short pulses of upwelling in the study
area in winter, but these were not persistent enough to break the
halo stratification at the surface induced by the well-developed
buoyant low salinity plume. It is within these low salinity plumes
that the low winter Chl-a maxima were recorded (Moita, 2001).

In the study area, the spatial distribution of the bottom
sediments is influenced by bottom topography, river inputs and
coastal hydrodynamics. The topography of the study region
is characterized by a wide continental shelf with isobaths
almost parallel to the coast (Figures 1A,B). The coast has no
major protrusions except for Cape Mondego, where a persistent
upwelling filament has been reported to occur during the
upwelling season (Sousa and Bricaud, 1992). Fine sedimentary
deposits are associated with rocky outcrops, which act as a
barrier to the cross-shelf movement of sediment and also to
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the general circulation (Oliveira et al., 2001). Latitudinally, two
main circulation patterns affecting sediment distribution may
be identified. In summer, higher intensity and frequency of
upwelling promotes sediment transport southwards and offshore.
In winter, when precipitation and storms are more intense and
frequent, increased riverine supplies promote the transport of
resuspended fine materials northwards (Fiúza et al., 1982; Fiúza,
1983; Vitorino, 1989).

Field Sampling
During the Hydrographic Institute of Portugal (IH)/AQUIMAR
Cruise (March 2019), 51 surface sediment samples were collected
with a Smith-McIntyre grab in coastal environments between
the Ria de Aveiro and the Mondego (Figueira da Foz) outlets
(Figure 1). Sampling stations followed nine land-sea transects
perpendicular to the coast, corresponding to different grain-
sizes and water depths (Table 1). For dinoflagellate cyst analyses,
plexiglass tubes (3.6 cm internal diameter) were inserted in the
sediment and the top 1-cm layer was collected and stored at 4◦C
in the dark for further analysis in the laboratory. For sediment
characterization, the bulk grab sample, representative of the top
20 cm of surface sediment coverage, was collected and frozen
(−18◦C) until further analysis.

Laboratory Procedures
Grain-Size Analyses
In the laboratory, grain-size analyses were performed following
the NP EN 933-1:2014 and ISO 13320:2009 standards
(International Organization for Standardization [ISO], 2009;
NP EN933-1, 2014). After sediment sample homogenization,
splitting and salt and organic matter removal (using hydrogen
peroxide, 30–130 volumes), grain-size analysis was performed
combining two different methods: sieving (>500 µm) and
laser diffraction (<500 µm) using a Malvern Mastersizer
Hydro 2000, resulting in a continuous grain-size distribution
curve in 0.5 ϕ intervals [ϕ = −log2(D), where D = particle
diameter in mm]. Grain size class dimensional limits were
defined according to Wentworth (1922), modified by Dias
(2004). Texture composition was classified according to Shepard
(1954) in: gravel (diameter > 2 mm), sand (2–0.0625 mm), silt
(0.0625–0.004 mm) and clay (<0.004 mm). Grain size statistics
(mean, mode, standard deviation/sorting and asymmetry) were
calculated according to Folk (1974) and McMannus (1988).

Sediment Processing for Dinoflagellate Cyst Analyses
A replicate of each sample (2 to 30 cm3, depending on cyst
concentration) was taken for dinoflagellate cyst analyses, which
included wet-sieving with distilled water through a 150 µm-
Nylon mesh and a 20 µm-stainless steel mesh (Endeccots)
after sonication (60 s) (Elmasonic S50R). The retained fraction
(between 150 and 20 µm) was centrifuged at 3600 rpm
(∼2510 × g) (Eppendorf 5804 R), and the supernatant was then
removed, and dinoflagellate cysts were further concentrated by
centrifuging the homogenized pellet at 1000 rpm (∼190× g) in a
high-density solution of sodium polytungstate (∼2. 016 g cm−3)
(Bolch, 1997; Amorim et al., 2001). The floating organic fraction
was collected, rinsed twice by centrifugation at 3600 rpm

(∼2510 × g) (Eppendorf 5804 R) and recovered with filtered
seawater in a final volume of 1 to 10 ml, depending on cyst
concentration. Replicated sediment samples were used for dry
weight determination (drying at 60◦C until constant weight) and
% moisture. The sample dry weight was determined using the
previously calculated % moisture.

An inverted light microscope (Leica DMi1) was used for cyst
counting and identification under 200x and 400x magnifications.
One or more Sedgewick-Rafter chambers (1 ml) (Graticules
Optics, United Kingdom) were counted to obtain a minimum
of 100 cysts when possible, including both empty and cysts with
cell contents (referred as full cysts onward), with an average
of 264 cysts per sample. This method was used to obtain
relative (percentage values of the total cyst assemblage) and
absolute abundances. The latter were determined relative to the
volume (cysts. ml−1) and dry weight (cysts.g−1) (Supplementary
Tables 1, 2). Phase-contrast morphological examination (and
photography) of some specimens were performed on a Zeiss
Axiovert 200 microscope. All photographs (both bright-field and
phase-contrast) were taken with a Zeiss Axiocam HRc camera.
Finally, to keep a permanent collection as a backup, aliquots
of all samples were mounted on slides using glycerine jelly and
sealed with wax.

Notes on the Identification and Nomenclature of
Dinoflagellate Cysts
The identification and nomenclature of dinoflagellate cysts follow
Zonneveld and Pospelova (2015), Gurdebeke et al. (2019),
Mertens et al. (2020), and Van Nieuwenhove et al. (2020). When
species-level identification was not possible, the identification
was done at the genus or higher level. The biological names
were used preferentially, however, in those cases where the cyst-
theca relationship is not clear, the paleontological name was
used instead (e.g., Quinquecuspis concreta; see Table 2). This
was also applied in the cases when the name refers to one of
various cyst (morpho)types that are currently linked to only one
species (e.g., Votadinium calvum, which illustrates one cyst type
of Protoperidinium oblongum).

Unidentifiable spiny brown cysts were grouped as “spiny
brown cysts” or SBC (Table 2) for data analysis purposes and
inter-sample cyst-record comparison, due to some common
difficulties with their identification (see Radi et al., 2013).
Unidentifiable Round Brown cysts (RBC) included folded and
broken round brown cysts that were not assigned to any
specific genera (probably Brigantedinium sp., Dubridinium sp.,
etc.), and also specimens of Diplopsalis-type (Table 2). The
latter includes light brown to grayish round cysts, with smooth
surface and theropylic archeopyle, which correspond to cysts
of Diplopsalis spp., and may also include other round brown
cysts with problematic morphology such as Diplopelta sp. and
Diplopsalopsis sp. and others described in Mertens et al. (2020).

For the same reason, Echinidinium delicatum and
E. granulatum, both characterized by having hollow
processes (Zonneveld and Pospelova, 2015), were grouped
in E. delicatum/granulatum. On the other hand, taxa
that could be misidentified during routine counts were
included in the same group, namely cyst types for which
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TABLE 2 | List of all dinoflagellate cyst taxa identified in this study and their corresponding biological (motile cell) names.

Autotrophic taxa Heterotrophic taxa

Paleontological name Biological name Paleontological
name

Biological name Paleontological
name

Biological name

Alex-type (cf. calcareous cysts
without ornamentation)

Unknown Cysts of
Archaeperidinium
minutum

Archaeperidinium
minutum

Selenopemphix
nephroides

Protoperidinium
subinerme

Cysts of cf. Ensiculifera
tyrrhenica (sensu Li et al., 2020)

Cf. Ensiculifera
tyrrhenica

Brigantedinium sp. Protoperidinium sp. Selenopemphix quanta Protoperidinium
conicum

Cysts of Gymnodinium
catenatum

Gymnodinium
catenatum

Brigantedinium
cariacoense

Protoperidinium
avellana

Trinovantedinium
applanatum

Protoperidinium
shanghaiense

Cysts of Gymnodinium
nolleri/microreticulatum
(30–40 µm diameter, according
to Amorim et al., 2002)

Gymnodinium sp. Brigantedinium simplex Protoperidinium
conicoides

Votadinium calvum Protoperidinium
oblongum-complex var.
latidorsale

Cysts of G. microreticulatum
(<30 µm diameter)

Gymnodinium
microreticulatum

Dubridinium caperatum Preperidinium meunieri Votadinium
rhomboideum

Protoperidinium
quadrioblongum

Impagidinium aculeatum Probably Gonyaulax sp. Dubridinium sp. Diplopsalid group Votadinium sp. Protoperidinium sp.

Impagidinium paradoxum Probably Gonyaulax sp. cf. Diplopsalis-type Diplopsalid group Xandarodinium
xanthum

Protoperidinium
divaricatum

Impagidinium sp. Probably Gonyaulax sp. Echinidinium aculeatum Unknown (probably
Protoperidinoid group)

Unidentifiable (brown)
peridinoid cysts

Probably
Protoperidinium sp.

Lingulodinium
machaerophorum

Lingulodinium polyedra Echinidinium
granulatum/delicatum

Unknown (probably
Protoperidinoid group)

Unidentifiable RBC
(round brown cysts)

Protoperidinoid?

Operculodinium centrocarpum Protoceratium
reticulatum

Echinidinium
transparantum

Unknown (probably
Protoperidinoid group)

Unidentifiable SBC
(spinny brown cysts)

Protoperidinoid?

Tuberculodinium vancampoae Pyrophacus steinii Lejeunecysta oliva
(sensu Van
Nieuwenhove et al.,
2020)

Protoperidinium sp.

Cysts of Scrippsiella cf.
trochoidea

Scrippsiella cf.
trochoidea

Lejeunecysta cf.
sabrina (sensu Van
Nieuwenhove et al.,
2020)

Probably various
species of
Protoperidinium sp.

Sphaerical-type (sensu Wall
and Dale, 1968) (unknown
calcareus cysts)

Unknown Lejeunecysta/
Quinquecuspis
(cingulum not visible)

Probably various
species of
Protoperidinium sp.

Spiniferites bentorii Gonyaulax digitale
group

Cysts of Polykrikos
kofoidii (sensu
Matsuoka et al., 2009)

Polykrikos kofoidii

Spiniferites delicatus Gonyaulax sp. Cysts of Polykrikos
schwartzii (sensu
Matsuoka et al., 2009)

Polykrikos schwartzii

Spiniferites membranaceus Gonyaulax
membranacea

Cysts of cf.
Protoperidinium
monospinum

Protoperidinium
monospinum

Spiniferites
mirabilis/hyperacanthus

Gonyaulax spinifera
group

Cysts of
Protoperidinium
americanum

Protoperidinium
americanum

Spiniferites sp. Gonyaulax sp. Cysts of
Protoperidinium
stellatum

Protoperidinium
stellatum

Cysts of cf. Thoracosphaera
sp.

cf. Thoracosphaera sp. Quinquecuspis
concreta

Probably
Protoperidinium leonis

the archeopyle or paracingulum were not visible and
that presented a high degree of morphological variation,
for instance, Lejeunecysta/Quinquecuspis, which includes
dorsoventrally compressed brown cysts with peridinoid outline
and pentagonal shape that may correspond to L. sabrina,

L. oliva or Q. concreta (Images 6 to 8, Supplementary Plate
II) (Van Nieuwenhove et al., 2020). Other peridinoid brown
cysts without such pentagonal shape, with clear archeopyle
involving the apical section and not classified as Votadinium
calvum (Image 10, Supplementary Plate II) or Votadinium
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rhomboideum (Gurdebeke et al., 2019) were classified as
Votadinium sp. Moreover, Brigantedinium spp. includes cysts
of Brigantedinium sp. with hidden archeopyle, and also some
cysts of Protoperidinium avellana (B. cariacoense; Image 4,
Supplementary Plate II) and P. conicoides (B. simplex). Finally,
Spiniferites spp. includes unidentifiable species (Spiniferites sp.)
and other species that were identified in some samples (e.g.,
S. delicatus and S. bentori) but could be misidentified in others
due to their difficult orientation.

Environmental Data and Statistical
Analyses
Samples were arranged in a hierarchical cluster constrained by
latitude, using Bray-Curtis dissimilarity distances and CONISS
method. On the other hand, Redundant Discriminant Analysis
(RDA) was performed to explore the relationships between
dinoflagellate cyst distributions and environmental gradients.
Before RDA, Detrended Correspondence Analysis (DCA) was
used to determine the behavior of taxa along the main
environmental gradients. RDA was the method of choice for
constrained ordination since the length of the first gradient is
1.84 SD, indicating mostly linear taxa responses (ter Braak and
Prentice, 1988). All statistics were performed using R software v.
3.0.2. (R Development Core Team, 2013).

Because of their presumably similar ecological affinities,
for clustering and RDA analyses, the round brown cysts
Brigantedinium spp., Diplopsalis-type, Dubridinium spp., and
unidentifiable round (smooth) brown cysts (which include
broken or folded brownish cysts with round outline that probably
correspond to one of the previous genera) – were grouped in
RBC. Additionally, unidentified cysts were excluded and those
groups for which identification was doubtful in some samples
were grouped to the genus level. A total of 23 cyst types and
square-root transformed percentage data (%) were used for
RDA analyses (taxa that never contributed >1% were excluded).
Note that very consistent results were obtained with or without
data transformation.

Six variables were investigated in this study, namely:
water depth (WD), sediment mean diameter (Gran), bottom
temperature (BTT), sea-surface salinity (SSS), satellite-derived
sea-surface temperature (SST), and sea-surface chlorophyll-a
concentration (CHL). Initially, six parameters for each variable
(except for WD and Gran) were explored by RDA to check
their influence on the ordination of samples, namely: the global
average, the global median value (50th percentile or p50), the
value for the month with the lowest mean value, the value for
the month with the highest mean value, and the averages of
the trimester with the highest and lowest mean values. These
parameters were calculated from daily values from 2003 to 2019;
except for BTT and SSS, which were calculated from a data series
corresponding to the period 2018–2020. These time intervals
were selected as they correspond to the highest resolution of
environmental data to which access was available. In the final
RDA diagrams (Table 1), only the parameters with the highest
weight in the ordination of samples were included. Our choices
were based on statistical scores R2, the variance explained and
the p-value from random permutation tests (999 permutations

at a significance level of P ≤ 0.05). Additionally, redundant
variables that strongly correlated with more significant variables
were discarded (see Oksanen et al., 2015).

Oceanographic variables were obtained from satellite
remote sensing and hydrodynamic numerical models. The
daily numerical model solutions for bottom temperatures
(BTT) and sea-surface salinities (SSS) were gathered from
the E.U. Copernicus Marine Monitoring Service (CMEMS),
namely from the Operational IBI (Iberian Biscay Irish) Ocean
Analysis and Forecasting system, which is based on a (eddy-
resolving) NEMO model application run at 1/36◦ horizontal
resolution (Sotillo et al., 2015). The two satellite-derived
variables, available as daily, 1 km resolution maps, were the
sea-surface temperature (SST), from the Multi-scale Ultra-high
Resolution (MUR) SST analysis (JPL, 2015; Chin et al., 2017), and
chlorophyll-a (CHL) from CMEMS based on the Copernicus-
GlobColour processor, namely from the North Atlantic
Chlorophyll product (OCEANCOLOUR_ATL_CHL_L4_REP_
OBSERVATIONS_009_098).

RESULTS

Estimation of Sediment Accumulation
Rates
No box-corers were collected during the cruise, so establishing
accurate sedimentation rates for sediment samples investigated
in this study was not possible. However, in nearby areas (north
of the Douro mud patch), Jouanneau et al. (2002) performed
Pb analyses in 31 box-core samples collected at depths ranging
from −39 to −213 m, and found that accumulation rates
ranged between 0.05–0.40 cm year−1. Considering the results
by Jouanneau et al. (2002), we estimated that the top 1 cm of
surface sediment samples collected off Aveiro-Figueira da Foz
recorded between 2.5 and 20 years of cyst deposition. Moreover,
the top 20 cm of surface sediment samples used for grain-size
analyses would represent <400 years of deposition. We believe
that this temporal mismatch between the two type of samples is
not a major problem since the obtained grain-size distribution
accurately represents the main (modern) distribution patterns
observed in the study area, being consistent with available
sediment cartography, such as the Seabed Substrate maps from
EMODnet Geology (available at1) and the sedimentological
charts from the Hydrographic Institute of Portugal2,used as
base to compile the EMODnet information. Therefore, we
considered that the obtained grain-size distribution was well
representative of modern sediment distribution and represents
the best available data to be compared with the modern
distribution of dinoflagellate cyst assemblages.

Grain Size and Dinoflagellate Cyst
Distribution
Mean grain diameter ranged from 0.06 to 2.20 mm. Sands
dominated all samples with percentages varying between 51

1https://www.emodnet-geology.eu/map-viewer/?p=seabed_substrate
2https://www.hidrografico.pt/op/40
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FIGURE 2 | Spatial distribution of cysts (empty cysts and cysts with cell contents) (cysts.ml−1) (A) and sediment grain size (B) along the nine transects studied.

and 100% (Supplementary Table 3). Coarsest samples usually
corresponded with stations at mid-depths. Grain size also
increased in northern transects, in front of Ria de Aveiro, with
gravel percentage ranging 40–49% in samples B3, B14, B15, B16,

B17, and B28. In contrast, proportions of finer sediments (silt and
clay) increased southwards and in deeper samples (Figure 2B).

Cyst concentrations ranged between 0.5 and 1478.4
cysts.ml−1. The lowest concentrations were observed in
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FIGURE 3 | Spatial distribution of concentrations of total cysts (A) and cysts with cell contents (B).

coarse samples close to the coast, whereas the highest values were
generally found in deeper stations with finer sediments (>500
cyst.sml−1 in stations B63, B64, B82, B51, B79, B45, B35, B11,
B75) protected in general by rock outcrops (Figures 1, 2A,B,
and 3A).

A total of 45 dinoflagellate cyst types were identified, excluding
unidentifiable types round brown cysts (RBC), spiny brown cysts
(SBC), and brown peridinoids (Table 2). Morphotype richness
or number of cyst types per sample is shown in Supplementary
Table 4 (Unidentifiable types are counted as one type), with a
maximum of 33 and a minimum of 10 cyst types. Morphotype
richness generally increased northwards and at mid depths.

Empty cysts dominated all cyst assemblages (Figure 2A).
Full cysts were observed in 22 cyst types: Alexandrium-
type, Brigantedinium spp., Dubridinium caperatum, G.
catenatum, G. nolleri/microreticulatum, cf. Lejeunecysta sabrina,
P. reticulatum, Protoperidinium americanum, P. conicum,
P. shanghaiense, P. subinerme, Spiniferites sp., S. membranaceus,
S. mirabilis/hyperacanthus, Votadinium sp., and V. rhomboideum,
as well as some unidentifiable RBC, SBC and brown peridinoids.
Concentrations of full cysts (as well as total cysts) increased
southwards and offshore, i.e., 100 m isobath (Figures 3A,B),
while proportions tended to increase in shallower samples
(Figure 2A). However, counts of full cysts were generally very
low (0–56), therefore, the observed trend in their proportions
may not be significant.

Full cysts of the HAB species G. catenatum and P. reticulatum
occurred in negligible amounts while no full cysts of L. polyedra
were recorded. In contrast, many full cysts of calcareous
taxa (Scrippsiella trochoidea, spherical-type cf. Scrippsiella
sp., cf. Ensiculifera tyrrhenica) and RBC were identified
(Supplementary Table 4).

The cysts of cf. E. tyrrhenica have a calcareous wall,
yellowish under bright field microscopy. It is characterized

by a flat side with pentagonal outline and a triangular
side suggesting a “Napoleon hat” (Montresor et al., 1993)
(Images 2 and 4, Supplementary Plate I). Cysts are 30–
37 µm in diameter and the cyst content has a clear red
accumulation body (Images 1–4, Supplementary Plate I). These
morphological features coincide with those described for cysts
of Pentapharsodinium tyrrhenicum (Balech) Montresor, Zingone
& D.Marino ex Head, described in Montresor et al. (1993),
which has been recently transferred to the genus Ensiculifera
(Li et al., 2020). To date, on the Atlantic Iberian margin,
E. tyrrhenica has only been reported in this study and in
Amorim (2001). In the latter study, a dinocyst survey was
done along the whole Portuguese coast but E. tyrrhenica was
only recorded in Ria de Aveiro, located in the vicinity of the
present study area.

Regarding trophic affinities, proportions of heterotrophic
species generally increased northwards, the exception being
samples B75 and B11 where proportions of autotrophic
cysts were higher than 50%. They also showed a land-sea
gradient increasing (>50%) in shallower stations close to the
coast (Figures 4, 5), Brigantedinium spp. (mean proportion
of 11.7%), RBC (10.1%) and Lejeunecysta/Quinquecuspis
(4.55%) being the most abundant heterotrophic cyst types
(Figure 6). In contrast, proportions of autotrophic species
increased southwards and in deeper samples (Figures 4, 5),
G. catenatum, P. reticulatum, S. mirabilis/hyperachantus
and L. polyedra being the most abundant autotrophic cyst
types, with mean proportions (full + empty cysts) of 16.2,
8.4, 5.7, and 4.9%, respectively (Figure 6). Gymnodinium
catenatum was always a relevant component of the cyst
assemblage and showed distribution centers close to the 100 m
isobath (Figure 7).

The highest proportions of autotrophic cysts (38.2–78.4%)
were recorded in the B82-B66 transect, located in front of

Frontiers in Marine Science | www.frontiersin.org 10 August 2021 | Volume 8 | Article 699483244

https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/marine-science#articles


fmars-08-699483 August 18, 2021 Time: 14:28 # 11

García-Moreiras et al. Modern Dinoflagellate Cysts in WIberia

FIGURE 4 | Spatial trends in relative abundances (%) of heterotrophic (orange)
and autotrophic (blue) taxa along the nine land-sea transects studied.

Mondego cape (Figures 1B, 4). These samples also recorded
particularly high relative abundance values of the potentially
toxic species P. reticulatum (9–36%) and L. polyedra (1.4–18.4%)
(Figure 7). Although close to the 100 m isobath, their distribution

centers were displaced south in relation to the distribution center
of G. catenatum (Figure 7).

Multivariate Analyses and Environmental
Influences
According to cluster analysis constrained by latitude, cyst
assemblages could be classified in three groups (southern,
intermediate and northern samples). Clustering also indicated
that the major change in cyst composition was between northern
and the remaining (southern + intermediate) samples, cyst
assemblages from southern and intermediate samples being more
similar (Figures 8A,B, 9A,B).

Redundant discriminant analysis (RDA) helped in
investigating the main environmental factors influencing
dinoflagellate cyst distribution. The final RDA model
(Figures 9A,B) significantly ordinated the samples according to
cyst composition and the influence of environmental variables
(p-value < 0.05). The variance explained by the two main axes
(RDA1 e RDA2) was 30.4%. Mean sea-surface temperature (SST)
of the warmest trimester (July to September) and water depth
(WD) were the most relevant environmental variables (i.e., those
contributing the most to explain the variability of cyst assemblage
distribution), followed by grain size (Gran) and chlorophyll-a
concentration (CHL). Despite the small amplitude of variation of
the SST values used for the RDA (see SD, Table 1), it represents
an average of daily values for a period of 16 years (2003 to 2019),
and therefore, small changes in SST could actually represent
relevant changes in the environment.

The main variability gradient was defined by RDA1
(explaining 25.1% of the total variance), which was positively
correlated with SST, SSS and WD and negatively correlated
with CHL, BTT and Gran. It also reflected relevant differences
between northern samples (generally negative RDA1 values),
and southern/intermediate samples (generally positive values on
RDA1), in good agreement with the cluster classification results
(Figure 8). Northern samples positively correlated with CHL,
BTT and Gran, whereas southern samples positively correlated
with SST, SSS and WD (Figure 9A).

Heterotrophic cyst taxa ordinated to the left side of the
biplot, with CHL, BTT and Gran. The cyst taxa with the
most negative scores on RDA1 were Q. concreta and RBC
(Figure 9B). In contrast, autotrophic taxa generally presented
positive values on RDA1, with SST, SSS and WD. G. catenatum
and P. reticulatum had the highest values on RDA1. G. catenatum,
G. microreticulatum, and Scripsiella sp., plotted on the upper right
quadrant with WD. In contrast, P. reticulatum, L. polyedra, S.
mirabilis/hyperacanthus, and Spiniferites sp. plotted on the lower
right quadrant, representing warmer conditions (Figure 9B).
The distribution of the heterotrophic species P. americanum did
not follow the general pattern detected for other heterotrophic
species. P. americanum ordinated to the right, with most of the
autotrophic species.

An inshore-offshore environmental gradient was also reflected
in RDA. Deeper samples were ordinated to the upper right
quadrant of the biplot (Figure 9A), with higher abundances of
G. catenatum (Figure 9B). On the other hand, shallower samples
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FIGURE 5 | Spatial distribution of relative abundances (%) of autotrophic (A) and heterotrophic (B) cyst taxa.

FIGURE 6 | Dinoflagellate cyst percentages obtained for the studied 51 surface samples. Samples are arranged by nine transects perpendicular to the coast, from
north to south (top to bottom). Those cyst types for which identification was doubtful were summed to a higher category, i.e., Brigantedinium spp. includes
Brigantedinium sp. and cysts of Protoperidinium avellana and P. cariacoense; Dubridinium spp. includes Dubridinium sp. and D. caperatum; Impagidinium spp.
includes Impagidinium sp., I. paradoxum, and I. aculeatum; Spiniferites spp. includes Spiniferites sp., S. bentorii, and S. delicatus; RBC includes unidentifiable round
browns and cf. Diplopsalis-type.

ordinated to the lower left quadrant of the biplot (Figure 9A),
with higher proportions of Protoperidinium species and most of
heterotrophs (Figure 9B).

DISCUSSION

This study investigated the distribution of benthic dinoflagellate
resting cysts in recent sediments from the shelf off Aveiro-
Figueira da Foz (Atlantic Iberian margin) in relation with present
day environmental drivers. These studies are particularly relevant
since cysts are the only fossilizable stage of dinoflagellates and
understanding how they reflect present day environmental

conditions will contribute to a better interpretation of
environmental signals from stratigraphic cyst records.

Distribution of Sediments and Cyst
Concentrations
Coastal hydrodynamics and topography play an important role
in the distribution of sediments and dinoflagellate cysts. The
main topographic and morphological features in the shelf area
covered by this study that may affect the distribution patterns
of sediments and dinoflagellate cysts are the Cape Mondego
and sheltered rocky outcrops (Figure 1B). Coarse sediments
are common in the shelf of the Iberian Atlantic coast, while

Frontiers in Marine Science | www.frontiersin.org 12 August 2021 | Volume 8 | Article 699483246

https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/marine-science#articles


fmars-08-699483 August 18, 2021 Time: 14:28 # 13

García-Moreiras et al. Modern Dinoflagellate Cysts in WIberia

FIGURE 7 | Spatial trends in relative abundances (A) and concentrations (B) of cysts of the three HAB species (Gymnodinium catenatum, Lingulodinium polyedra,
and Protoceratium reticulatum).

sheltered deposits of mud (silt and clay) are strongly influenced
by the vicinity of rocky outcrops that act as traps favoring the
accumulation of fine sediments (Figure 1B; Dias et al., 2002;
Oliveira et al., 2007). Additionally, in coastal areas, sediments can
be resuspended by waves and tidal currents and while sands are

deposited rapidly once conditions calm down, finer sediments
(cysts included) are more susceptible to be transported offshore
(Oliveira et al., 2002). This could partially explain the decrease
in sediment grain size with water depth observed in the study
area (Figure 2B).

Frontiers in Marine Science | www.frontiersin.org 13 August 2021 | Volume 8 | Article 699483247

https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/marine-science#articles


fmars-08-699483 August 18, 2021 Time: 14:28 # 14

García-Moreiras et al. Modern Dinoflagellate Cysts in WIberia

FIGURE 8 | Classification results from cluster analysis (constrained by latitude) performed on untransformed percentage data using Bray Curtis dissimilarity
distances and Coniss method (A). The dashed red line in the map (B) separates the main two groups of samples according to the highest differences in their cyst
assemblages.

Changes in total cyst concentrations along the 9 transects
perpendicular to the coast (Figure 2A) were also highly related
to sediment grain size. Both cyst concentrations and fine-grained
sediments (silt and clay) increased seawards and southwards
(Figures 2A,B, 3A). This relationship, recognized since early
works on dinoflagellate cyst assemblages from recent sediments,
supports the interpretation of cysts behaving as fine silt particles
in the sedimentary regime (Dale, 1976).

Environmental Influences on the
Dinoflagellate Cyst Assemblages
The dinoflagellate cyst assemblages (concentrations and relative
abundances) revealed marked inshore-offshore and latitudinal
gradients that may reflect different environmental factors. It
should be noted that shelf surface sediments are the result
of several years of deposition, reworking and bioturbation.
Likewise, the associated dinoflagellate cyst assemblages represent

an integration in time and space of the species encystment
dynamics and of sedimentation processes. They reflect the
dominant ecological processes over several years rather than a
seasonal signature (Dale, 1976).

Along the W Iberian shelf, the oceanographic process
regarded as the major source of seasonal and spatial
phytoplankton variability is coastal upwelling, which usually lasts
from spring to early autumn, with a peak in July (Moita, 2001;
Pitcher et al., 2010). Phytoplankton succession is characterized
by a strong link to the mixing-stratification patterns both at the
seasonal and the upwelling event scale. In general, spring and
summer upwelling events are characterized by the dominance
of chain-forming diatoms, and the summer-autumn stratified
conditions by dinoflagellates. In some years, the autumn
upwelling-downwelling transition, as well as summer upwelling
relaxation, are dominated by chain forming dinoflagellates
such as the HAB species G. catenatum (Moita et al., 1998;
Pitcher et al., 2010).
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FIGURE 9 | Ordination of samples and environmental parameters (A), and
cyst taxa and environmental parameters (B). The three groups defined by
cluster are represented by different colors (A). Only the most significant cyst
types (those with the highest RDA1 and RDA2 values) are represented (B).

In this study, Redundant discriminant analysis (RDA)
helped to explore the relationships between environmental
parameters – grain-size (Gran), water depth (WD), sea-
surface temperatures (SST), sea-surface salinities (SSS), bottom
temperatures (BTT) and chlorophyll-a concentration (CHL)
(Table 1) – and the dinoflagellate cyst assemblages in surface
samples (Figures 9A,B). It should be noted that the spatial
resolution of the environmental data is a bit lower than the
dinoflagellate cyst records. Despite this, the available SST data
seems to well represent the main environmental distribution
gradients that predominated in the study area for the last decades
(Peliz et al., 2002; Oliveira et al., 2019).

Redundant Discriminant Analysis suggests the existence of
two main environmental regimes (Figures 9A,B). One (positive
values on RDA1), which included the southern and offshore
(deeper) sites, was characterized by higher SST, lower BTT
and lower primary productivity (lower CHL), suggesting warm
stratified conditions. The other (negative values on RDA1), which
included the northern sector and inshore (shallower) sites, was
characterized by lower SST, higher BTT and enhanced primary
productivity (higher CHL), suggesting upwelling influence.

These two main environmental regimes were reflected
on the cyst assemblages by a clear trophic segregation.
In the first case, autotrophic taxa, such as P. reticulatum,
L. polyedra, S. mirabilis/hyperacanthus, G. catenatum, and
G. microreticulatum, dominated the assemblage, while in
the second case heterotrophs were the dominant group,
particularly RBC, including Brigantedinium spp., and
Q. concreta (Figure 9B).

Heterotroph dominance has been previously identified as the
primary cyst signal for upwelling (Dale, 1996; Dale et al., 2002;
Dale and Dale, 2002; Bringué et al., 2014). This interpretation has
been supported by a 2-year sediment trap study in Santa Barbara
Basin, North-East Pacific, influenced by seasonal upwelling
(Bringué et al., 2013). The study covered several cycles of
upwelling and relaxation and indicated that active upwelling was
characterized by an increase in the fluxes of Brigantedinium spp.
(Protoperidinium spp.) and other heterotrophic species such as
cysts of Protoperidinium conicum. The authors also reported that
biogenic silica, used as a proxy for diatom production, showed
a strong positive and significant correlation with heterotrophic
cyst types, suggesting a causal predator-prey relationship between
the two groups. Very little is known on the effect of turbulence
in heterotrophic dinoflagellates. Smayda (2002) reviewed the
importance of swimming speed in the capacity of dinoflagellates
to overcome vertical and horizontal velocity rates. Heterotrophs,
namely protoperidinioids, were among the species that presented
swimming speeds compatible with surviving upwelling velocity
rates. This would allow them to prey on species characteristic of
active upwelling, such as diatoms. Evidence from other studies
investigating dinoflagellate cysts in relation to hydrological
conditions and marine productivity also related the distribution
of heterotrophic dinoflagellate cysts to the distribution of
their prey, especially diatoms (e.g., Price and Pospelova, 2011;
Elshanawany and Zonneveld, 2016). In the study area, the
upwelling pattern is characterized by an onshore narrow band
of cold water with the isotherms almost following the bottom
contours (Fiúza, 1983; Relvas et al., 2007), with a zone of higher
upwelling probability running parallel to the coast (Figure 1C).
It is noteworthy that this pattern can also be seen in the
distribution of heterotroph dominance (particularly RBC) in
inshore samples and the northern sector (Figure 5B). In W
Iberia, as in other upwelling areas, diatoms are the dominant
group during active upwelling when vertical stratification is
weakened (Moita, 2001; Moita et al., 2003; Pitcher et al., 2010;
Villamaña et al., 2017) suggesting the observed distribution
of heterotrophic dinoflagellates is reflecting the abundance of
their prey as observed in similar systems. These results are
consistent with the use of the “heterotroph signal” as an upwelling
productivity signal in W Iberia (Dale, 1996).

The interpretation of the heterotroph dominance as an
upwelling signal is preferred to other nutrient enrichment
processes, such as nutrient loads from river input, since
this would also promote increased stratification which would
favor autotrophic dinoflagellates relative to other non-flagellated
groups such as diatoms. The latitudinal gradient on heterotrophic
dominance (higher abundance in northern sites) can at least
partially be explained by a recurrent upwelling front observed
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on the shelf north of the study site, offshore the Douro
estuary (e.g., Haynes et al., 1993; Cordeiro et al., 2015), and
the coincidence with a zone of higher upwelling probability
(Figure 1C; Relvas et al., 2007), i.e., the greater abundances of
heterotrophic cysts in northern samples responding to increased
productivity (Figure 9B).

The southern and offshore sites, characterized by warm
stratified conditions (positive side of RDA1), were dominated
by autotrophic cyst taxa (Figures 9A,B). However, the statistical
analysis suggested two groups that may represent distinct
ecological signals. One group, characterized by P. reticulatum,
L. polyedra and S. mirabilis/hyperacanthus, and a second group
characterized by G. catenatum, G. microreticulatum and the
heterotrophic species P. americanum.

The first group showed a strong (positive) correlation with
SST (Figure 9B). Spiniferites mirabilis has a wide geographical
distribution in temperate to equatorial regions and occurs in
all major upwelling areas (Zonneveld et al., 2013). In the
Northeastern Pacific, influenced by upwelling, Pospelova et al.
(2008) described S. mirabilis associated with a warm water
assemblage which also included L. polyedra. In the Po river
estuary (Eastern Mediterranean), Zonneveld et al. (2009) also
found an association between S. mirabilis and warm upper
waters. Regarding L. polyedra, globally, modern distribution
of cysts has been related to coastal environments of low and
middle latitudes, with a distribution center south of the Iberian
Peninsula, in the Gulf of Cadiz, and the northwest African
coast (Lewis and Hallett, 1997; Marret et al., 2020; de Vernal
et al., 2020). At regional scales, many studies related high
abundances of this cyst to warm and stratified environments
(e.g., Leroy et al., 2013; Ribeiro et al., 2016). The flagellate stage
of L. polyedra is known to perform daily vertical migrations
(Lewis and Hallett, 1997 for a review) which may represent
an important competitive advantage in stratified environments.
Along the S and W Iberian shelf, planktonic blooms of L. polyedra
have been reported in late summer-early autumn associated with
warm stratified waters (SST of ∼17◦C) that were adjoined by
upwelling plumes (Amorim et al., 2001, 2004). In agreement with
these observations, results from the above-mentioned sediment
trap study by Bringué et al. (2013) in the seasonal upwelling
system off Southern California, showed that higher fluxes of theca
and cysts of L. polyedra coincided with periods of higher SST,
stronger stratification and reduced primary productivity. It was
even suggested that 15◦C could represent a lower temperature
threshold for increased L. polyedra fluxes. These observations
support the interpretation that in seasonal upwelling systems,
as suggested herein, the increased abundance of L. polyedra is
the main signal for an increase in SST and water stratification.
This is in good agreement with previous reports of cysts
of L. polyedra (=Lingulodinium machaerophorum) from areas
adjoining upwelling systems off South California and Northwest
Africa (Dale, 1996).

Protoceratium reticulatum (=Operculodinium centrocarpum)
is considered one of the most cosmopolitan species
(Wall et al., 1977; Dale, 1996; Marret et al., 2020;
de Vernal et al., 2020). Recent work has shown the existence of
at least three genotypes with different ecological preferences

(Wang et al., 2019). Despite this, cysts of P. reticulatum have
been successfully used as part of ecological signals related with
environmental instability in different marine ecosystems. This
is the case for the coastal/oceanic transition, frontal zones or
the instability associated with the propagation of river plumes
(Dale, 1996; Dale et al., 2002). Studies on the fossil and sub-fossil
record of dinoflagellate cysts in the NW Iberian shelf have found
increased abundances of P. reticulatum associated with major
environmental shifts (Amorim and Dale, 2006; Ribeiro et al.,
2016; García-Moreiras et al., 2018, 2019).

Relvas et al. (2007) investigated the average effect of upwelling
structures along the Portuguese coast and found a relatively
weak upwelling signal and low frontal probability zone over
the mid-shelf (between ∼100 and 200 m depth) of the present
study area (Figure 1C), coincident with observations by Oliveira
et al. (2019) of a cyclonic area limited inshore and offshore by
upwelled waters (their Figure 10). The high relative abundance
of P. reticulatum and the presence of L. polyedra in the
outer stations of the southern transects is here interpreted as
characterizing the location of the transitional zone between
more active inshore upwelling and warmer offshore waters
(compare Figures 1C, 7). This would be in agreement with the
concept of upwelling relaxation taxa proposed by Smayda and
Reynolds (2001, 2003) for L. polyedra and P. reticulatum. The
robustness of this signal could be further tested in the future
extending the sampling area offshore well into the low frontal
probability zone.

Ribeiro et al. (2016) investigated the main changes in cyst
records in the NW Iberian shelf during the last∼150 years. They
reported a many fold increase in total cyst abundance that was
concomitant with the increase in L. polyedra and P. reticulatum.
This was interpreted as reflecting the combined effect of warming
and increased water stability. In the Ria de Vigo, further north
in the west Iberian margin (RdV, Figure 1A), García-Moreiras
et al. (2018) also interpreted L. polyedra as an indicator of
warm stratified environments, related to river inputs. Their
interpretations are reinforced by a good correspondence between
the highest abundances of this species in the dinoflagellate
cyst record and a period of increased annual precipitations, as
indicated by climate data directly measured and also inferred
from independent proxies (tree ring reconstruction). Data
presented in the present study based on recent cyst distributions
(Figures 7, 9B) supports these interpretations. Besides, they are
in line with various studies worldwide (e.g., Amorim and Dale,
2006; Leroy et al., 2013; Ribeiro et al., 2016; García-Moreiras
et al., 2018; de Vernal et al., 2020) that indicated a strong
correlation between SST and L. polyedra abundances, supporting
the utility of this cyst species as an indicator of warm and
stratified environments.

The second group, characterized by high abundances of
G. catenatum, the single species with the highest relative
abundances in the study area, seems to reflect a different
ecological niche from other autotrophs. It plotted the most
positive on RDA1 with a strong association with deeper waters
(Figures 7, 9B). Latitudinally, it was particularly abundant
(percentages) in the intermediate transects (i.e., red dots in
Figure 9A).
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The upwelling pattern in the study region is characterized
by two upwelling frontal zones that tend to follow the depth
contours: a narrow coastal band and further offshore close to
the shelf break (Relvas et al., 2007), which coincides with the
zones of high frontal probability represented in Figure 1C. The
high relative abundances of G. catenatum in deeper samples
following the 100 m isobath may be linked to these upwelling
fronts. Indeed, Moita et al. (1998) reported high abundances
of the vegetative stage at mid-shelf, related to the offshore
displacement of blooms. More recent observations recorded
the presence of G. catenatum in the inshore side of upwelling
plumes where currents may be reduced and G. catenatum may
develop close to the core of the upwelling plume without being
advected away (Moita et al., 2003). This is consistent with
the fact that coastal outbreaks of this species typically occur
during the first late-summer/autumn downwelling events, when
these offshore populations may be advected to the coast (e.g.,
Bravo et al., 2010; Díaz et al., 2019). High abundances of
G. catenatum cysts may thus reflect the association of this species
with upwelling fronts in W Iberia. Several authors have proposed
the importance of chain formation as an adaptive strategy in
upwelling areas (Fraga et al., 1988; Smayda and Reynolds, 2003).
More recently, Smayda (2010) emphasized that although chain
formation may be an advantage in turbulent waters associated
with upwelling, chain-forming dinoflagellates are the exception
and not the rule in upwelling systems and probably other
factors such as temperature tolerance play an important role in
species selection.

The previous interpretations of the distribution of
dinoflagellate cyst assemblages in surface sediments and its
comparison with present-day environmental data suggest that,
in the study area, cysts are mainly reflecting the hydrographic
conditions observed during the summer upwelling season.
This season corresponds to the period of highest primary
productivity (Moita, 2001). Interestingly, Abrantes and Moita
(1999) investigated the planktonic communities of diatoms
and coccolithophores along the Portuguese coast under winter
(non-upwelling) and summer (upwelling) conditions and how
they compared with the sediment record. Their results indicated
that the sediment assemblages reflected mainly the water column
distribution observed during the upwelling season.

Regarding the distribution of P. americanum, the weight
in the ordination analysis is low and interpretations should
be considered with caution. However, our results suggest that
similarly to G. catenatum this species may prefer transitional
waters between less productive and stratified environments
(lower right quadrant, Figure 9B), and more productive
environments associated to upwelling fronts (left side of RDA,
Figure 9B). Existing studies on the distribution of this cyst and
environmental gradients do not reflect a distinct distribution
from other heterotrophs, indicating that its distribution is
associated – but not restricted to – productive waters near
upwelling cells (Dale, 1996; Marret and Zonneveld, 2003;
Ribeiro and Amorim, 2008; Zonneveld et al., 2013). Zonneveld
et al. (2013) also refer the preference for fully marine
environments. Concordantly, the RDA indicates the distribution
of P. americanum associated with more saline (and deeper)

environments in the study area (Figure 9B), if compared to
other heterotrophs.

Finally, a few considerations on the distribution of HAB
species and the role of benthic cysts in HAB formation. In the
present study, we recorded cysts of three dinoflagellate species
that may be potentially toxic and produce Harmful Algal Blooms
(HAB) in the Atlantic Iberian margin, namely G. catenatum,
L. polyedra and P. reticulatum. Very high percentages of
G. catenatum cysts (Figure 7) reflect a long history of blooms
along the NW coast of Portugal. However, the almost absence
of viable cysts in surface sediments is additional evidence
supporting the hypothesis that this species does not rely on
benthic cyst beds for seeding planktonic blooms (Fraga et al.,
1993; Moita et al., 1998; Amorim et al., 2002; Bravo et al., 2010).
Although blooms of G. catenatum have been studied in W Iberia
for more than 40 years, it is still not fully understood which
factors other than life cycle traits (physical or biological) may be
involved in the initiation and successful development of blooms.

The yessotoxin producers L. polyedra and P. reticulatum
reached high relative abundance in the southern transects (∼20
and 40% respectively). However, as for G. catenatum, the
percentage of cysts with cell contents was very low suggesting
that in the study area there is not a build-up of significant cyst
beds of these two species. This interpretation is supported by
a previous cyst survey along the coast of Portugal, where the
main distribution center for L. polyedra cysts occurred in the
south coast (Amorim et al., 2004). Regarding P. reticulatum, the
absence of a good correspondence between reports of vegetative
planktonic populations and the cyst record has been previously
recognized (Dale, 1976). Several hypotheses were put forward
which included the mismatch between phytoplankton studies
and the occurrence of planktonic populations of P. reticulatum,
and/or a species specific high cyst:motile cell ratio during
the encystment process. So far, no harmful events have been
associated with P. reticulatum in W Iberia. However, the high
abundance of cysts in sediments prompts investigation on the
ecology and toxicity of regional strains.

CONCLUSION

The study of the distribution of dinoflagellate cyst assemblages
in 51 surface sediment samples off Aveiro-Figueira da Foz
revealed marked land-sea and latitudinal gradients. Summer
coastal upwelling was identified as the main ecological gradient
driving dinoflagellate cyst assemblages in the study area.

Redundant analysis (RDA) on relative abundances revealed
the existence of two main environmental regimes. One included
the southern and offshore sites and was characterized by higher
SST, lower BTT and lower primary productivity (lower CHL),
suggesting warm, stratified and less productive environments.
The other regime, which included the northern sector and
inshore sites, was characterized by lower SST, higher BTT
and enhanced primary productivity (CHL), suggesting the
influence of upwelling.

Three main ecological signals were identified in the
dinoflagellate cyst assemblages:
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i) The heterotroph signal as the main upwelling signal;
ii) The dominance of P. reticulatum and L. polyedra signal,

indicative of warm stratified conditions, possibly reflecting
transitional environments between more active inshore
upwelling and warmer offshore waters;

iii) The G. catenatum signal, the main signal for the presence
of mid-shelf upwelling fronts.

The almost absence of viable cysts of the toxic and potentially
toxic species G. catenatum L. polyedra and P. reticulatum in
surface sediments, suggests that in the study area, for these three
species, there is no build-up of significant cyst beds and thus
planktonic populations must depend on other seeding processes.

These results are the first detailed distributions of modern
dinoflagellate cysts in the NW Iberian Atlantic margin (off
Portugal). Despite the uncertainties related to sediment and
cyst transport, post-depositional processes and the possible
disparity between the time scale of the cyst record and the
time scale of the environmental data used, cyst distributions
show a fairly compelling coincidence with hydrographic features
during the summer upwelling season in the study area. This
means that modern dinoflagellate cyst assemblages are reflecting
water column characteristics and may be used as supporting
evidence for the interpretation of stratigraphic cyst records and
reconstruction of past marine ecosystems in W Iberia.
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Coastal Ecosystems as Sources of
Biofertilizers in Agriculture: From
Genomics to Application in an Urban
Orchard
Eloísa Pajuelo1, Sandra Arjona1, Ignacio D. Rodríguez-Llorente1,
Enrique Mateos-Naranjo2, Susana Redondo-Gómez2, Francisco Merchán1 and
Salvadora Navarro-Torre1*

1 Department of Microbiology and Parasitology, Faculty of Pharmacy, University of Seville, Seville, Spain, 2 Department
of Plant Biology and Ecology, Faculty of Biology, University of Seville, Seville, Spain

Pantoea agglomerans RSO7, a rhizobacterium previously isolated from Spartina
maritima grown on metal polluted saltmarshes, had demonstrated good plant growth
promoting activity for its host halophyte, but was never tested in crops. The aims of this
study were: (1) testing PGP activity on a model plant (alfalfa) in vitro; (2) testing a bacterial
consortium including RSO7 as biofertilizer in a pilot experiment in urban orchard; and
(3) identifying the traits related to PGP activities. RSO7 was able to enhance alfalfa
growth in vitro, particularly the root system, besides improving plant survival and
protecting plants against fungal contamination. In addition, in a pilot experiment in urban
orchard, a consortium of three bacteria including RSO7 was able to foster the growth
and yield of several winter crops between 1.5 and 10 fold, depending on species.
Moreover, the analysis of chlorophyll fluorescence revealed that photosynthesis was
highly ameliorated. Genome analysis of RSO7 depicted the robustness of this bacterial
strain which showed resilience to multiple stresses (heat, cold, UV radiation, several
xenobiotics). Together with wide metabolic versatility, genes conferring resistance to
oxidative stress were identified. Many genes involved in metal resistance (As, Cu, Ni,
Co, Zn, Se, Te) and in tolerance toward high osmolality (production of a battery of
osmoprotectans) were also found. Regarding plant growth promoting properties, traits
for phosphate solubilization, synthesis of a battery of siderophores and production of
IAA were detected. In addition, the bacterium has genes related to key processes in the
rhizosphere including flagellar motility, chemotaxis, quorum sensing, biofilm formation,
plant-bacteria dialog, and high competitiveness in the rhizosphere. Our results suggest
the high potential of this bacterium as bioinoculant for an array of crops. However,
the classification in biosecurity group 2 prevents its use according to current European
regulation. Alternative formulations for the application of the bioinoculant are discussed.

Keywords: Pantoea agglomerans RSO7, saltmarshes, PGPR, bioinoculant, genome analysis, PGP traits,
metabolic versatility, resilience
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INTRODUCTION

Interest in the environment is increasingly present in people’s
lives. This concern has evolved so much that climate risks
are at the forefront of the planet’s concerns today (World
Economic Forum, 2020). Among these attempts, searching
for less polluting fertilization methods than the commonly
used chemicals is prioritized in order to evolve toward a more
sustainable agriculture1. One of the most challenging politics in
this new green revolution is the use of biofertilizers, included
in the recent regulation of the European Union on fertilizers
(2019/1009). Biostimulants were defined by du Jardin (2015)
as “any substance or microorganism applied to plants with the
aim of improving nutritional efficiency, tolerance to abiotic
stress and/or quality traits of the crop, regardless of its nutrient
content.”

Of particular interest are plant growth promoting
rhizobacteria (PGPR), which are soil bacteria able to establish
beneficial relationships with plants (Backer et al., 2018).
These bacteria are a real alternative to agrochemicals and
are proven to improve plant resilience toward an array of
stress situations (drought, salinity, high temperature, poor
and degraded soils) together with defense against plant
pathogens (Backer et al., 2018; Enebe and Babalola, 2018). In
this particular, coastal ecosystems are a source of rhizosphere
bacteria with particular properties, since they are able to
tolerate an array of stress situations such as high salinity,
extreme temperature, irradiation, xenobiotic pollutants, heavy
metals, etc. (Mesa-Marín et al., 2019; Rodríguez-Llorente et al.,
2019).

There are multiple mechanisms by which PGPRs can
promote plant growth, which are classified into direct and
indirect mechanisms. Direct mechanisms are those that provide
nutrients or regulate plant growth, including phosphate
solubilization, nitrogen fixation, iron acquisition or the
secretion of growth stimulating phytohormones. Indirect
mechanisms are those that protect plants from acquiring
infections (biotic stress) or help the plant to grow healthy
during a period of environmental stress (abiotic stress) for
instance through regulation of ethylene production due to
the enzyme aminocyclopropane (ACC) deaminase (Goswami
et al., 2016; Singh and Jha, 2017). Some of the most frequent
bacterial genera used as PGPR are Pseudomonas, Bacillus,
Azospirillum, Azotobacter, Rhizobium, Enterobacter, etc.
(Ferreira et al., 2019).

In our case, the study involves the bacterium Pantoea
agglomerans RSO7, a Gram negative belonging to the
Enterobacteriaceae family. The genus Pantoea comprises
20 species with high diversity including PGPR, xenobiotic
degraders, antibiotic producers, biocontrol agents, plant
pathogens and opportunistic human pathogens (Walterson
and Stavrinides, 2015; Dutkiewicz et al., 2016). Concerning
the strain RSO7, it had been previously isolated from the
rhizosphere of Spartina maritima, a species present in
the marshes of southwestern Spain (Castillo et al., 2010)

1https://ec.europa.eu/environment/archives/eussd/food.htm

and other parts of Europe. The bacterium was shown to
tolerate high levels of arsenic and heavy metals (Zn, Pb,
Cu), it shows high salt tolerance and display very good
PGPR properties (Paredes-Páliz et al., 2016a), which are
listed in Supplementary Table 1. Furthermore, inoculation
of Spartina densiflora plants with a bacterial consortium
containing RSO7 improved seed germination, enhanced plant
growth and ameliorated the physiological state of the host
halophyte in metal polluted soils (Paredes-Páliz et al., 2016b,
2017).

However, the PGP properties of this bacterium were never
tested in crops. In this particular, alfalfa (Medicago sativa) was
selected for a preliminary study in vitro for several reasons.
In the first place, it is a legume or Fabaceae, which is a
family of plants with high importance for humans. Legumes are
considered as the second most important food for humanity,
second only to cereals. Their extensive consumption is justified
by their high nutritional value, since they provide essential
amino acids, complex carbohydrates, fiber, unsaturated fats,
vitamins and minerals (Kouris-Blazos and Belski, 2016; Maphosa
and Jideani, 2017). Besides alfalfa, RSO7 has been tested as
bioinoculant for an array of five winter crops (lettuce, spinach,
winter onion, radish and beet) in a pilot experiment in
an urban orchard.

In recent times, studies of the complete genomes of
PGPR are elucidating the genes that explain the plant growth
promoting activities and the plant-bacteria dialog in the
rhizosphere (Song et al., 2012; Usha et al., 2015; Bhattacharyya
et al., 2017). Accordingly, the draft genomes of several
Pantoea strains with PGPR activities have been compared
(Bruto et al., 2014; Palmer et al., 2018; Song et al., 2020).
In general these microorganisms show wide versatility and
adaptability, together with multiple PGP activities such as
phosphate solubilization, nitrogen fixation, ACC deaminase
activity, auxins production and secretion of siderophores
(Shariati et al., 2017; Chen and Liu, 2019; Luziatelli et al.,
2020a).

Taking into account the precedent information, the
objectives of this work have been: (1) testing PGP
activity on a model plant in vitro (in this case, the
legume Medicago sativa, alfalfa); (2) Testing a bacterial
consortium including RSO7 as biofertilizer in a pilot
experiment in an urban orchard; and (3) identifying the
genes underlying the PGP activity as well as metal and salt
tolerance in this strain.

MATERIALS AND METHODS

Cultivation of the Bacterial Strain
The strain P. agglomerans RSO7 (Paredes-Páliz et al., 2016a)
was routinely maintained on TSA plates. For the preparation of
inocula, a single colony was cultivated in TSB liquid medium
and incubated at 28◦C for 48 h. Optical density of the cultures
at 600 nm was determined and adjusted to 1.0 with sterile TSB
medium in order to use always the same bacterial density in
all the procedures.
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Cultivation of Medicago sativa in Agar
Plates
Cultivation of alfalfa in vitro was performed in sterile
20 cm × 20 cm square plates filled with BNM (Buffered
Nodulation Medium, Ehrhardt et al., 1992) containing 0.9%
agar. This medium is commonly used for studies of rhizobium-
legume nodulation and lacks nitrogen. Since, in this case, the
alfalfa plants were not inoculated with rhizobia, the medium was
supplemented with 2.5 mM ammonium nitrate. The medium
was used at normal concentration (1 × BNM) and at half
concentration of all nutrients (1/2 × BNM) in order to simulate
poor or degraded soils.

Commercial M. sativa seeds were superficially disinfected
in 90% alcohol for 5 min, after which they were thoroughly
washed with sterile distilled water. Subsequently, they were
treated with a sodium hypochlorite solution (commercial bleach
diluted 1: 5) for 5 min. Finally, they were exhaustively washed
with sterile distilled water to remove traces of bleach that could
inhibit germination. Seeds were pre-germinated for 24 h on
water-agar plates at 22◦C in the darkness. Twelve seeds at
the same developmental stage were transferred to each of the
agar plates, in duplicate. For each concentration (1 × BNM
or 1/2 × BNM) two treatments were performed: inoculated
and non-inoculated plates. For inoculation, 100 µL of a culture
of RSO7 was deposited on every seed. In the non-inoculated
plates 100 µL of TSB sterile medium was applied on every
seed. Plates were allowed to stand until the inoculum was
embedded in the agar and then sealed with film-tape. The lower
part of the plates was covered with black paper to protect
roots from light and plates were incubated in a plant growth
incubator at 22◦C/18◦C and 16 h light/8 h darkness (120–
130 µE m−2 s−1). The experiment was conducted for 16 days
(at longer periods, plant roots and stems reached the bottom
and the top of the plate, respectively, so length measurements
were not accurate). At day 8th, seeds were inoculated again
with 5 µL of an RSO7 culture as before, and the same
volume of sterile TSB was applied to each seed of the non-
inoculated plates.

Determination of the Effect of
Inoculation With RSO7 on Medicago
sativa Plant Survival and Growth in vitro
To find out whether inoculation with P. agglomerans RSO7
bacteria affected plant survival, the percentage of viable plants
was assessed at day 16th. Percentages per plate were calculated
and the mean of the duplicate plates was made. The effect
of inoculation on root growth was evaluated every day for
the first 8 days, and then at day 12th at final time (day
16th). Roots were measured and the number of lateral roots
was consigned. The daily average of the size of the roots
and the average number of lateral roots per plate was
calculated and plotted against time to establish the kinetics
of root growth and development of inoculated and non-
inoculated plants in the two media considered. Finally, on
day 16th, the stem size was measured and the number of
trefoils was recorded.

Design of a Pilot Experiment in Urban
Orchard
The pilot experiment was performed in the urban orchard of the
College I.E.S. Pablo Neruda, located in Castilleja de la Cuesta
(Seville, Spain: 37◦23′16.7′′N; 6◦03′27.5′′W). The experiment
was done in the frame of a collaborative research project called
“Doing research together” between the University of Seville and
the College I.E.S. Pablo Neruda in an attempt to disseminate the
knowledge generated in the university to society and also to foster
the interest of students for scientific research.

The orchard had four permaculture terraces for planting
(area 2 × 1 m) delimited by rails. Two of them were used for
inoculation and another two were kept without inoculation as
controls. For inoculation, a consortium of three bacteria was
used including Pantoea agglomerans RSO7, Pantoea agglomerans
RSO6 and Bacillus aryabathai RSO25 (Paredes-Páliz et al., 2016a).
The three bacteria were cultivated individually in 1 L of TSB
for 48 h at 28◦C and 150 rpm. The three cultures were mixed
before inoculation.

The experiment was done in the winter season of 2019. In
January, plants of five species were planted in the orchard, namely
winter onions, spinach, lettuce, radishes and beets. Commercial
local varieties of onions bulbs and seeds of the rest of the
plants were submerged in the culture of the three bacteria for
30 min and then planted in the terraces. The rest of the bacterial
culture was mixed with 50 L tap water and used to water
the inoculated plants. At the same time, analogous number of
onion bulbs and seeds was planted in the control terraces (non-
inoculated) and they were watered with 50 L tap water. Three
inoculations were done, the first one at sowing and then once
every month (at the end of February and at the end of March).
The experiment was conducted for four months. During all this
time, the teachers and the students of the college watered the
plants twice a week and removed the weeds for keeping the
orchard in adequate conditions. Plants were finally harvested at
the end of April 2019.

Determination of the Effect of
Inoculation on the Photosynthesis and
Yield of Winter Crops
The saturation pulse method was used to determine leaf
light and dark-adapted fluorescence parameters at midday
(1600 µmol m−2 s−1) using a portable modulated fluorimeter
(FMS-2; Hansatech Instruments Ltd., United Kindom) (Maxwell
and Johnson, 2000; Baker and Oxborough, 2004). Plants
were dark-adapted for 30 min using leaf–clips designed for
this purpose. The minimal fluorescence level in the dark-
adapted state (F0) was measured using a modulated pulse
(< 0.05 µmol m−2 s−1 for 1.8 µs) too small to induce significant
physiological changes in the plant. Maximal fluorescence level
in this state (Fm) was measured after applying a saturating
actinic light pulse of 10000 µmol m−2 s−1 for 0.8 s.
Maximum quantum efficiency of PSII photochemistry (Fv/Fm)
were calculated from F0 and Fm. The same leaf section of
each plant was used to measure light-adapted parameters.
For this purpose, steady state fluorescence yield (Fs) was
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recorded at ambient light conditions and saturating actinic
light pulse of 10000 µmol m−2 s−1for 0.8 s was then
used to produce the maximum fluorescence yield (Fm′) by
temporarily inhibiting PSII photochemistry. Finally, using both
parameters the quantum efficiency of PSII (8PSII = (Fm′ –
Fs)/Fm′) was calculated.

At the end of the experiment plants were harvested and the
aerial parts were measured and weighed. The bulbs of onions and
tubers of radishes and beets were unearthed and weighed.

Isolation of DNA, Whole Genome
Sequencing and Annotation of the RSO7
Genome
Pantoea agglomerans RSO7 was cultivated in 3 mL of liquid
TSB medium at 28◦C and 150 rpm for 24 h. 1.5 mL of the
culture were centrifuged and genomic DNA was extracted
using the G-spinTM Genomic DNA Extraction Kit for
Bacteria (iNtRON Biotechnology Ltd, Korea) according to
the specifications of the supplier. Whole genome sequencing
was carried out through the company Sistemas Genómicos,
S.A. (Valencia) and by the MicrobesNG company (Birmingham,
United Kingdom) using Illumina technology. Kraken was
used to identify the closest available reference (Wood and
Salzberg, 2014). Quality of data was studied mapping the reads
with BWA mem (Li, 2013), de novo assembly of the genome
was performed using SPAdes (Bankevich et al., 2012) and,
then, more quality parameters were checked with BWA mem.
The whole genome was deposited in GenBank/EMBL/DDBJ
under the accession number CAJOSF01000000. Genome
annotation was performed with PROKKA (Seemann, 2014)
and basics statistics about the genome were extracted
using RAST server v2.0 (Aziz et al., 2008), QUAST v.4.6.3
software (Gurevich et al., 2013), SignalP 4.1 server (Petersen
et al., 2011), TMHMM server v.2.0 (Krogh et al., 2001),
and CRISPRFinder (Grissa et al., 2007) and PlasFlow
(Krawczyk et al., 2018).

Once annotated, genes have been classified in four categories:
genes related to adaptability and resilience under several stress
situations; genes related to plant growth promoting activities;
genes related to rhizosphere processes and genes involved in
toxicity and pathogenesis.

Statistical Analysis
For the in vitro experiment with alfalfa, the results obtained
were expressed as the mean ± standard error of 2 independent
experiments (2 plates for each condition with n = 10–12 plants
each depending on plant survival). For the orchard experiment,
the results are the mean ± standard error of 2 independent
experiments (2 independent terraces with variable number of
plants depending on the crop, n = 10–30). The means were
compared using the Student test and significant differences at
p < 0.05 between inoculated and non-inoculated plants are
indicated in figures and tables.

Statistical analysis of chlorophyll fluorescence was carried
out using Statistica v. 10.0 (Statsoft Inc.). Data differences
between inoculation treatments for the same vegetable species

TABLE 1 | Percentage of survival of inoculated and non-inoculated plants at day
16th in complete medium (1 × BNM) and half nutrient medium (1/2 × BNM).

Plant culture medium Inoculation conditions Percentage
of survival

1 × BNM Non-inoculated 66.7% (a)

Inoculated with RSO7 70.8% (a)

1/2 × BNM Non- Inoculated 58.3% (b)

Inoculated with RSO7 79.2% (c)

Data are the mean of 24 plants (2 plates × 12 plants) and significant differences at
p < 0.05 are indicated by different letters.

were recorded by using the Student test (t-test). Data were first
tested for normality with the Kolmogorov-Smirnov test and for
homogeneity with the Brown-Forsythe test.

RESULTS AND DISCUSSION

Effect of Inoculation on Plant Survival
in vitro
The effect of inoculation with P. agglomerans RSO7 on alfalfa
survival in vitro was studied. Data are shown in Table 1. In
the case of the complete medium (1 × BNM), the survival
index was 4.16% higher in the inoculated plates with regard
to non-inoculated; however, this difference was not statistically
significant. In the case of the plates with half the nutrients,
the percentage of survival in non-inoculated plants decreased
to 58.3%. By contrast, in this case, inoculation had very
positive effect and the survival of the inoculated plates increased
up to 79.2%. Since all the seeds were selected at the same
developmental stage (at emerging root) our results suggest
that the bacterium ameliorated plant survival in conditions
of nutrient limitation. This effect could be a consequence of
biocontrol properties of the strain (for instance secretion of
siderophores) since much higher fungal contamination was
observed in the non-inoculated plates as compared to the
inoculated ones (not shown).

Effect of Inoculation With RSO7 on
Medicago sativa Growth in vitro
The effect of inoculation with P. agglomerans RSO7 on root
growth was followed every day and, from day 8, every four
days. The results are shown in Figure 1. In complete medium
(1 × BNM) data showed a slight and late positive effect
of inoculation that was observed from day 12th. Finally, on
day 16th, the mean of the root in non-inoculated plants was
6.6 cm, while in inoculated plants it was 8.5 cm. The results
in deficit medium (1/2 × BNM) were very different. In this
case, a marked positive effect of inoculation was observed
from the 5th day. The roots became approximately twice as
long in inoculated plants as compared to non-inoculated ones.
Finally, on day 16th, the mean of the root in non-inoculated
plants was 5.48 cm, whereas in the inoculated plants it was
9.41 cm. These results indicated that the effect of bacteria was
much greater when the plants were in a situation of lack of
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FIGURE 1 | Kinetics of root growth in non-inoculated and inoculated plants of Medicago sativa grown in vitro in square plates. Values represent mean ± SE, n = 24.

nutrients. In the presence of full nutrients all the plants grow
well, however, in the case of 1/2 × BNM where the availability
of nutrients is more limited, the beneficial effects of bacteria
can be better observed, since they can solubilize phosphate,
fix nitrogen, synthesize siderophores, etc. (Paredes-Páliz et al.,
2016a) allowing better root growth with less supply of nutrients
(biofertilizer).

Concerning the number of secondary roots, the results are
shown in Figure 2. In this case, the data confirmed that the
presence of the bacteria increased the number of secondary roots
of the plant, regardless of the medium considered (1 × BNM
or 1/2 × BNM); in the first case, data showed a notable
difference between the number of secondary roots of the non-
inoculated plates, with an average of 0, and the number of
secondary roots present in the inoculated plates, with an average
of 3.54. The results in deficit medium also showed mean
number of secondary roots of 0.5 for non-inoculated face to
average 2.42 lateral roots in the inoculated plants. These effects
could be probably related to the bacterium ability to synthesize
auxins (Paredes-Páliz et al., 2016a), since these phytohormones
regulate, among other processes, the growth and branching of
the root and the development of a greater number of root hairs
(Weijers et al., 2018).

The effect of inoculation has also been studied on shoot
growth by determining shoot length and the number of trefoils
(Table 2). There was an increase in the stem size of the inoculated
plants compared to those that were not inoculated in both media.
However, the differences were not significant in 1 × BNM (20%
increase in shoot length) whereas it was a significant difference
in the low-nutrients medium where the increase in shoot length
was 53%. When considering the number of trefoils, there were
significant differences in both media, with increases of 55%.

Again, the results suggest that there is a greater growth promoting
effect under conditions of nutrient limitation.

Determination of the Effect of
Inoculation on the Yield of Crop Plants in
the Pilot Experiment in Urban Orchard
The effect of inoculation with a consortium of 3 bacterial
strains including RSO7 was analyzed on 5 winter crops in a
pilot experiment in urban orchad. This bacterial consortium
had been previously used for inoculation of the host plant
Spartina densiflora (Paredes-Páliz et al., 2017) having
demonstrated plant growth promotion and protection of
plant against stress by heavy metals (Paredes-Páliz et al., 2017,
2018).

In this opportunity, 5 winter crops were selected to test
the effect of the inoculant, namely lettuce, spinach, winter
onion, beet and radish. As explained before, the experiment
was done within the frame of a collaborative teaching-service
project between our research group at the University of
Seville and the College I.E.S. Pablo Neruda with professors
of Biology and Applied Sciences and students aging 15-
16. Supplementary Figure 1 shows several moments of the
development of the project. Final data of yield after 4 months
are shown in Table 3. The results indicated an enhancement
of growth of all the plant species (also observed in Figure 3).
The highest effects were found in lettuce and spinach which
increased their weights by 8 and 5 fold in average, respectively.
Concerning winter onions, the increase was about 15% and it was
remarkable that in the case of radish and beet, only inoculated
plants gave tubers.
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FIGURE 2 | Kinetics of appearance of secondary roots in non-inoculated and inoculated plants of Medicago sativa grown in vitro in square plates. Values represent
mean ± SE, n = 24.

TABLE 2 | Length of the primary root of alfalfa plants grown on 1 × BNM (normal concentration of nutrients) and 1/2 × BNM (half nutrients) and inoculated or
non-inoculated with P. agglomerans RSO7.

Plant growth medium Inoculation conditions Root length (cm)
at day 16th

Number of lateral
roots at day 8th

Shoot length (cm)
at day 16th

Number of trefoils
at day 16th

1 × BNM Non-inoculated 7.36 ± 0.77(a) 0 (a) 5.79 ± 0.49(a) 2.19 ± 0.85(a)

Inoculated with RSO7 8.55 ± 0.75(a) 3.50 ± 0.63(b) 6.88 ± 0.63(a) 3.41 ± 0.33(b)

1/2 × BNM Non-inoculated 5.48 ± 0.66(b) 0.50 ± 0.2(c) 5.42 ± 0.66(a) 2.28 ± 0.26(a)

Inoculated with RSO7 9.41 ± 0.58(c) 2.41 ± 0.52(b) 8.31 ± 0.55(c) 3.42 ± 0.24(b)

Data correspond to day 16th and are the average ± standard error of 18–24 plants (2 plates with 8–12 plants, depending on survival). Significant differences at p < 0.05
are indicated by different letters.

These results confirm, in a pilot experiment, the usefulness of
the biofertilizer for enhancement of plant growth and yield. The
effect is probably due to the plant growth promoting activities
of the strains which are able to solubilize phosphate, produce
siderophores, and secrete auxins (Paredes-Páliz et al., 2016a).
In addition, the survival of plants was much more efficient

upon inoculation (not shown) being probably related to the
biocontrol properties of RSO7, protecting plants against fungal
contamination. Other Pantoea strains also are able to improve
the resilience of plants against several stressing environmental
conditions and display biocontrol activities (Chen and Liu, 2019;
Luziatelli et al., 2020a).
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TABLE 3 | Yield of winter crops grown in an urban orchard and inoculated or not with a consortium including the bacterial strains Pantoea agglomerans RSO7,
P. agglomerans RSO6, and Bacillus aryabatthai RSO25 (Paredes-Páliz et al., 2016a).

Crop Yield (g) Comment

Non- inoculated Inoculated

Lettuce 95 ± 12 (n = 9) a 787 ± 176 (n = 10) b

Spinach 20 ± 2,4 (n = 8)a 113 ± 22 (n = 9)b

Winter onion 60 ± 14 (n = 11) a 87 ± 23 (n = 10)b

Radish 0.9 ± 0.1 (n = 13)a 25.4 ± 5.4 (n = 12)b Only inoculated plants produced
tubers and flowers

Beet 0.6 ± 0.06 (n = 14) a 1.9 ± 0.4 (n = 15) *b Only inoculated plants produced
tubers *Average weight of plants
without tubers **Average weight of
plants with tubers

n indicates the number of plants. Significant differences at p < 0.05 are indicated by different letters.

FIGURE 3 | Aspect of lettuces, spinach and radish plants in the orchard one month after planting. Left: non-inoculated; right: inoculated. The red arrow points a key
used for size comparison. Values represent mean ± SE, n = 10 (for spinach and lettuces), and n = 50 (for radishes).

Determination of the Physiological State
of Crop Plants in the Pilot Experiment in
Urban Orchard
The fluorescence parameters were determined in inoculated
and non-inoculated plants. Chlorophyll fluorescence analysis
indicated that overall F0 and Fm values were higher in inoculated
plants compared with their non-inoculated counterparts (t-test,
P < 0.05; Figures 4A,B), which consequently led to greater
maximum quantum efficiency of PSII photochemistry (Fv/Fm)
for all species (t-test, P < 0.05; Figure 4C). In addition, a
very similar trend was recorded for the quantum efficiency
of PSII (8PSII) for all species except for spinach and beet,
which did not show any statistical difference between both

inoculation treatments (Figure 4D). These results suggested a
positive effect of bacterial inoculation on PSII functionality, in
terms of optimization the antenna size to prevent photoinhibition
and increase photosynthetic efficiency (Adams and Demmig-
Adams, 2004; Ort et al., 2011) with a consequent increment in
plant biomass, as was aforementioned.

Analysis of the RSO7 Genome
The genome of P. agglomerans RSO7 is composed by a
chromosome of 4,829,129 bp and it does not contain plasmids
(Supplementary Table 2). According to other species of the
genus, the G + C content is 55.1%. The analysis depicted 4384
coding sequences from which 616 corresponded to proteins
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FIGURE 4 | Minimal fluorescence level, F0 (A), maximal fluorescence level, Fm (B); maximum quantum efficiency of PSII photochemistry, Fv/Fm (C) and quantum
efficiency of PSII, 8PSII (D) at midday in randomly selected, fully developed leaves of five winter vegetables in non-inoculated and inoculated plants. Asterisks
indicate means that are significantly different between inoculation treatments (t-test, P < 0.05).

with signal peptides and 1051 to proteins with transmembrane
domains. Moreover, the sequence encoded 85 RNAs, from which
11 were rRNA, 73 were tRNA, and 1 tmRNA. Furthermore, 3
CRISPR sequences were identified.

A global analysis of the genome revealed that P. agglomerans
RSO7 is a very versatile bacterium capable of adapting to a
large number of environmental situations. For example, operons
for the use of a large number of C sources (sorbitol, tartrate,
citrate, xylulose, galactofuranose, rhamnose, arabinose, galactose,
maltose, mannose, etc.) have been found. It can also use various
sources of N (nitrate, ammonium, amino acids, even some
N2 fixation genes have been detected) and S (sulfate, amino
acids like cysteine and methionine together with taurine). The
genus Pantoea is known by its robustness and by displaying
wide metabolic versatility (Shariati et al., 2017; Luziatelli et al.,
2020a). Along with its metabolic versatility, this bacterium
shows resistance toward many stresses, not only to heavy metals
(Shariati et al., 2017) and salinity as will be disclosed later, but also
to heat, cold, UV radiation, acidic conditions, etc. Besides, genes
are present for the degradation of diverse xenobiotics including
azo compounds (FMN-azoreductase), curcumin (curcumin
reductase), compounds with formyl groups (it has formylase
and formyl transferase), halogenated compounds (thanks to a
dehalogenase), compounds with nitro groups (nitroreductase),
etc. Some of these situations produce oxidative stress the
bacterium is able to deal with. In this particular, genes for

several antioxidant systems (catalase and various peroxidases, as
well as superoxide dismutase, glyoxylase, glutathione reductase,
glutathione transferase, etc.) were found. On the other hand, the
presence of several genes (Syx, crp) indicate that it is naturally
competent, being able to incorporate DNA and therefore acquire
new capabilities. It can acquire plasmid DNA by conjugation
having detected pilin precursor genes, an ATPase involved
in pilus retraction and ppdAB genes involved in conjugation.
The presence of genes encoding phage integrases (lysogeny)
suggests that it may also acquire genetic information by
transduction. All this indicates that it displays a high resilience
to many environmental variations and is very competitive in
the rhizosphere. In particular, among all the genes, three aspects
that are fundamental for its application as a bioinoculant will be
focused: (a) Resistance to heavy metals and salt (high osmolarity);
(b) PGP Properties, and (c) Important rhizosphere processes for
colonization and plant-microorganism interaction.

Resistance Toward Heavy Metals and Metalloids
The genome carries operons that encode resistance toward
metalloids As, Te and Se, and toward heavy metals such as Cu,
Zn, Co, and Ni (Table 4) (The complete list of genes for resistance
toward metals and metalloids is displayed in Supplementary
Table 3). One of the most frequent mechanisms of resistance of
prokaryotes against heavy metals consists in pumping the metal
out of the bacterial cell (Nies, 2003). In this particular, several
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TABLE 4 | Summary of mechanisms (and the corresponding traits) that justify the plant growth promoting properties and resilience of Pantoea agglomerans RSO7.

Traits Mechanisms Genes found in the genome

Resistance to
heavy metals

Resistance toward Cu, Zn, Co and Ni. Efflux pumps. CopA and YebZ (Grass and Rensing, 2001) ZntB and Zit (Grass
et al., 2001) RcnA for Co and Ni (Rodrigue et al., 2005)

Resistance to
metalloids

Resistance toward As. Resistance toward Se and Te. Methylation
and volatilization.

operon arrHBC (Fekih et al., 2018) tehB gene encoding a tellurite
and selenite methyltransferase (Chasteen and Bentley, 2003)

Resistance to
high osmolality

Synthesis of a battery of osmoprotectants. Permeases for uptake of
osmoregulatory substances. Recycling of carbon once the stress
disappears.

Ectoine: Doex (Schwibbert et al., 2011) Betaine: BetIABT Cánovas
et al., 2000) Trehalose: OtsAB (Kaasen et al., 1994) Permeases for
proline, glycine choline betaine and proline betaine, ectoine, and
pipecolic acid: ProPVWXY (Stirling et al., 1989) OsmVWXY
(Frossard et al., 2012) YehXYZ (Checroun and Gutierrez, 2004)
OusA (Gouesbet et al., 1996). Trehalases TreAF (Horlacher et al.,
1996); TreH (Carroll et al., 2007)

Iron acquisition Uptake of ferrous and ferric ions. Synthesis and transport of a
battery of siderophores.

Uptake of Fe2+: EfeO, FeoAB, EfeU (Lau et al., 2016) Uptake of
Fe3+: FbpBC (Wyckoff et al., 2006) heme HemH (Shepherd et al.,
2007); EfeB (Létoffé et al., 2015) hemin HmuSTUV (Hornung et al.,
1996) bacterial ferritines FntA (Yao et al., 2011) enterobactin
EntABCDEF (Reitz et al., 2017) achromobactin CrbD (Berti and
Thomas, 2009) ferrioxyamine FoxA and FhuE (Sauer et al., 1987)
ferri-bacillibactin BesA (Miethke et al., 2006) YfeBCD transport
multiple siderophores (Bearden et al., 1998).

PGP Phosphorous
acquisition

Uptake of inorganic phosphate and phosphite. Hydrolisis of C-P
bond (organic phosphorous). Accumulation of granules of
polyphosphate.

Uptake of phosphate: PstB and PitB (Willsky and Malamy, 1980)
Uptake of phosphite: PtxABC (Metcalf and Wolfe, 1998)
Exopolyphosphatases Ppx (Akiyama et al., 1993) Hydrolysis of
phosphonates PhnCDEF (Stasi et al., 2019) Phytase: Inositol-P
(Idriss et al., 2002) Polyphosphate kinase Ppk (Shiba et al., 2000)
Pyrophosphatase Ppa (Kajander et al., 2013).

Auxins Synthesis of the precursor tryptophan Several pathways of
synthesis of IAA. Degradation and conjugation of IAA. Auxin
transport permease.

Tryptophan monooxygenase: TM (Li et al., 2018) Indole-acetamide
hydrolase: IAH (Li et al., 2018) Nitrilases 1 and 2: N3 and N2 (Li
et al., 2018) Indole-3-pyruvate decarboxylase: IPAC (Li et al., 2018)
Indole-acetaldehyde dehydrogenase: IAD (Li et al., 2018)
Tryptophan transaminase: TT (Li et al., 2018) Monoamine oxidase:
AO (Li et al., 2018) Aromatic-L-amino-acid decarboxylase: AAD (Li
et al., 2018) Tryptophol oxidase: TO (Li et al., 2018)
Indole-3-acetate beta-glucosyltransferase: BoundA (Li et al., 2018)
Flavonol 3-sulfotransferase ATFS (Li et al., 2018)
Indole-acetaldehyde reductase IAR (Li et al., 2018) AUX1- like
permease: AUX1 (Li et al., 2018)

Rhizosphere
processes

Motility by flagella. Chemotaxis to the root. Biofilm formation.
Quorum sensing. Competition, antibiosis, lactonases. Synthesis of
amylovoran. Defense against plant antimicrobial peptides.
Pectinases.

Flh, fli operons (Nakamura and Minamino, 2019) Che, Tsr/Tar (Feng
et al., 2018) ariR, BssS (Zhang et al., 2015) BdlA biofilm dispersion
protein (Morgan et al., 2006) Qse, Lux, Rhi (Altaf et al., 2017)
amsBCDFJKL (Koczan et al., 2009) MsgA, PagC (Pulkkinen and
Miller, 1991) Pectinases YesR and KdgF (Bhadrecha et al., 2020)

metal efflux pumps have been found, including CopA and YebZ
for Cu (Grass and Rensing, 2001); ZntB and ZitB for Zn (Grass
et al., 2001); RcnA for Co and Ni (Rodrigue et al., 2005) and the
arsenic resistance operon arrHBC (Fekih et al., 2018).

On this side, the resistance toward metalloids Se and Te (both
from group VIB of the periodic table) consists in methylation
and volatilization of volatile species such as dimethylselenium
and dimethyltellide through the membrane (Chasteen and
Bentley, 2003). The tehB gene encoding an enzyme with tellurite
methyltransferase and selenite methyltransferase activities has
been found in the RSO7 genome.

Resistance to High Osmolality
The RSO7 strain is equipped with a battery of genes that regulate
the resistance to salt (osmotic stress) (Table 4) (The complete list
of genes for resistance toward metals and metalloids is shown in
Supplementary Table 4). Analysis of the genome revealed the

presence of genes involved in the synthesis and degradation of
a large number of osmoprotectants, such as ectoine (Schwibbert
et al., 2011), betaine (Cánovas et al., 2000), trehalose (OtsAB)
(Kaasen et al., 1994). Besides, the bacterium has permeases for
uptake of osmoregulatory substances such as proline, glycine
choline betaine and proline betaine, ectoine and pipecolic acid
(Stirling et al., 1989; Gouesbet et al., 1996; Checroun and
Gutierrez, 2004; Frossard et al., 2012). Once the osmotic stress
conditions disappear, the osmotic metabolites are “recycled” as
carbon source by the activity of trehalases (Horlacher et al., 1996;
Carroll et al., 2007).

Plant Growth Promotion Traits
Genes involved in promoting plant growth were also carefully
extracted, highlighting those involved in iron transport and
metabolism, as well as those related to phosphate uptake and
solubilization and auxin production (Table 4).
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Genes Related to Iron Transport and Metabolism
Iron is a fundamental element for bacteria, being part of
many redox enzyme cofactors, electron transporters, etc. For
this reason, the bacteria make sure to achieve it and even
compete for this element, so production of siderophores is
besides a biocontrol trait (The complete list of genes involved in
control of osmolality is listed in Supplementary Table 5). The
bacterium has low and high affinity transporters for free ion,
both in the form of ferrous (EfeO, FeoAB, EfeU, ESA_00329)
(Lau et al., 2016) and ferric ions (FbpBC) (Wyckoff et al.,
2006). Besides, the bacterium produces and/or transports a great
diversity of siderophores including heme (Otto et al., 1992),
hemin (Hornung et al., 1996), several bacterial ferritines (Yao
et al., 2011), enterobactin (Reitz et al., 2017), achromobactin
(Berti and Thomas, 2009), ferrioxyamine (Sauer et al., 1987), and
ferri-bacillibactin (Miethke et al., 2006). Finally, several copies of
the YfeBCD complex able to transport multiple iron complexes
were found (Bearden et al., 1998).

Genes Related to Phosphorous Uptake and Solubilization
The complete list of genes involved in phosphorous uptake and
metabolism is shown in Supplementary Table 6. Phosphorous
can be captured both in inorganic and organic forms. In its
inorganic forms, it is most often found in the form of phosphate
(PO4

−3) which is captured by low and high affinity transporters
of phosphate such as PstB and PitB (Willsky and Malamy, 1980).
Besides phosphite (P3+) can be transported by the PtxABC
phosphite transporter (Metcalf and Wolfe, 1998).

Referring to organic forms of phosphorus, the bacterium
can hydrolyze C-P bonds by exopolyphosphatases (Akiyama
et al., 1993) and nucleases. Besides it can use phosphonates (the
PhnCDEF operon has been found, Stasi et al., 2019) and inositol-
P by the activity of phytase (Matsuhisa et al., 1995). The captured
phosphorus can accumulate in polyphosphate granules in the
cytoplasm thanks to the Ppk polyphosphate kinase (Shiba et al.,
2000) and be mobilized when necessary by means of the inorganic
pyrophosphatase Ppa (Kajander et al., 2013).

Genes Related to Auxin Production
Respecting auxins production, RSO7 genome showed genes
involved in the tryptophan biosynthesis and indole-3-acetic
acid (IAA) biosynthesis. The main precursor in the IAA
synthesis is tryptophan and five different pathways to synthetize
IAA have been studied: indol-3-acetamide pathway, indole-3-
pyruvate pathway, tryptamine pathway, tryptophan side-chain
oxidase pathway and indole-3-acetonitrile pathway (Li et al.,
2018; Duca and Glick, 2020). Strain RSO7 has genes involved
in four of these pathways (indol-3-acetamide pathway, indole-3-
pyruvate pathway, tryptamine pathway and indole-3-acetonitrile
pathway) (Table 4) (The complete list of genes for auxin
biosynthesis is listed in Supplementary Table 7), and all of them
are completed from tryptophan to IAA, supporting the IAA
production for this strain in results obtained in a previous work
(Paredes-Páliz et al., 2016a). These genes have been detected
in other strain of P. agglomerans (Morris, 1995; Manulis et al.,
1998; Spaepen et al., 2007). Moreover, genes involved in the

IAA degradation or conjugation and a transporter have been
found (Table 4).

Genes Involved in Rhizosphere Processes Important
to Plant Colonization
The correct colonization of the root is an important trait
which depends on many factors, such as mobility, the ability to
form biofilms and bacterial communication, among others. In
this sense, genes involved in rhizosphere processes important
for plant-bacterium interaction are displayed in Table 4 (the
complete list of genes involved in important rhizosphere
processes is displayed in Supplementary Table 8).

The mobility of the bacteria is determined by the presence of
flagella (genes for synthesis, rotation and regulation were found;
Nakamura and Minamino, 2019). The mobility of the bacteria in
the rhizosphere is determined by chemotaxis toward the root,
which secretes bacteria-attracting compounds (root exudates).
In this particular, genes involved in chemotaxis such as che
and Tsr/Tar were identified (Feng et al., 2018). Genes involved
in biofilm formation such as ariR and BssS are also present
(Zhang et al., 2015). Besides, the BdlA gene encoding a biofilm
dispersion protein (Morgan et al., 2006) was identified. For all
these rhizosphere processes to occur there must be a minimum
cell density, detected by quorum sensing systems such as Qse, Lux,
and Rhi (Altaf et al., 2017).

Another group of genes present in RSO7 have to do with
plant-bacteria interaction. In order to avoid the initial plant
defense (Bordiec et al., 2011), RSO7 synthetizes amilovoran, an
extracellular polysaccharide that functions as a virulence factor
in the formation of bioflims (Koczan et al., 2009). Once the
bacterium attaches and multiplies on the root, it has pectinases
that degrade the plant cell wall (Bhadrecha et al., 2020) and allow
it to survive in the host (even as an endophyte) and defend
against antibacterial peptides produced by the host (Pulkkinen
and Miller, 1991; Tu et al., 2016).

Finally, genes were found that ensure the competition of
the bacterium in the rhizosphere, for example, it has lactonase
able to inhibiting quorum sensing signals of other bacteria
(Zhang et al., 2007). It also produces toxins (Shidore and
Triplett, 2017) and antibiotics such as colicin V and carbepenem
(Kenawy et al., 2019).

Genes Involved in Toxicity and
Pathogenicity
From the point of view of biosecurity, Pantoea agglomerans
is included in group 2. Only group 1 microorganisms are
authorized by European legislation to be used as inoculants
(GRAS microorganisms, which stand for Generally Recognized
as Safe). The species Pantoea agglomerans causes opportunistic
infections, particularly in nosocomial patients with previous
pathologies such as cystic fibrosis, cancer, etc. (Cruz et al., 2007).
Some plant endophytic PGPR strains have also caused infections
in workers such as gardeners who, after being pricked by plants,
became infected (Jain et al., 2012). In this particular, it has to
be noticed that in our experiment, protocols for working with a
microorganism of the group 2 have been followed: students and
teachers were previously instructed; no immunocompromised
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people has participated in the experiment; the microorganism
does not transmit via inhalation, but only by punching with
branches of plants; all people participating in the experiment
wore gloves; the organism was isolated from soil and it has
been not modified; the orchard perimeter was delimited by
lateral “walls” 25 cm high in order to avoid interference between
inoculated plants and not inoculated controls.

In this sense, a search has been made for genes that
are related to pathogenicity. The RSO7 strain has several
determinants of resistance to multiple antibiotics including
polymyxin B, phosphinothricin, chloramphenicol, fumonisin,
novobiocin, bicyclomycin, nitroimidazole, and bacitracin. Along
with these activities, it has several beta-lactamases that break
the beta-lactam ring. On the other hand, the presence of a
large number of pumps for efflux of toxic substances increases
its resistance to antibiotics including erythomycin, tetracycline,
ampicillin and norfloxacin. It is also capable of synthesizing
toxins (hemolysins, RNAase). It possesses the YejABEF operon
for resistance to host antibacterial defense peptides. Finally, the
production of siderophores is also a mechanism that ensures
the competitiveness of this bacterium. All these factors are
considered as virulence factors.

For these reasons it cannot be used as an inoculant. Strategies
have been designed to take advantage of the PGP characteristics
in cell-free extracts. In this way, the bacteria are grown and
only the culture supernatant is used to inoculate the plants. In
this supernatant are the molecules and proteins secreted by the
bacteria which exert their effect on the plant without the risk of
using a microorganism of the group 2 (Luziatelli et al., 2020b).

CONCLUSION

The use of biofertilizers rises up as a real alternative for
a more sustainable and affordable agriculture, particularly in
poor countries. In this context, some strains isolated from
the rhizosphere of coastal plants, such as Pantoea agglomerans
RSO7 have excellent PGP properties and high resilience toward
multiple stresses, together with high competitiveness in the
rhizosphere. These properties have been demonstrated when
using this bacterium as inoculant both in vitro experiments
and pilot experiments in an urban orchard with summer and
winter crops. Full genome analysis has allowed the identification
of the traits behind this important biofertilization capability.
With the previous results, the great potential of this bacterium
as a promoter of plant growth can be concluded. Finally,

restrictions for the use of microorganisms of the biosafety
group 2 as bioinoculants could limit its use, and therefore
possible bio-sure alternatives, such as using the supernatant of
cultures, are proposed.
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The deep ocean ecosystem hosts high biodiversity and plays a critical role for humans
through the ecosystem services it provides, such as fisheries and climate regulation.
However, high longevity, late reproduction, and low fecundity of many organisms
living in the deep ocean make them particularly vulnerable to fishing and climate
change. A better understanding of how exploitation and changing environmental
conditions affect life-history parameters (e.g., growth) of commercially important fish
species is crucial for their long-term sustainable management. To this end, we used
otolith increment widths and a mixed-effects modeling approach to develop a 42-
year growth chronology (1975–2016) of the commercially important deep-sea fish
species blackspot seabream (Pagellus bogaraveo) among the three island groups of the
Azores archipelago (Northeast Atlantic). Growth was related to intrinsic (age and age-
at-capture) and extrinsic factors (capture location, temperature-at-depth, North Atlantic
Oscillation (NAO), Eastern Atlantic Pattern (EAP), and proxy for exploitation (landings)).
Over the four decades analyzed, annual growth patterns varied among the three island
groups. Overall, temperature-at-depth was the best predictor of growth, with warmer
water associated with slower growth, likely reflecting physiological conditions and
food availability. Average population growth response to temperature was separated
into among-individual variation and within-individual variation. The significant among-
individual growth response to temperature was likely related to different individual-
specific past experiences. Our results suggested that rising ocean temperature may
have important repercussions on growth, and consequently on blackspot seabream
fishery production. Identifying drivers of blackspot seabream growth variation can
improve our understanding of past and present condition of the populations toward
the sustainable management of the fishery.

Keywords: environmental change, mixed-effects modeling, otolith, blackspot seabream, reaction norms,
sclerochronology
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INTRODUCTION

The deep ocean, below 200 m depth, hosts ecosystems of high
biodiversity and plays a critical role for humans through the
services it provides, such as fisheries (Van den Hove and Moreau,
2007; Thurber et al., 2014). Currently, seafood from the deep
ocean is estimated to fall by as much as half in the next
100 years, mainly due to resource exploitation and impacts of
climate change (Sweetman et al., 2017). Global environmental
change and exploitation can have major consequences on marine
ecosystems, including demographic and evolutionary changes
in exploited populations, distribution range shifts, altered
phenology, and marine productivity (e.g., Edwards et al., 2004;
Cheung et al., 2010; Perry et al., 2014; Audzijonyte et al., 2016; Tu
et al., 2018). The effects of these changes on ecosystems depend
on species sensitivities, ecological functions and processes, and
spatial scales that in turn make it difficult to detect and
identify the species’ biological responses (Brown et al., 2010;
Poloczanska et al., 2016).

For a better understanding of the fundamental mechanisms
responsible for biological responses to environmental change,
long-term biological data (continuous information, collected
and archived over time) with the appropriate spatial-temporal
resolution are needed. Such data can provide valuable and
robust information on marine ecosystem changes and allow
exploring species growth responses to environmental changes
and exploitation, concerning their habitat, life history, and
potential of adaptation (Thresher et al., 2007; Shelton et al.,
2013; Coulson et al., 2014; Martino et al., 2019). Unfortunately,
especially for deep-sea species, long-term data sets are scarce,
however, samples containing valuable long-term information
on growth variation are readily available from fish otoliths
(Campana and Thorrold, 2001). These structures contain growth
information, that allows the development of chronologies based
on the variation in their growth increment widths and thus
are a useful tool for understanding the effects of different
extrinsic drivers on growth (Morrongiello et al., 2012, 2019;
Matta et al., 2018). Since environmental variables generally
play a key role in driving growth variation and population
dynamics in aquatic organisms (Morrongiello et al., 2012),
this biochronological approach also allows the prediction of
species’ responses to future climate change (Rountrey et al., 2014;
Barrow et al., 2018).

Otolith increment-based growth chronologies have been
successfully developed using linear mixed-effects models
that allow analyzing intrinsic effects, such as age and age-at-
capture, simultaneously with potential extrinsic sources of
variation, including environmental drivers (e.g., temperature,
SST, ENSO) (Weisberg et al., 2010; Helser et al., 2012;
Rountrey et al., 2014; Morrongiello and Thresher, 2015).
Furthermore, mixed-effect models allow the decomposition
of population-level variation into its within- and among-
individual components, and the inclusion of individual
reaction norms allows exploring phenotypic plasticity
that can provide valuable information about the adaptive
potential of populations to deal with future environmental
and exploitation changes (van de Pol and Wright, 2009;

Morrongiello and Thresher, 2015; Fox et al., 2019). A better
understanding of population resilience, adaptive potential,
and individual phenotypic plasticity is key for deep-sea fish
species as they are known to be vulnerable to changing
environment and exploitation due to their high longevity,
late reproduction, and low fecundity (Cheung, 2007;
Thresher et al., 2007).

In this context, this work investigates long-term growth
patterns of a deep-sea fish in the Azores archipelago (Northeast
Atlantic), the blackspot seabream (Pagellus bogaraveo), a
commercially highly valuable species with a complex life
history (Pinho and Menezes, 2006; Higgins et al., 2015).
Blackspot seabream is a protandrous hermaphrodite (Krug,
1990) that presents ontogenetic migrations, moving from
island coastal waters to deeper island slopes or offshore
seamounts (Menezes et al., 2006; Afonso et al., 2012) and
exhibiting complex individual spatial behavior (Afonso et al.,
2012, 2014). The complex life history characteristics of this
species (i.e., protandrous hermaphroditism and late maturity
of females) make it highly sensitive to overfishing and
climatic changes (Lorance, 2011; Gutiérrez-Estrada et al., 2017;
Sanz-Fernández and Gutiérrez-Estrada, 2021).

Using archived otoliths of adult blackspot seabream collected
in the three island groups of the Azores archipelago, this study
aimed to evaluate how growth is affected by intrinsic (age-related
variables) and extrinsic factors (environmental and fisheries-
related variables) and to detect possible growth differences
between island groups. The extrinsic factors driving growth
variation were further investigated to estimate their importance
in individual growth responses.

MATERIALS AND METHODS

Area and Study Species
Azores archipelago has been selected as study area (Figure 1
and Table 1), which is part of the Macaronesian biogeographical
region, located in the Northeast Atlantic Ocean (Friedlander
et al., 2017). The Azores marine ecosystem has been defined as
oceanic (Pinho and Menezes, 2009) characterized by an abundant
abyssal area, narrow or absent coastal platform, pronounced
slopes, and the existence of banks and seamounts (Menezes
et al., 2013). The selected species, P. bogaraveo (Brünnich,
1768; blackspot seabream), is a deep-water sparid commonly
found at depths of 100–600 m, both around coastal areas
of the islands and offshore seamounts (Menezes et al., 2006;
Pinho et al., 2014). Small individuals (<13 cm furcal length
(FL)) live preferentially in coastal areas and shallow waters
(nursery areas), pre-adults (<30 cm FL) in intermediate zones
and larger individuals live at island slopes or offshore banks
and deeper waters (Stockley et al., 2005; Pinho et al., 2014;
Higgins et al., 2015).

This species is a protandric hermaphrodite with primary
females (females at birth, not changing sex during the life
cycle), and males who can change sex during their life cycle,
before maturity (c. 5 and 8 years of age, at around 28.2 and
33.9 cm FL, for males and females, respectively (Krug, 1998)). The
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FIGURE 1 | Sampling locations map of Pagellus bogaraveo in the Azores. Boxes in each sampling location indicate areas for which temperature-at-depth was
obtained. Brown areas represent the depth range where the species generally occurs.

maximum documented age and length are 15 years and 65 cm FL,
respectively (Krug, 1989; Menezes et al., 2001).

Fish and Otolith Sampling
The otoliths of P. bogaraveo used in this study, archived at
the Department of Oceanography and Fisheries (DOP) of the
University of the Azores, located in Horta, Faial island, were
collected during the annual monitoring surveys of demersal
and deep-water fish abundance -ARQDAÇO surveys (e.g., Melo
et al., 2003, 2004; Rosa et al., 2017), conducted between 1995
and 2017, aboard the R/V Arquipélago. These surveys follow
a stratified random sampling and use long-line gear, similar to
those used by the local demersal fishing fleet, to sample island
slopes and seamounts in the Azores (for methodological details
see Menezes et al., 2006). Data on fishing effort and catches by
species, and samples (length, sex, gonadal maturation stage,
otoliths) are regularly collected.

TABLE 1 | Summary of Pagellus bogaraveo samples used in the study.

Island group N fish N increments Furcal length
range (cm)

Fish age range
(year)

East 90 1170 30–52 6–21

Central 196 2547 30–53 6–21

West 240 3699 30–51 7–28

Total 526 7416

N fish = number of individuals, N increments = number of otolith
increments measured.

For this study, adult female individuals sampled at island
slopes were used. Selected individuals were aggregated by
island groups (Eastern - São Miguel and Santa Maria islands;
Central – Faial, Pico, and São Jorge islands; Western - Flores
and Corvo islands) (Figure 1). Whenever possible, depending
on sample availability, a similar number of individuals per
capture year covering similar range of furcal length was selected
(Supplementary Table 1).

Otolith Reading and Annual Growth
Estimation/Increment Measurement
A total of 526 sagittal otolith pairs from fish ranging from 30 to
53 cm FL were selected (Supplementary Table 1). Otoliths were
immersed in ethanol 72%, preferentially the left otolith was used,
and immediately viewed through a Leica MZ16FA stereoscope
to guarantee high quality increment visualization, and pictures
were taken using a Leica MC190HD camera under reflected
light against a dark background, and magnification between 7.11
and 24×. Annual growth increments or annuli were defined as
consisting of one opaque and one translucent growth zone (Matta
et al., 2018). Annuli were counted and measured using ImageJ
software (version 1.52) with ObjectJ plugin (version 1.04) along
an axis from the nucleus to the post-rostrum edge (Tanner et al.,
2020). Increment measurements were marked at the border of
each fully formed opaque growth zone. All otoliths were read
twice by the same reader and only estimates with equal readings
were included for further analysis.

The birth date of this species was assumed to be the 1st
of January (Krug, 1989; Chilari et al., 2006). Due to the
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uncertainty that the first year of growth corresponds to a full
year, measurements of the first increment were not included in
the analysis (Morrongiello and Thresher, 2015; Tanner et al.,
2020). Additionally, only increments up to age 20 were included
in the data analysis to standardize the maximum age among
island groups. The use of otolith increments as a proxy of
fish growth relies on the premise of an allometric relationship
between otolith and somatic growth. For each island group, this
assumption was tested and confirmed in a subset of individuals
(N = 75 individuals/location; Eastern: adjusted R2 = 0.692,
slope = 7.21; Central: adjusted R2 = 0.681, slope = 6.38;
Western: adjusted R2 = 0.639, slope = 5.94, all p < 0.0001)
(Supplementary Figure 1).

Data Analysis
Inter-annual variation in the width of otolith growth increments
was used as a proxy of somatic growth of blackspot seabream,
and linear mixed-effects models were used to partition variance
in otolith growth increment widths among intrinsic (age-related)
and extrinsic (environmental-related and fishery-related) sources
of growth variation using a statistical framework based on
Morrongiello and Thresher (2015). Fixed effects (e.g., Age, Age
at capture, Year, Temperature, and Abundance) describe the
entire population and random effects (e.g., FishID, Cohort,
and Area) are associated with randomly selected experimental
units within the population (Morrongiello and Thresher, 2015;
Lee and Punt, 2018). This approach explicitly quantifies
age-related growth patterns and allows the exploration of
environmental responses, thus making it the best approach
for analyzing these hierarchical time series (otolith growth
data). Increments were log-transformed to meet assumptions
of normality and homoscedasticity, and both intrinsic and
extrinsic predictor variables were mean-centered to facilitate
model convergence and interpretation of interaction terms
(Morrongiello et al., 2014).

Intrinsic Effects on Growth
A series of linear mixed-effect models with increased complexity,
which included fixed intrinsic covariates and a series of
random effects structures, were developed, and compared to
determine the best baseline model describing fish otolith growth
(Supplementary Table 2). First, the best random-effects model
with a complete fixed-effect structure was determined for the
data set. The random effect structures applied included random
intercepts for individual fish (“FishID”), year of otolith increment
formation (“Year”), and birth year (“Cohort”), to allow for
correlations among growth increments within individual fish,
calendar year and year class. Random “Age” slopes were also
investigated for these covariates thus allowing individuals to
have age-related growth trajectories. The capture location of the
specimen (“IslandGroup”) was always included in combination
with “Year” and “Cohort,” allowing for island group-specific
year or cohort growth responses. The best random-effects
model was then used to select the appropriate fixed-effect
structure. Optimized fixed effects included the intrinsic (i.e.,
internal to the individual) terms “Age” and “Age at capture”
(Supplementary Table 3) in interaction with the island group

(Supplementary Table 2) which accounted for age-specific
effects on growth that can vary between capture locations
and location-specific differences in potential sampling bias or
growth selectivity associated to certain phenotypes (Morrongiello
and Thresher, 2015). Model selection was based on the
comparison of the Akaike Information Criterion corrected for
small sample sizes (AICc) (Burnham and Anderson, 2002).
Variance in otolith growth explained by the combined fixed
and random effects were calculated by the conditional R2
metric (Nakagawa and Schielzeth, 2013). Model parameters were
estimated using restricted maximum likelihood (REML). For
fixed effects optimization, models were fitted using maximum
likelihood and the best model was subsequently refitted using
REML to provide unbiased estimates (Zuur et al., 2009).
The selected model with the best structure of intrinsic
fixed effects was then extended in a stepwise procedure to
determine if the addition of extrinsic fixed factors could further
improve the model fit.

Extrinsic Variables Effects on Growth
Blackspot seabream growth variation was related to a series
of extrinsic variables (i.e., environmental and exploitation) that
potentially explain inter-annual variation in otolith growth
(Supplementary Table 3). Monthly data of water temperature-
at-depth in the approximate areas of fish sampling were
obtained from Simple Ocean Data Assimilation (SODA3)
reanalysis, version 3.4.2 (Carton et al., 2018). Based on the
species’ preferential depth distribution (100–600 m depth)
(Menezes et al., 2006), depth levels between 98 and 618 m
were selected. Both climatic indices, North Atlantic Oscillation
(NAO) and Eastern Atlantic Pattern (EAP) were obtained
from the NOAA Climate Prediction Center1 since these
large-scale phenomena can affect the local climate and flow
of regional sea currents in the Azores and consequently
the species dynamics (e.g., spatial distribution, reproduction,
behavior, and feeding) (Pinho et al., 2011). Moreover, and
specifically for P. bogaraveo, a lower abundance in the period
2010–2011 was associated with the negative phase of NAO
during this period (Pinho et al., 2011). To explore potential
fishery-dependent influences on growth variation, fish landings
(tonnes) were used as a proxy for exploitation. Official
data on landings were obtained from the public company
managing Azores fish auction houses (Lotaçor S.A.). Data on
temperature, NAO, EAP, and fishery proxy were available over
the entire period of the chronologies (1975–2016) and so
these four extrinsic variables were included in the optimized
intrinsic model, using seasonal averages, and their influence
was evaluated. Pairwise correlations among extrinsic variables
were calculated (Pearson coefficient) and only variables with
correlations <0.5 were simultaneously included as fixed effects
into the models.

Average Thermal Reaction Norms
Within-subject centering was used to determine if the average
population growth-temperature relationship and variation were
driven by within-individual (representing evolutionary-fixed

1http://www.cpc.ncep.noaa.gov
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phenotypically plastic responses) or among-individual effects
(representing individual differences in temperature response)
(van de Pol and Wright, 2009; Morrongiello and Thresher,
2015; Martino et al., 2019; Morrongiello et al., 2019). This
approach provides an estimate of the average growth phenotypic
plasticity present within an individual (within-individual) and
an estimate of how growth systematically varies across average
lifetime conditions (among-individual) (Martino et al., 2019).
For this purpose, two new variables were calculated, the
average temperature experienced by each individual over its
lifetime and the deviation of annual temperatures from this
mean. The original temperature variable was replaced with
the two new variables and resulting models were compared
with the optimal extrinsic model using AICc (Supplementary
Table 4). Differences in within-individual and among-individual
effects were derived by replacing the within-individual term
with the original temperature effect. The selected model also
included a random within-individual reaction norm slope on
FishID, representing the individual-specific differences in within-
individual temperature slopes (Morrongiello and Thresher, 2015;
Supplementary Table 4).

All analyses were conducted in R 3.6.1 (R Core Team,
2018) using the packages lme4 (Bates et al., 2014) for the
linear mixed models.

RESULTS

Blackspot seabream otolith growth chronologies spanned
42 years, from 1975 to 2016 (Supplementary Figure 2 and
Supplementary Table 1). The individuals used in this study
were aged between 6 and 28 years, and on average, the age at
capture was 14.1 years (Supplementary Table 1). For a similar
length range, the Western island group presented the oldest
individuals (Table 1).

Intrinsic Effects
The optimal intrinsic random effect model contained a random
intercept for FishID and IslandGroup:Year, and a random Age
slope for FishID. For the fixed effects, the inclusion of Age
and Age-at-capture as fixed effect terms was supported, both
with IslandGroup interaction (Table 2). The otolith-derived
growth chronologies for all island groups showed considerable
inter-annual variation, with below and above average years
of growth. The inter-annual variation pattern varied between
locations, without a clear trend in any of the locations
(Figure 2). Average growth in all locations declined with age
(Figure 3A). Slight differences in age-related growth patterns
of P. bogaraveo were observed among the three locations.
Individuals from the Western island group showed the highest
growth rate at the youngest age, whilst the growth rate at
an older age in these individuals was lower than in the
remaining groups (Figure 3A). For the Eastern group, a negative
relationship between annual growth and Age-at-capture was
identified, with individuals captured at younger age presenting
higher growth rates than individuals captured at an older
age (Figure 3B). On the other hand, no relationship between

growth and Age-at-capture was found for the other islands’
groups (Figure 3B).

Extrinsic Variables Effects
Seasonal means of temperature-at-depth, NAO, EAP, and annual
landings were added to the optimized intrinsic model. All
these environmental variables were included simultaneously in
the model, except for seasonal temperature estimates which
were included separately due to the high correlation among
means. Average winter temperature-at-depth was the only
variable included in the final extrinsic model (Table 2). Overall,
winter temperature had a negative effect on blackspot seabream
growth (Figure 3C). Average winter temperature-at-depth was
higher in the Western island group compared to the Central
and Eastern groups (Supplementary Figure 3), however, these
differences did not affect the overall response of growth in the
different island groups.

Within Versus Among Individual Growth Variation
Average population growth response to winter temperature
was separated into among-individual variation (representing
facultative environmental responses) and within-individual
variation (representing evolutionary-fixed, phenotypically
plastic responses). We found significant among-individual
growth response to temperature while the within-individual
variation was weakly negative (Figure 4). The inclusion of
within-individual temperature random slopes improved the
model. Still, the effect was minimal, with high variation in
individual response.

DISCUSSION

Otolith chronologies from this study reconstructed fish growth
over 40 years based on individuals ranging from 6 to
28 years of age. We documented differences in inter-annual
growth variation of blackspot seabream populations among
the Azores island groups. These differences in growth patterns
may be partly related to regional differences in habitat,
oceanographic conditions, and exploitation patterns, which
are known to induce fluctuations in populations dynamics
(e.g., Cheal et al., 2007; Powney et al., 2010; Frank et al.,
2016). Environmental seabed characteristics in the Azores
archipelago show a clear dissimilarity between the Western
island and the other two island groups (Amorim et al.,
2017), likely related to the topographic discontinuity caused
by the Mid-Atlantic Ridge and the associated oceanographic
transition zone. This discontinuity may act as an ecological
barrier potentially isolating western island fish populations
relative to the central-eastern groups’ populations (e.g., Fontes
et al., 2009) and may contribute to the distinct blackspot
seabream growth patterns observed. On the other hand, regional-
scale fishing pressure has varied among island groups over
the last decades, with the Eastern island group subject to
greater fishing pressure during the 1980s (Diogo et al., 2015),
potentially adding further to the inter-island group growth
variation documented.
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TABLE 2 | Final Pagellus bogaraveo otolith growth model, with selected extrinsic fixed effects in bold.

Intrinsic model Extrinsic model

Random effects Variance SD Correlation Variance SD Correlation

FishID 0.0237 0.1541 0.0236 0.1537

Age| FishID 0.0257 0.1602 0.86 0.0257 0.1602 0.86

IslandGroup:Year 0.0004 0.0209 0.0004 0.0215

Residuals 0.0495 0.2225 0.0495 0.2224

Fixed effects Estimate (95% CI) Estimate (95% CI)

Intercept −1.3991 (−1.427, −1.372) −1.4051 (−1.433, −1.377)

Age −0.8539 (−0.882, −0.826) −0.8511 (−0.880, −0.823)

IslandGroup_east 0.0078 (−0.039, 0.055) 0.0033 (−0.044, 0.051)

IslandGroup_west −0.0514 (−0.087, −0.016) −0.0385 (−0.077, −0.001)

Age-at-capture −0.0011 (−0.007, 0.005) −0.0017 (−0.008, 0.004)

Age:IslandGroup_east −0.0067 (−0.058, 0.044) −0.0083 (−0.059, 0.043)

Age:IslandGroup_west −0.0718 (−0.109, −0.034) −0.0731 (−0.111, −0.035)

Age-at-capture:IslandGroup_east −0.0104 (−0.020, −0.001) −0.0100 (−0.019, −0.001)

Age-at-capture:IslandGroup_west 0.0026 (−0.005, 0.010) 0.0028 (−0.005, 0.010)

Temp_winter − − −0.0236 (−0.047, −0.0004)

Reaction Norm

Estimate (95% CI)

Within-individual “Temp_winter” effect −0.0164 (−0.042, 0.009)

Among-individual “Temp_winter” effect −0.0867 (−0.162, −0.012)

Variance components and estimates of random and fixed effects of the optimal intrinsic and extrinsic models, and reaction norms, describing otolith growth in the three
sampling locations.
Definitions of random and fixed effects are available in Supplementary Table 3.
Among-individual = coefficient for individuals’ average lifetime “Temp_winter” experienced; quantifies systematic among- individual differences in temperature response.
Within-individual = coefficient for individual-specific annual deviations from Among-individual; quantifies the average within-individual phenotypic plasticity in
thermal reaction norms.
SD = standard deviation, CI = Confidence interval, Temp_winter = average temperature of winter (January–March) at 98–618 m depth.

FIGURE 2 | Pagellus bogaraveo predicted variations in annual otolith growth collected in Western (blue), Central (red), and Eastern (green) island groups.

Age was the best predictor of growth, with growth decreasing
with age. Otolith growth was considered a proxy for somatic
growth, a widely accepted assumption (Matta et al., 2018;
Martino et al., 2019; Tanner et al., 2019, 2020). This relationship
and the age-at-length relationship have previously been validated
for blackspot seabream (Krug, 1989, 1998; Chilari et al., 2006;

Higgins et al., 2015). In our study, this relationship is less robust
in older specimens, which contributed with the oldest individuals
to this study. Length-at-age and maximum age determined in
this study differed from those previously documented for the
region (Krug, 1989; Menezes et al., 2001). These differences may
be attributed to the fact that the previous works were elaborated
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FIGURE 3 | Annual mean otolith increments from Western (blue), Central
(red), and Eastern (green) island groups by (A) age and (B) Age-at-capture;
and (C) overall effect of average winter temperature (January–March) at depth
(98–618 m) on Pagellus bogaraveo otolith growth. Vertical lines in (A) and
shaded areas in (B,C) denote ±95% CI.

more than 20 years ago using different techniques and resolutions
which likely led to distinct age determinations.

Regarding the Age-at-capture and annual growth relationship,
significant differences were evident among the capture locations
(island groups). Unequivocally in the Eastern group, a negative
relationship between annual growth and Age-at-capture was

FIGURE 4 | Winter temperature-related population-level variation, compared
with within-individual (representing evolutionary-fixed phenotypically plastic
responses), and among-individual (representing facultative environmental
responses) variations.

identified, differentiating this group from the others. Individuals
captured at a younger age presented higher growth rates than
individuals captured at an older age. There are several possible
explanations for the negative relationship between Age-at-
capture and growth, such as life history trade-offs between growth
rate, sexual maturity, and longevity; or higher vulnerability of
fast growers to fishery activities (see e.g., Morrongiello and
Thresher, 2015). For blackspot seabream from the Eastern
island group, a fisheries-related mechanism appears to be the
most plausible explanation since this group was subject to the
highest exploitation rates in the archipelago resulting in local
depletion of fish stocks (Diogo et al., 2015). Fast growers may
be more vulnerable as they recruit to the fisheries earlier, or
even showing a bolder behavior and consequently making them
more vulnerable to fishing (Morrongiello and Thresher, 2015).
Also, in fish populations under high fishing pressure, smaller
fish tend to mature earlier, as a response to long-term, size-
selective harvesting that removes the larger and faster-growing
fish (Browman et al., 2000; Ernande et al., 2004; Olsen et al., 2009;
Martino et al., 2019). Krug (1998) observed that female blackspot
seabream matured at earlier ages and smaller size over a 10-
year period which may have been a first indication of the effects
of fishing pressure, environmental change, or an interaction of
these factors on this species’ growth in the Azores. The presence
of slow-growing individuals and the occurrence of the oldest
individuals for the same length range in the Western island group
may be the result of differential fishing pressure among island
groups (Diogo et al., 2015). The relationship between growth
and fishing pressure was formally explored in our model using
as a proxy for exploitation, landings of blackspot seabream, the
only exploitation-related variable available for the entire range of
the chronology. However, this variable was not significant and
consequently not included in the final model, which may be an
indication of the lack of suitability of this proxy.

We identified temperature-at-depth during winter as the best
predictor of growth across all locations, with higher values
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influencing the annual growth negatively. Water temperature
may affect fish growth directly by influencing metabolism
within the species-specific thermal optimum or indirectly by
modulating other environmental variables such as dissolved
oxygen concentration or food availability (Dutta, 1994; Pörtner
and Farrell, 2008; Massie et al., 2020). Warmer winters in deep
waters may lead to decreased dissolved oxygen concentration
and higher metabolic rates, which require more energy (food)
and oxygen (Pauly and Cheung, 2018). Physiological capacity
disturbance, related to temperature and oxygen variations, can
alter not only the growth but also affect other vital functions such
as maturation or reproduction (Pörtner and Knust, 2007; Pauly,
2021). In the Azores archipelago, the reproduction of blackspot
seabream occurs during the winter months (Krug, 1998; Estácio
et al., 2001), coinciding with the temperature-at-depth used
in our model, that negatively influenced somatic growth. The
negative effect of warmer water on fish growth is expected in
the context of Gill-oxygen limitation theory that states that
lower relative oxygen supply induces sexual maturation and
promotes a slowing of growth (Pauly, 2019a,b, 2021). Following
this theory, blackspot seabream may invest more energy in
reproduction and spawning, depriving the somatic growth,
during winter periods with warmer water temperatures and
potentially reduced oxygen availability, leading to the observed
negative effect on growth. Temperature can also influence food
availability which has been shown to play a considerable role
in fish growth rates (Jones, 1986; Dutta, 1994; Anderson and
Sabado, 1995; Cominassi et al., 2020). In the Azores archipelago,
seasonal maximums of sea surface temperature (SST) have
been shown to coincide with seasonal lows of chlorophyll
(Caldeira and Reis, 2017), and winter temperature-at-depth
during the study period were positively correlated with winter
SST (r(df = 109) = 0.38, p < 0.001). Thus, warmer winters may
result in lower primary productivity with potential effects on
higher levels in the food chain. It has been previously recognized
that the energy transfer rate from phytoplankton to mesopelagic
fishes in oligotrophic regions (such as the Azores) is high, linking
fishes’ biomass and primary production (Irigoien et al., 2014).
Since mesopelagic fish (myctophids) and invertebrates are the
main components in the diet of blackspot seabream (Morato
et al., 2001) warmer winter resulting in lower primary production
may lead to less food availability and energy intake, impacting
growth negatively.

In addition to environmental and oceanographic factors, the
genotype and physiological condition of the individual may
also regulate growth (Dutta, 1994), and can promote different
growth rates at the individual level. Exploring among-individual
variation and individual thermal responses is particularly
interesting in species with complex life histories, such as
P. bogaraveo (Higgins et al., 2015), since these components
differ in their evolutionary and ecological implications and
thus may allow a better understanding of the species’ ability
to respond to global change (Brommer et al., 2008). In this
study, we found a negative among-individual variation in
thermal response. Among-individual variation may result from
genetic differences and individual-specific past experiences or
a combination of both (Morrongiello and Thresher, 2015;

Martino et al., 2019). For blackspot seabream, possible individual
past experiences giving rise to among-individual variations
in thermal response may be related to complex individual
spatial feeding behavior, that includes vertical and horizontal
migrations (Afonso et al., 2012, 2014). As a consequence of
genetic differences, it has been proposed that slower-growing
individuals will be favored through long-term adaptation to
higher temperatures (Martino et al., 2019). For blackspot
seabream, such a genetic adaptation may also be possible
although among-individual thermal responses were consistent
for the three island groups. Furthermore, genetic differentiation
in blackspot seabream in the Azores archipelago is low
although a restriction of gene flow between the Western island
group and the rest of the archipelago has been suggested
(Stockley et al., 2005).

Our results showed differing growth patterns among Azorean
island groups, with an overall negative temperature-at-depth
effect on blackspot seabream growth which likely acted as an
indirect factor affecting physiological condition, reproduction,
and food availability. Also, the partitioning of the thermal
population-level response into among-individual and within-
individual variation is likely related to different individual-
specific past experiences of blackspot seabream. Identifying
drivers of blackspot seabream growth variation can promote
an improved understanding of the present condition of the
populations which represents essential information for the
sustainable management of the fishery considering the future
environmental change. In fact, the observed negative impact
of warmer water on the growth of blackspot seabream may
have important implications in the future as ocean temperature
is forecasted to increase (Lyman et al., 2010) with potential
repercussions for blackspot seabream fishery production. Thus,
vulnerable species, such as blackspot seabream, may require
more careful considerations in terms of management, and a
better understanding of the factors involved in key life-history
events. The long-term annually resolved growth information
that can be derived from otoliths present significant potential
to be used for this species from different locations, studying
intra-regional differences in growth or even for other slow-
growing species to obtain precise information on responses
to biological and environmental effects. Considering the
importance of age determination in fisheries assessment, long-
term chronologies, such as developed in this study, can provide
relevant contributions for the sustainable management of deep-
sea resources.
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The invasion of natural communities by non-indigenous species represents one of
the most serious threats to biodiversity. Understanding the ecophysiology of invasive
species can provide insights into potential physiological handicaps relative to native
species. By doing so, we can leverage the development of ecoengineering solutions
for the removal of non-indigenous species, preferably using non-chemical methods.
Spartina patens is a known invasive species of cordgrass aggressively proliferating
in Mediterranean salt marshes, producing impenetrable monospecific stands. As its
occurrence is delimited by the upper high tide water level, we hypothesized that
S. patens is intolerant to waterlogging. Therefore, we developed a field experiment
where strands of S. patens were kept waterlogged over the entire tidal cycle for 30 days.
At the end of the experimental period, plants in the trial plots exhibited severe stress
symptoms at different physiological levels compared with control plots (no intervention).
At the photobiological level, intervened plants exhibited lower efficiency in producing
chemical energy from light, whilst at the biochemical level waterlogging impaired
the antioxidant system and increased lipid peroxidation products. Furthermore, the
application of chlorophyll a pulse amplitude modulated (PAM) fluorometry, a non-invasive
technique, allowed us to evaluate the effectiveness of the implemented measures,
being the tool that provided the best separation between the control and intervened
population. Considering the physiological traits observed here, ecoengineering solutions
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based on increased waterlogging of S. patens stands, can be a low-cost and
efficient measure to reduce the spreading and growth of this invasive species in the
Mediterranean and other salt marshes worldwide with little disturbance.

Keywords: ecological restoration, invasive species, salt marsh, remote sensing, halophytes

INTRODUCTION

Salt marshes provide a wide range of ecological services,
including nursery habitats for many animals, protection against
coastal erosion, water purification, having the considerable
capacity to store and sequester carbon, and are key players in
the ecosystem natural remediation capacity (Couto et al., 2013;
Teixeira et al., 2014; Duarte et al., 2018, 2021), being these services
valuated in several millions of euros per year (Duarte et al.,
2021). Being preferred locations for human settlement and a
profusion of anthropogenic activities, coastal, and transitional
areas have been severely impacted in their health and functioning
worldwide. Habitat loss and degradation, climate change and the
introduction of invasive species are amongst the major threats
to salt marsh ecosystems (Duarte et al., 2015, 2018; Repolho
et al., 2017; Pérez-Romero et al., 2018). Therefore, in the context
of increasing degradation rates, the need to restore salt marsh
ecosystems has been recognized as a priority by managers,
scientists, and general society. This is well-emphasized in the
EU Biodiversity Strategy for 2030 and its EU Nature Restoration
Plan (EU, 2020) and reinforced by the UN Decade on Ecosystem
Restoration (UN, 2020).

Salt marshes have been widely affected by non-indigenous
species (NIS) being a serious threat to wetland biodiversity
(Heywood, 1989). Although many NIS plants were introduced
long ago (more than a century), recent arrivals are of much
concern (Aguiar and Ferreira, 2013; Ainouche and Gray, 2016;
Martínez-Jauregui et al., 2018). The Spartina genus is highly
successful amongst the halophyte plant group, being widespread
across the globe. These plants have C4-type photosynthesis,
in which a CO2 concentration mechanism at ribulose-1,5-
bisphosphate carboxylase-oxygenase (Rubisco) level, involving
the fixation of atmospheric CO2 by phosphoenol-pyruvate
carboxylase (PEPC), increases Rubisco carboxylase activity and
allows a faster growth rate (von Caemmerer, 2020). Spartina
patens (Ait.) Muhl. (Gramineae) is a perennial grass distributed
along a wide range of coastal habitats, aggressively competing
with native species (Duarte et al., 2015). It was introduced
in the Mediterranean Sea probably due to ship traffic from
America, being used as packing material in ships boxes and

Abbreviations: APx, ascorbate peroxidase; CAP, canonical analysis of principal
coordinates; CAT, catalase; DBI, double bond index; DTT, dithiothreitol; EDTA,
ethylenediaminetetraacetic acid; ETC, electron transport chain; FAME, fatty
acids methyl esters; GOPx, guaiacol peroxidase; GR, glutathione reductase; LC-
PUFA, polyunsaturated fatty acids; MDA, malondialdehyde; NIS, non-indigenous
species; PAM, pulse amplitude modulated; PCO, principal coordinates analysis;
PEP, phosphoenol-pyruvate; PEPC, phosphoenol-pyruvate carboxylase; PMSF,
phenylmethylsulfonyl fluoride; PS I, photosystem I; PS II, photosystem II; PVC,
polyvinyl chloride; PVP, polyvinylpyrrolidone; RC, reaction centers; ROS, reactive
oxygen species; Rubisco, ribulose-1,5-bisphosphate carboxylase-oxygenase; SOD,
superoxide dismutase; TBA, thiobarbituric acid; TCA, trichloroacetic acid; TPF,
triphenyl formazan; TTC, triphenyl-tetrazolium chloride.

crates (Hultén, 1958). Therefore, although being present for
some time along the Western Mediterranean coasts, it had
not been recorded on the Eastern Iberian coast until recently
(Baumel et al., 2016).

Controlling invasive species is relevant for restoration efforts,
and several approaches have been developed to address this
issue, ranging from herbicide application to mowing and physical
removal (Kerr et al., 2016). While the first appears as a simple
and cost-effective method (Major et al., 2003; Patten et al., 2017),
the long-term effects of herbicides may have serious impacts
on the ecosystem (Cruz de Carvalho et al., 2020b). As for
the other two methods, they will only prevent further spread
needing to be constantly applied and being very time- and
cost-consuming (Hedge et al., 2003). Therefore, we considered
an alternative method underpinned on the physiology of the
species, in particular the fact that S. patens has a low tolerance
to waterlogging, due to poor aeration of the rhizosphere which
consequently impairs its growth (Burdick, 1989; Bertness, 1991;
Curado et al., 2020), and naturally limits this species distribution
to the high tide border of salt marshes. Thus, in the present
work, we tested the application of a physical barrier that would
prolong waterlogging around the plants and evaluated the impact
on its physiology.

MATERIALS AND METHODS

Plant Material and Collection Site
Sampling occurred before the start of the growing season
(February 2020) in the Hortas salt marsh (Alcochete; 38◦
45.661’ N, 8◦ 56.116’ W), located in the middle estuary,
adjacent to the Tagus Estuary Natural Reserve (Figure 1).
This salt marsh is flooded twice per day, being dominated by
the halophyte species Spartina maritima in the lower marsh
(circa 12% coverage), Halimione portulacoides in the mid-upper
marsh (circa 35% coverage), and Sarcocornia fruticosa in the
upper marsh (circa 20% coverage) (Caçador et al., 2013). More
recently, the halophyte invasive species S. patens has managed
to establish itself in the margins, justifying the importance of
the current study.

Applied Treatments
Spartina patens plants were subjected to two treatments: (1)
control, where the plants did not undergo any intervention, and
(2) the waterlogging treatment (waterlogged) where plant turfs
filled the inside of a 50 cm long and 10 cm diameter PVC tube
buried down into the sediments, leaving an 8 cm margin outside,
which allowed the tidal water to enter the tube and remain longer
inside and, thus, increase the waterlogging of the plants (n = 5
for each treatment). The experiment lasted for 30 days. Several
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FIGURE 1 | Map of the location of the sampling site in the Hortas salt marsh (Alcochete) in the Tagus estuary.

field measurements were made, namely, in vivo chlorophyll a
pulse amplitude modulated (PAM) fluorometry measurements.
Moreover, 20 leaves from each treatment were also collected
directly into individual tubes with liquid nitrogen (see sections
below). Finally, whole plants of S. patens from both treatments
were also collected, transported to the lab, washed, removed from
excess water, weighted (fresh weight), and oven-dried at 60◦C to
constant weight (dry weight).

Chlorophyll a Pulse Amplitude
Modulated Fluorometry
Ten leaves from plants from each treatment were dark-adapted
for 15 min and PAM measurements were performed using a
FluoroPen FP100 (Photo System Instruments, Czechia). For the
analysis of chlorophyll transient light curves (Kautsky plot), and
the derived fluorometric parameters (Table 1), the JIP-test was
used (Duarte et al., 2017).

Leaf Infrared Thermography
Thermal images were obtained with a FLIR E50bx infrared
camera (FLIR Systems, Inc., Wilsonville, OR, United States)
producing images of 320 × 240 resolution with an accuracy
of ±0.045◦C. Ten leaves were randomly selected from plants of
both treatments, having a water bottle at ambient temperature
near the leaves as reference. The average temperature of each leaf
was calculated on each image. All image processing and analysis

were performed in FLIR Tools software (version 6.4.18039.1003,
FLIR Systems, Inc.).

Root Respiration
Fresh fine roots of each treatment weighing approximately
100 mg were transferred to 10-mL reaction tubes, and 6 mL
of TTC-solution [0.6% (w/v) triphenyl-tetrazolium chloride in
0.06 M Na2HPO4–KH2PO4 and 0.05% (v/v) Tween 20] was
added to each tube (n = 5) (Brunner et al., 2002). In duplicate
tubes, 0.15 mM KCN was added to determine the inhibited
respiration. The samples were then incubated for 24 h at 25◦C.
After incubation, the TTC solution was decanted and triphenyl
formazan (TPF) extraction was made by adding 2 mL of ethanol
and boiling at 80◦C for 15 min (Ruf and Brunner, 2003). After
collecting the supernatant in new tubes, the absorbance of 1 mL
was measured at 520 nm with a spectrophotometer (UV500 UV-
Visible Spectrometer, Unicam, Waltham, MA, United States).
The root residues in the test tubes were dried at 80◦C for 72 h
and weighed. Reduction of TTC was calculated as µg of TPF
produced per hour per g dry weight (DW).

Proline Quantification
Proline content was determined according to Bates et al.
(1973). For each treatment, plant leaves (n = 5) were
homogenized in 3% aqueous sulfosalicylic acid and the
homogenate centrifuged a 9,000 g for 15 min at 0◦C (Sigma
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TABLE 1 | Fluorometric analysis parameters and their description.

JIP-test

Area Corresponds to the oxidized quinone pool size available for
reduction and is a function of the area above the Kautsky plot

N Reaction center turnover rate

SM Corresponds to the energy needed to close all reaction centers

M0 Net rate of PS II RC closure

γRC Probability that a PS II chlorophyll molecule function as a RC

9Eo Probability that an absorbed photon will move an electron into the
ETC

ϕ0 Probability that a trapped excitation moves an electron into the ETC
beyond QA

δRo Efficiency of the transfer of an electron from PQH2 to final PS I
acceptors

RE0/RC Flux of electrons transferred from PQH2 to final PSI acceptors per
active PS II

ABS/CS Absorbed energy flux per cross-section

TR0/CS Trapped energy flux per cross-section

ET0/CS Electron transport energy flux per cross-section

DI0/CS Dissipated energy flux per cross-section

RC/CS Number of available reaction centers per cross-section

PG Grouping probability of the connectivity between the two PS II units

δRo/(1-δRo) Contribution of PSI, reducing its end acceptors

90/(1- 90) Contribution of the dark reactions from QA
− to PC

9Eo/(1-
9Eo)

Equilibrium constant for the redox reactions between PS II and PS I

RC/ABS Reaction center II density within the antenna chlorophyll bed of PS II

TR0/DI0 Contribution or partial performance due to the light reactions for
primary photochemistry

SFI Structure functional index for photosynthesis

SFI (NO) Non-photosynthetic or dissipation structure functional index

2-16K, SIGMA Laborzentrifugen GmbH, Osterode am Harz,
Germany). The supernatant was collected, and the reaction
consisted of 2 mL of extract combined with 2 mL of glacial acetic
acid and 2 mL of acid ninhydrin. The reaction occurred for 1 h
at 100◦C, after which the reaction was stopped in an ice bath.
The reaction mixture was extracted with 4 mL of toluene and
its absorbance read at 520 nm with a spectrophotometer (UV500
UV-Visible Spectrometer, Unicam, Waltham, MA, United States)
and compared with a standard curve of proline, expressed in
µmol g−1 fresh weight (FW).

C4-Photosynthetic Carboxylating
Enzymes Activity and Pigment Analysis
Carboxylating enzymes, PEPC and Rubisco, were extracted from
frozen leaf samples according to Carmo-Silva et al. (2008), except
that 50 mM HEPES-KOH pH 7.3 was used and 0.5% (v/v) Triton
X-100 added. Briefly, approximately 50 mg FW were extracted
in a cold mortar containing quartz sand, 1% (w/v) insoluble
polyvinylpyrrolidone (PVP) and 1 mL of ice-cold extraction
medium [50 mM HEPES-KOH pH 7.3, 1 mM EDTA, 5% (w/v)
PVP25000, 6% (w/v) polyethylene glycol (PEG4000), 10 mM
dithiothreitol (DTT), 1% (v/v) protease cocktail inhibitor (Sigma,
St Louis, MO, United States) and 0.5% (v/v) Triton X-100].
After taking aliquots for pigment analysis, the homogenate was

centrifuged for 3 min at 16,800 g at 4◦C (Sigma 2-16K, SIGMA
Laborzentrifugen GmbH, Osterode am Harz, Germany) and the
supernatant (crude extract) was kept at 4◦C and immediately
used for measuring the activities of Rubisco (EC 4.1.1.39) and
PEPC (EC 4.1.1.31).

The activities of Rubisco were assayed at 25◦C by 14CO2
incorporation into acid-stable products according to Parry et al.
(1997) to with modifications (Correia et al., 2020). The assay
medium (1 mL per sample) contained 50 mM Bicine-KOH pH
8.2, 40 mM MgCl2, 10 mM NaH14CO3 (7.4 kBq µM−1) and
0.4 mM ribulose-1,5-bisphosphate (RuBP). To measure Rubisco
initial activity (Vi), 25 µL of crude extract was added to assay
medium, and the reaction stopped after 1 min with the addition
of 100 µL of 1 M HCl. To determine Rubisco total activity (Vt),
25 µL of crude extract was added to assay medium without RuBP
for 3 min, to allow the carbamylation of enzyme catalytic sites.
Rubisco Vt reaction was started by adding RuBP and stopped
after 1 min with the addition of 100 µL of 1 M HCl. The
mixture was completely dried at 60◦C after which the residue
was resuspended in 0.5 mL of distilled water and mixed with
5 mL of scintillation liquid (BioSafe LS Cocktail, Beckman,
United States). Radioactivity of the 14C incorporated in the acid-
stable products was measured by scintillation counting (LS 7800
spectrophotometer, Beckmann Instruments Inc., Fullerton, CA,
United States). Rubisco activation state (%) was determined by
the Vi/Vt ratio.

PEPC physiological (Vphysiol) and maximum (Vmax) activities
were measured in a continuous assay at 340 nm and 25◦C
(UV500 UV-Visible spectrophotometer, Unicam, Cambridge,
United Kingdom) according to Bakrim et al. (1992) with some
modifications (Carmo-Silva et al., 2007). The reaction mixture
for Vphysiol (1 mL) consisted of 50 mM HEPES-KOH pH 7.2,
10 mM MgCl2, 10 mM NaHCO3, 2.5 mM PEP (Sigma), 12
units of MDH (Sigma) and 20 µL of crude extract. For Vmax,
the reaction mixture consisted of 50 mM HEPES-KOH pH 8.0,
10 mM MgCl2, 10 mM NaHCO3, 10 mM PEP (Sigma), 12 units
of MDH (Sigma) and 20 µL of extract. In both cases, the reaction
was started by the addition of 0.2 mM (final concentration)
NADH (Sigma). Each measured activity is the mean of three
replicate on the same extract. PEPC activation state (%) was
calculated as Vphysiol/Vmax ratio.

For pigment analysis, each 20 µL aliquot previously retrieved
from the leaf extract was diluted in 980 µL of methanol. After
mixing in the vortex, the samples were left in the dark at
4◦C overnight. After centrifuging for 1 min at 13,000 g at
4◦C (Sigma 2-16K, SIGMA Laborzentrifugen GmbH, Osterode
am Harz, Germany), the absorbance at 470, 652.4, 665.2,
and 700 nm were measured in an EpochTM 2 Microplate
Spectrophotometer (BioTek, Winooski, VT, United States).
Pigment concentrations were determined according to the
equations in Lichtenthaler and Buschmann (2001).

Antioxidant Enzyme Assays
To extract the soluble protein fraction, leaf samples were grinded
in a cooled mortar with 0.5 mL of 50 mM sodium/potassium
phosphate extraction buffer (with 0.1 mM Na-EDTA, 2 mM
PVP, 10 mM DTT, 0.1 mM PMSF, and 24 µM NADP, pH 7.6).
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The homogenate was centrifuged at 13,000 g for 10 min at 4◦C
(Sigma 2-16K, SIGMA Laborzentrifugen GmbH, Osterode am
Harz, Germany) and the supernatant was collected to a new tube.
Protein concentration was determined according to Bradford
(1976) in an EpochTM 2 Microplate Spectrophotometer (BioTek,
Winooski, VT, United States).

Catalase (CAT; EC 1.11.1.6) activity was measured according
to Teranishi et al. (1974), through H2O2 consumption
monitoring and the decrease in absorbance at 240 nm
(ε = 39.4 mM−1 cm−1). The reaction mixture contained
50 mM of sodium/potassium phosphate buffer (pH 7.0), and
30 mM of H2O2 with the reaction being started by the addition
of 5 µL of extract. Ascorbate peroxidase (APx; EC 1.11.1.11)
was assayed according to Tiryakioglu et al. (2006). The reaction
mixture contained 50 mM of sodium/potassium phosphate
buffer (pH 7.0), 0.1 mM of H2O2, and 0.25 mM L-ascorbate, and
the reaction was also initiated with the addition of 5 µL of the
extract. The activity was recorded as the decrease in absorbance
at 290 nm and the amount of ascorbate oxidized calculated from
the molar extinction coefficient (ε = 2.8 mM−1 cm−1). Guaiacol
peroxidase (GOPx; EC 1.11.1.7) activity was assayed according to
Mika and Lüthje (2003) through the monitorization of guaiacol
oxidation at 470 nm (ε = 26.6 mM−1 cm−1). The reaction
mixture contained 50 mM of sodium/potassium phosphate
buffer (pH 7.0), 10 mM of H2O2, and 8 mM guaiacol, and the
reaction was initiated with the addition of 5 µL of the extract.
Superoxide dismutase (SOD; EC 1.15.1.1) activity was assayed
according to Marklund and Marklund (1974) by measuring
the reduction of pyrogallol at 325 nm. The reaction mixture
contained 30 mM of sodium/potassium phosphate buffer (pH
7.0) and 0.24 mM of pyrogallol, with the reaction being started
by the addition of 5 µL of extract. Glutathione reductase (GR;
EC 1.8.1.7) activity was assayed according to Edwards et al.
(1990) by measuring the fall in absorbance at 340 nm as NADPH
was oxidized (ε = 6.22 mM−1 cm−1). The reaction mixture
contained 25 mM of sodium/potassium phosphate extraction
buffer (pH 7.6), 0.5 mM of oxidized glutathione and 0.2 mM
NADPH, starting the reaction by the addition of 5 µL of
extract. Control assays were done in the absence of substrate
to evaluate the autoxidation of the substrates. All assays were
performed in a total volume of 200 µL per well at 25◦C in an
EpochTM 2 Microplate Spectrophotometer (BioTek, Winooski,
VT, United States).

Lipid Peroxidation Analysis
Lipid peroxidation products were determined as previously
described (Heath and Packer, 1968). Leaves were homogenized
briefly in 1.5 mL of 10% (v/v) trichloroacetic acid (TCA),
containing 0.4% (w/v) thiobarbituric acid (TBA). The reaction
was conducted at 100◦C for 30 min, being halted through
placement in ice. After centrifugation at 15,000 g for 10 min at
4◦C (Sigma 2-16K, SIGMA Laborzentrifugen GmbH, Osterode
am Harz, Germany), 1 mL of the supernatant was collected
and mixed with 1 mL of 0.4% TBA and incubated again under
the same conditions. The absorbance of the supernatant was
recorded at 532 and 600 nm by spectrophotometry (UV500 UV-
Visible Spectrometer, Unicam, Waltham, MA, United States).

The concentration of malondialdehyde (MDA) was determined
using the molar extinction coefficient (ε = 155 mM−1 cm−1).

Fatty Acid Profiles
The analysis of fatty acid was performed by direct trans-
esterification of leaf samples, in freshly prepared methanol
sulphuric acid (97.5:2.5, v/v), at 70◦C for 60 min, using the
internal standard pentadecanoic acid (C15:0) (Feijão et al., 2018).
Fatty acid methyl esters (FAME) were recovered using petroleum
ether, dried with an N2 flow, and re-suspended in an adequate
amount of hexane. The FAME solution was analyzed through gas
chromatography (Varian 430-GC gas chromatograph equipped
with a hydrogen flame ionization detector set at 300◦C,
Middelburg, Netherlands), by addition of 1 µL, setting the
injector temperature to 270◦C, with a split ratio of 50. The
fused-silica capillary column (50 m × 0.25 mm; WCOT Fused
Silica, CP-Sil 88 for FAME; Varian, Middelburg, Netherlands) was
maintained at a constant nitrogen flow of 2.0 mL min−1 and the
oven set to 190◦C. Fatty acids identification was performed by
comparison of retention times with standards (Sigma-Aldrich)
and chromatograms were analyzed by the peak surface method,
using the Galaxy software. The double bond index (DBI) was
calculated, to determine the membrane saturation levels, as
previously described (Feijão et al., 2018):

DBI =
2×

(
% monoenes + 2×% dienes + 3×% trienes

)
100

(1)

Statistical Analysis
Since the data lacked normality and homogeneity, the statistical
analysis was based on Mann-Whitney non-parametric tests
(GraphPad Prism 8.4.2 for Windows, GraphPad Software, San
Diego, CA, United States). Multivariate statistical analyses
[SIMPER and Canonical Analysis of Principal Coordinates
(CAP)] were performed using Primer 6 software (Clarke and
Gorley, 2006). The data obtained from the Kautsky plots,
thermography data, oxidative stress and fatty acids were used

FIGURE 2 | Chlorophyll transient kinetics (Kautsky plots) in leaves of control
plants (dark gray) and waterlogged plants (light gray) of Spartina patens after
30 days (mean ± s.d., n = 10).
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FIGURE 3 | Boxplots of leaf energy fluxes [A, absorbed (ABS/CS); B, trapped (TR0/CS); C, transported (ET0/CS); D, dissipated (DI0/CS)] and (E) the number of
available reaction centers per cross-section (RC/CS) in leaves of control plants (white boxes) and waterlogged plants (gray boxes) of Spartina patens after 30 days
(n = 10, different letters indicate significant differences at p < 0.05).

as the basis for the construction of the respective resemblance
matrixes based on the Euclidean distances between samples. To
evaluate the different metabolic datasets obtained as a whole (in
opposition to univariate analysis), statistical multivariate models
based on Kautsky plots, thermography data, oxidative stress and
fatty acids were generated using Principal Coordinates Analysis
(PCO) (Clarke and Gorley, 2006).

RESULTS

Chlorophyll a PAM Analysis
Observing the Kautsky plots resultant from the in vivo
PAM fluorometric analysis, lower fluorescence values could be
observed in plants subjected to the treatment when compared
with control plants (Figure 2).
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FIGURE 4 | Boxplots of the photosystem II and ETC related photochemical traits [A, oxidized quinone pool; B, reaction center turnover rate (N); C, the energy
needed to close all reaction centers (SM); D, the probability that a PSII chlorophyll molecule function as a RC (γRC); E, net rate of PS II RC closure (M0)], in leaves of
control plants (white boxes) and waterlogged plants (gray boxes) of Spartina patens after 30 days (n = 10, different letters indicate significant differences at p < 0.05).

The four energy fluxes [Figure 3: A, energy absorbed
by the photosystem II (PS II) antennae (ABS/CS); B,
energy trapped inside the PS II (TR0/CS); C, energy

transported within the electron transport chain (ETC)
(ET0/CS); and D, the energy dissipation flux (DI0/CS)]
showed the same pattern presenting lower values in the
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FIGURE 5 | Boxplots of the photosystems I (PS I) and II (PS II) photochemical traits. (A) Active oxygen-evolving complexes (OECs); (B) grouping probability between
the two PS II units (PG); (C) the contribution of the dark reactions from quinone A to plastoquinone [ψ0/(1 - ψ0)]; (D) the equilibrium constant for the redox reactions
between PS II and PS I [ψE0/(1 - ψE0)]; (E) electron transport from PQH2 to the reduction of PS I end electron acceptors (RE0/RC); (F) the contribution of PS I
reducing its end acceptors [δR0/(1- δR0)]; (G) reaction center II density within the antenna chlorophyll bed of PS II (RC/ABS); (H) contribution or partial performance
due to the light reactions for primary photochemistry (TR0/DI0), in leaves of control plants (white boxes) and waterlogged plants (gray boxes) of Spartina patens after
30 days (n = 10, different letters indicate significant differences at p < 0.05).
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FIGURE 6 | Boxplots of the structure functional indexes for photosynthesis (A, SFI) and non-photosynthetic or dissipation processes [B, SFI (NO)] in leaves of control
plants (white boxes) and waterlogged plants (gray boxes) of Spartina patens after 30 days (n = 10, different letters indicate significant differences at p < 0.05).

FIGURE 7 | Boxplots of the leaf surface temperature measured through
infrared thermography in leaves of control plants (white box) and waterlogged
plants (gray box) of Spartina patens after 30 days (n = 10, different letters
indicate significant differences at p < 0.05).

waterlogged plants, although that decrease was only statistically
significant for TR0/CS and ET0/CS. It was also a similar
reduction in the number of oxidized PS II reaction centers
(RC/CS) (Figure 3E).

Further analysis of the functioning of different components
of the photosystems and ETC (Figure 4) showed a decrease
in the oxidized quinone pool size in the waterlogged

plants, followed by an enhancement in the number of QA
redox turnovers until maximum fluorescence was reached
(N). Although no significant changes were observed in
the energy needed to close all RCs (SM), there was a
decrease in the probability of a PS II chlorophyll molecule
functioning as a RC (γRC) in the treated plants. However,
no significant differences were observed in the QA reduction
rate (M0).

Although the active oxygen-evolving complexes (OEC)
showed no differences between control and waterlogged plants
(Figure 5A), the PG, the grouping probability that correlates with
the disconnection between the two PS II units, increased in the
later plant group (Figure 5B).

Regarding PS II and PS I, waterlogged plants presented a
significant decrease in photochemical processes, both in the
contribution of light (TR0/DI0; Figure 5H) and dark [ψ0/(1
- ψ0); Figure 5C] reactions of the photochemical cycle. On
the other hand, at the PS I level there was a significant
increase in the activity of this photosystem [δR0/(1 - δR0);
Figure 5F] in the intervened plants, although there was a
decrease in the equilibrium constant for the redox reaction
between both photosystems toward the PS II [ψE0/(1 - ψE0);
Figure 5D]. Nevertheless, there were no significant changes in
the reaction center density within the PS II antenna chlorophyll
bed (RC/ABS; Figure 5G) or in the electron transport from
PQH2 to the reduction of the PS I end acceptors (RE0/RC;
Figure 5E).

In summary and observing the structure functional indexes,
there was a decrease of the photochemical processes (Figure 6A)
and an increase of the non-photochemical or dissipative
processes (Figure 6B) in the waterlogged plants.

Leaf Thermography
Regarding leaf surface temperature measured through infrared
thermography, there was a statistically significant increase in
temperature in the treated plants (11.06◦C) relatively to control
ones (10.77◦C) (Figure 7).
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FIGURE 8 | Boxplots of root respiration (A), alternative oxidase (AOX) activity (B), and percentage of KCN-sensitive respiration (C) in roots of control plants (white
boxes) and waterlogged plants (gray boxes) of Spartina patens after 30 days (n = 5, different letters indicate significant differences at p < 0.05).

Root Respiration
An increase of root respiration in waterlogged plants was
measured (Figure 8A), resulting not from changes in the
alternative oxidase (AOX) activity (Figure 8B) but rather from
a twofold increase in KCN-sensitive respiration (Figure 8C).

Proline
Leaves of waterlogged plants of S. patens experienced a
fivefold increase in proline (Figure 9), to circa 20 µmol g−1

FW, contrasting with the leaves of control plants with circa
4 µmol g−1.

C4-Photosynthetic Carboxylating
Enzymes and Pigment Analysis
Relatively to the C4-photosynthetic carboxylating
enzymes activities, no statistically significant changes
were observed either in the activation state, or
maximal (Vmax) and physiological (Vphysiol) rates of
PEPC (Supplementary Figure 1), or the activation
state, or initial (Vi) and total (Vt) rates of Rubisco
(Supplementary Figure 2). The same was observed for
pigments Chl a, Chl b, total chlorophyll, and carotenoids
(Supplementary Figure 3).
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FIGURE 9 | Boxplots of proline content in leaves of control plants (white box)
and waterlogged plants (gray box) of Spartina patens after 30 days (n = 5,
different letters indicate significant differences at p < 0.05).

Antioxidant Enzyme Analysis
Regarding the antioxidant enzymes CAT, APx, GOPx, SOD, and
GR (Figure 10), only the latter two showed a significant decrease
in activity on waterlogged plants, with a decrease of twofold in
SOD and almost a threefold in GR.

Lipid Peroxidation and Fatty Acid Profile
While lipid peroxidation products increased in waterlogged
plants (Figure 11A), no changes occurred in total fatty acids
content (Figure 11B).

Regarding the relative abundance of fatty acids, there
was a decrease in triunsaturated hexadecatrienoic acid (16:3),
exclusively present in plastidial lipids, whilst there was an increase
in stearic acid (C18:0) of waterlogged plants relative to controls
(Figure 12). Although there were no significant changes in the
major fatty acids classes (Supplementary Figure 4), the ratio of
saturated to unsaturated fatty acids ratio (SFA/UFA) increased in
waterlogged plants (Supplementary Figure 5).

Biophysical and Biochemical Profiles
The multivariate PCO analysis allowed to distinguish the
control from the waterlogged plants of S. patens using the
Kautsky plot, leaf thermography, oxidative stress data and fatty
acid profiles (Figures 13, 14), which explain the variables’
total variation with various degrees. Through the simple
application of remote tools (Figure 13), the Kautsky plot first
PCO axis explains 98.9% of the whole variation between the

two evaluated groups (Figure 13A), while due to a higher
dispersion along the second PCO axis, the thermography
data PCO1 has a lower explanatory power (64.8% of total
variation) (Figure 13B).

Observing the biochemical profiles, the oxidative stress
measurements reveal good separation of the two groups (87.3%
of total variation), along only one axis of the PCO (Figure 14A).
On the other hand, when evaluating the samples fatty acid
profiles, it was possible to observe a dispersion along the two
PCO axis, indicative of a higher dispersion in the biochemical
characteristics of the samples and lower explanatory power
(46.2% of total variation) (Figure 14B).

DISCUSSION

The impacts of a highly aggressive and invasive species, such
as S. patens urges the need to develop measures, to counteract
its spreading. Control measures should be directed to this
species and are less harmful to the surrounding environment
and co-occurring species. Our proposed alternative method for
eliminating the invasive halophyte S. patens proved to be a very
effective method to significantly increase the stress levels of
the plants in 30 days, using the species physiology drawbacks.
Results provide new insights for an ecoengineering solution to
be applied in future S. patens control measures in intertidal
systems. The fact that S. patens do not tolerate waterlogging is the
only limiting factor that is currently preventing full occupation
of the intertidal border (Burdick, 1989; Bertness, 1991; Curado
et al., 2020), and fully replacing other halophyte native species.
Furthermore, once the NIS is removed, indigenous species, such
as H. portulacoides and S. fruticosa can reoccupy that area and
restore habitat functionality (Curado et al., 2020). Thus, any tool
that facilitates this NIS dieback, is of added value to recover the
ecosystem floristic diversity.

The effect of waterlogging on S. patens was very clear in
different photochemical-related variables and showed lower
photosynthetic efficiency when compared with the non-
intervened plants, although no significant changes were observed
in C4 photosynthesis-related enzymes PEPC and Rubisco as well
as in the pigment profile.

The observation of the two distinct treatments of S. patens
showed a depression in the Kautsky curves of the waterlogged
plants, presenting lower fluorescence values, a characteristic of
stress effects (Duarte et al., 2015). Energy fluxes suffered a
major impact at the level of electron transport (ET0/CS), with a
reduction in the quinone pool size, given by the area above the
transient curve (Strasser et al., 1995; Joliot and Joliot, 2002), and
a decrease in the number of available reaction centers (RC/CS).
This leads to an excessive energy accumulation (Kalaji et al.,
2011) that can destroy the D1 protein, and eventually impair all
photochemical machinery (Demmig-Adams and Adams, 1992;
Qiu et al., 2003; Duarte et al., 2013). To prevent oxidative damage
in the chloroplasts, this high energy accumulation needs to be
dissipated, frequently through the xanthophyll cycle (Demmig-
Adams and Adams, 1992). However, no changes were observed
in the carotenoid pool, occurring a decrease in photochemical
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FIGURE 10 | Boxplots of catalase (CAT, A), ascorbate peroxidase (APX, B), guaiacol peroxidase (GOPx, C), superoxide dismutase (SOD, D) and glutathione
reductase (GR, E) enzymatic activities in leaves of control plants (white boxes) and waterlogged plants (gray boxes) of Spartina patens after 30 days (n = 5, different
letters indicate significant differences at p < 0.05).
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FIGURE 11 | Boxplots of lipid peroxidation quantification measured as malondialdehyde (MDA) equivalents (A) and total fatty acid content (B) in leaves of control
plants (white boxes) and waterlogged plants (gray boxes) of Spartina patens after 30 days (n = 5, different letters indicate significant differences at p < 0.05).

quenching and an increase in non-photochemical quenching
(NPQ), leading to a decrease in the lumen pH, attributed to
protonation of the light-harvesting complexes (LHC) proteins
associated with the PSII (Cousins et al., 2002). This, in turn,
can explain the increase in leaf temperature observed in the
waterlogged plants (Zhang et al., 2019). Moreover, it was
possible to observe that waterlogged plants had their trapped
and transported energy fluxes reduced, but no increase in the
energy dissipation. Under stress, a common feature observed is
a maintenance of the absorbed and trapped energy flux, but a
low energy use in the electron transport, leading to energy bursts
inside the chloroplast that are normally diverted to dissipation
in the form of heat or fluorescence (Duarte et al., 2016). In this
case, only a reduction of the trapped and energy transport fluxes
indicating a lower ability of the plants to harvest light, a condition
that can promote leaf senescence and plant mortality.

With the roots under water for a more prolonged time, it
would be expected to observe a decrease in root respiration
(Pan et al., 2021). However, S. patens can develop aerenchyma,
pumping atmospheric oxygen through the leaves to ventilate the
roots and, thus, allowing it to increase its respiration (Burdick
and Mendelssohn, 1987; Burdick, 1989). Nevertheless, and
considering the lower energy harvested by waterlogged plants,
increased root respiration and consequent consumption of
energy reserves (such as carbohydrates), will inevitably increase
the energetic stress of the plants. Spartina patens also presented
an increased proline content in its leaves, increasing leaf water
potential to counteract the differential osmotic pressures between
soil and leaves (Briens and Larher, 1982; Koyro et al., 2006; Aziz
et al., 2011). This mechanism also poses significant energetic
costs to the individuals, that while trying to counteract the
waterlogging osmotic constraints, end up increasing the degree
of energetic stress of the plants (Iqbal et al., 2014).

Oxygen deprivation will lead inevitably to the increase of
intracellular reactive oxygen species (ROS) due to metabolism
impairment under stress (Bailey-Serres and Chang, 2005;

FIGURE 12 | Fatty acid profile in leaves of control plants (white boxes) and
waterlogged plants (gray boxes) of Spartina patens after 30 days (n = 5,
different letters indicate significant differences at p < 0.05).

Pucciariello et al., 2012), severely damaging, amongst others,
proteins, and lipids of cells membranes (Sharma et al., 2012;
Baxter et al., 2014). Nevertheless, under waterlogging no increase
in the antioxidant enzymatic activity could be observed, thus
contributing to the accumulation of ROS inside the cells of
the waterlogged plants. In fact, two first-line defense enzymes
(SOD and GR) had their activities severely reduced. All
these impairments of the antioxidant enzymatic system are
concomitant with the observed increase in lipid peroxidation.
Once again, this will impose severe energetic stress, due
to damage in the membranes of the energetic organelles
and thus impacting the electronic transport systems and the
cell energy budgets.
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FIGURE 13 | Canonical analysis plot based on the Kautsky plot (A), and thermography (B) in leaves of control plants (black circles) and waterlogged plants (gray
circles) of Spartina patens after 30 days (n = 5, different letters indicate significant differences at p < 0.05).

Additionally, exposure to waterlogging also induced changes
in the fatty acid profile of S. patens, which increased
the ratio between saturated and unsaturated fatty acids,
mainly contributed by an increase in stearic acid (C18:0),
which likely resulted in a decrease in membrane fluidity.
Moreover, there was a significant decrease in the triunsaturated
hexadecatrienoic acid (16:3), which is present in the major
plastidial lipid monogalactosyldiacylglycerol and can be linked to
lower photosynthetic efficiency measured in waterlogged plants
(Kobayashi et al., 2016).

Using multivariate analysis of the assessed biophysical and
biochemical traits it was possible to observe that techniques,

such as PAM and infrared thermography, are the most efficient
tools to evaluate in situ the success of the intervention and the
stress levels imposed on the plants targeted to be removed. As
in previous ecological studies in response to stress (Cruz de
Carvalho et al., 2020a,b; Duarte et al., 2020), the use of bio-optical
techniques (e.g., Kautsky plot) allowed an efficient identification
of the waterlogged plants and, thus, provide efficient and reliable
tools to monitor the success of control interventions, without
disturbing the process itself and allowing repeated measures over
the intervention period.

In terms, of the ecoengineering solution tested in the
present work, the physiological changes observed indicate that
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FIGURE 14 | Canonical analysis plot based on oxidative stress (antioxidant enzymes and lipid peroxidation) data (A), and fatty acid profile (B) in leaves of control
plants (black circles) and waterlogged plants (gray circles) of Spartina patens after 30 days (n = 5, different letters indicate significant differences at p < 0.05).

the adopted strategy can be an eco-friendly control measure,
increasing the plants stress levels significantly, although in the
considered 30-day period there was no plant mortality, indicating
that these control measures should be performed in more
prolonged periods.

CONCLUSION

The application of a simple barrier to allow waterlogging
proved to be an effective and low-cost solution to impair the
physiology and biochemical pathways of the invasive halophyte
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S. patens. Although long-term studies need to be performed,
this ecoengineering solution has the potential to control and
eliminate this species from salt marshes and other intertidal
systems in future ecosystem restoration programs. Since S. patens
turfs are easily identified, the upscaling of this technique
could involve the application of tubes with different diameters
according to plant turfs density, allowing waterlogging to be
prolonged in space and time. Furthermore, the application
of a simple bio-optical tool will allow the stakeholders to
easily follow the process of suppressing the species without the
interference of the process and allowing repeated measures over
the intervention period.
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In 2006 the European Union (EU) began a dramatic change in its conception and
approach to maritime policy. By developing what was called Integrated Maritime Policy,
there was an attempt to coordinate different sectorial policies and thus adding value,
through synergies and economies of scale. At the same time, and as a result of
scientific and technological advances, five strategic sectors with great growth potential
were identified: aquaculture, renewable energies, blue biotechnology, deep sea mining,
and nautical tourism. These were the pillars for the Blue Growth Strategy, leading to
more jobs and global economic growth. This trend quickly spread to other continents,
universalising the concept of blue growth. However, the growing competition for
maritime space, due to new uses, led to the realisation that along with the need to ensure
confidence and stability for investors, it would be imperative to develop new planning
and management instruments for these spaces. During this process, governments
quickly realised that this evolution, which had the potential for far reaching economic and
social impacts, required a new institutional framework adapted to this new reality, which
would end up having an impact on the governments structure itself. We have witnessed,
particularly during the last decade, a profound conceptual change in the governance
of maritime space. The design of new political, legal, institutional, and governmental
frameworks, which are introducing a new model of maritime and marine governance at
a global scale, are probably the most critical one since World War II. This article develops
this analysis, based on several examples, both in the EU as well as in other countries
outside the bloc, particularly those surrounding the Atlantic, in order to demonstrate
that the drive towards a blue economy triggered a profound and deep change in marine
policies and governance.

Keywords: blue growth, maritime governance, ocean economy, marine policy, maritime spatial planning
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INTRODUCTION

Ocean governance reentered the global political agenda soon
after World War II also reflecting the new political order.
It is agreed that the 1945 Truman Declaration.1 claiming the
unilateral right of the United States to explore mineral resources,
namely oil, within the continental shelf led to a strong reaction
in other nations and paved the way for the first United
Nations Convention on the Law of the Sea (UNCLOS) UNCLOS
conference in 1958 (Un General Assembly, 1958). The long
negotiation process finally lead to its adoption in 1982 (Un
General Assembly, 1982) an entry into force in 1994, with the
ratification by 60 countries. Following this major milestone, the
United Nations (UN) declaration of the International Year of the
Oceans in 1998, led to a renewed focus on the oceans for the
oceans political agenda and the World Exhibition “The Oceans, A
Heritage for the Future” (EXPO’98), brought together 160 official
representations attracting eleven million visitors to Lisbon.2

Of particular significance was the launch of the report of the
Independent World Commission for the Oceans (IWCO), “The
Ocean of Our Future,” during EXPO’98, which addressed matters
from marine conservation to ocean science and technology. The
report also included a specific chapter on Ocean Governance
which clearly stated that “The most comprehensive challenge to be
faced concerns the development of oceanic governance systems that
promote peace and security, equity and sustainable development.
The application of modern technology to the oceans, when poorly
envisaged, determines their deterioration and overexploitation. It
is simultaneously the most powerful force to allow transforming
potentialities into realities and to satisfy basic needs” (IWCO,
1998). Thus, the turn of the millennium brought a new approach
to the challenges of marine governance on a global scale,
particularly to the need of stakeholders involvement, as well as
the role of science and technology in a more sustainable use
of the oceans. The scientific community increased its focus on
addressing these themes and Paquet (1999) introduces one of the
very first and most quoted modern definitions, on “governance of
marine spaces”:

“The governance of marine spaces is the management of
stakeholder activities in these spaces. To optimize this management
and to address stakeholder issues requires that effective governance
frameworks be in place. Collaborative, cooperative, and integrative
governance are improved frameworks for dealing with stakeholder
issues. Traditional governance models have been based on a
management science approach where the premise is that leadership
of organisations (public, private, or civic) is strong, and have good
understanding of their environment (future trends, rules of the
game, and the organisation’s goals).”

This combination of scientific and technological advances,
introducing new economic uses of the maritime space and the
need of stakeholders involvement and active participation, led
to the need for new governance models of maritime and marine

1https://www.presidency.ucsb.edu/documents/proclamation-2667-policy-the-
united-states-with-respect-the-natural-resources-the-subsoil
2EXPO 98, organised by Portugal under the aegis of the Bureau International des
Expositions occurred in Lisbon and was launched on May 22, 1998.

space. The European Union (EU), in 2006, decided to address the
issue of ocean governance and adopt a more holistic approach
aiming to analyse, as a whole, the state of the art and the future
potential of different sectoral maritime policies, concluding that:
“The EU is the world’s first maritime power in several sectors and
the “Blue Economy” represents 5.4 million jobs and a gross added
value of almost EUR 500 billion per year, there will still be, in a
number of areas, margin for further growth. However, the different
sectoral policies of maritime transport, industry, fisheries, offshore
energies or the marine environment, among others, had hitherto
evolved separately, lacking a holistic approach to the oceans and
seas, which is understood to generate economies of scale" (European
Commission - EC, 2006). Subsequently, the EU approved its
Integrated Maritime Policy [Blue Book (COM (2007) 0575)] (EC,
2007) followed by the Marine and Maritime Agenda for Growth
(EC, 2012a), which introduced the Blue Growth Strategy.

Thus, two basic concepts became consolidated: (i) Blue
economy a part of the economy composed of different
interdependent sectors, such as maritime transport, tourism,
energy and fishing, which are based on common skills and
shared infrastructures (such as ports and electricity distribution
networks) and depend on the sustainable use of the sea; (ii)
and Blue Growth, which aims to support long-term sustainable
growth in all marine and maritime sectors, recognising the
importance of the seas and oceans as engines of the European
economy, with great potential for innovation and growth,
namely in the sectors of aquaculture, coastal tourism, marine
biotechnology, energy from the oceans and deep sea mining
(EC, 2012b). The Blue Growth Strategy is considered to be
based on three fundamental axes: (i) Knowledge of the marine
environment; (ii) Maritime spatial planning, and (iii) Integrated
maritime surveillance.

Also relevant to the understanding of the fundamentals
of Integrated Marine Policy (IMP) are two key principles,
outlined since the Green Paper (EC, 2006): (i) Maritime
policy should create instruments and methods to ensure
the coherence of land and maritime spatial planning
systems, in order to avoid duplication of regulation
and to prevent the transfer of unresolved land planning
problems to maritime space; (ii) maritime spatial planning
and integrated coastal zone management, should provide
private companies with the legal framework security
they need to invest.

Although the EU was a pioneer in this matter, it is no
less true that the concept and debate surrounding the Blue
Economy became globalised and in February 2012, at the
1st World Oceans Conference in Singapore, the World Bank
announced the initiative “Global Partnership for Oceans” and
its president, Robert Zoellick, affirmed that the oceans were
home to a sub-blue “economy” recognised and under-valued,
with enormous potential for “blue growth” (Zoellick, 2012 in
Silver et al., 2015).

The institutionalisation of the debate at the UN level became
clear in the context of the UN Conference on Sustainable
Development, held in Rio de Janeiro in 2012 (Rio+20). Actually,
even during the preparatory meetings, the issue of the blue
economy was formally debated, namely at the 2nd preparatory
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meeting in March 2011 (Intergovernmental Oceanographic
Commission of United Nations Educational Scientific and
Cultural Organization – IOC – /UNESCO, 2011) and, at that
same meeting, Pacific Small Island Developing States (SIDS),
suggested the adoption of the blue economy as the one that would
best defend their development interests, instead of the Green
Economy (which would be central to the Rio +20 Conference).
This thesis would make its way and be consolidated at the
third SIDS conference in Apia, Samoa, on September 3, 2014,
concluding that “(. . .) Sustainable fisheries and aquaculture,
coastal tourism, the possible use of seabed resources and renewable
energy are among the main sectors of a sustainable ocean economy
in small island developing states” (United Nations, 2014b). During
the conference, although the theme of oceans was encompassed
under the broader environmental umbrella, it is no less true
that the potential of the High Seas was addressed, with several
countries declaring an interest in increasing their areas of
jurisdiction and sovereignty in the marine environment, through
the expansion of the continental shelf. Accordingly, the oceans
governance and the blue economy, were formally discussed
and the subject of several side events, assuming unprecedented
relevance, as several authors recognise (Campbell et al., 2013).
Likewise, several regional organisations have also started to
embrace the path of blue growth, of which the Coral Triangle
Initiative on Coral Reefs, Fisheries, and Food Security - CTI-CFF
is a paradigmatic example encompassing Indonesia Malaysia,
Papua New Guinea, Philippines, Solomon Islands, and East-
Timor that promoted, precisely at the Rio+20 Conference, a side
event on the blue economy (CTI-CFF, 2012).

Soon, particularly after Rio +20 Conference, Blue Growth
became a concept and policy approached all over the world,
from Africa to Asia, thus implying a reinvention of maritime
and marine governance and a redesign of the legal frameworks.
However, it soon became apparent that a change in the
governance model would also have an impact at the institutional
and governmental levels.

The Blue Economy concept was formally defined at the UN
itself in 2014, as having as its main aim: “improving human
well-being and social equity, significantly reducing environmental
risks and ecological fragilities” (United Nations, 2014a). The
prospective analysis for 2030 on Blue Economy is also addressed
in 2016 by the Organisation for Economic Co-operation and
Development (OECD), namely in its capacity to generate
economic growth based on innovation, contributing to the
future creation of “new blue jobs.” Special attention is devoted
to emerging ocean-based industries, in view of their high
growth and innovation potential, and the contribution to facing
challenges such as energy security, environment, climate change,
and food security (OECD, 2016). While the World Bank defined
the Blue Economy as: “The sustainable use of ocean resources for
economic growth, better livelihoods and jobs, preserving the health
of ocean ecosystems” (World Bank, 2017).

This is probably the greatest change in global oceans
governance since the end of World War II and the resulting
“New Global Orde,” which was itself the greatest conceptual
rupture since the Discovery Era in the XV and XVI centuries
which brought a “New Order” to oceans governance, where

the kingdoms of Portugal and Castille shared the domain of
the oceans. That power was recognised by the 1494 Treaty of
Tordesillas and, with it, the domain of maritime trade and the
possession of new lands and their natural resources. The Treaty
of Tordesillas, in addition to the possession of the discovered
lands, granted Portugal and Castile the right to maritime trade
routes, which would become global with the discovery of the “sea
route” to India, by Vasco da Gama in 1498, guaranteeing the
domain of the “Spice Route,” bypassing, and depleting the Arab
and Italian Republics dominance in east-west trade (Crowley,
2016; Waisberg, 2017). Together with Columbo’s voyage to
America and Magellans’s circumnavigation of the Earth, these
developments formed the basis of what is today considered the
first instance of globalisation. This global order was immediately
contested by the other maritime powers of the time, in particular
Netherlands, France, and England, only coming to an end in
the early XVII century with the thesis of the dutch lawyer Hugo
Grotius, standing for the freedom of navigation and oceans as a
common heritage3: the Mare Liberum concept opposing the Mare
Clausum of the Treaty of Tordesillas (Vieira, 2003; Torres, 2017).
The Mare Liberum principle ended up being one of the central
pillars of UNCLOS.

Surprisingly, this “status quo,” together with the “three-mile
cannon shot rule” applied to the first concept of a territorial sea
(Kent, 1954) in place until World War II, despite an attempt
to address it in 1930 by the predecessor of the UN, the extinct
Society of Nations (Zacharias and Ardron, 2020). The new global
order that emerged after World War II, particularly after the
1945 Conference of Yalta in the Crimea, reshaped global powers
into the “spheres of influence” in the West (United States) and
East (Union of Soviet Socialist Republics) in a way that several
authors considered a new Tordesillas Treaty, also reflecting
maritime power and technology (Jackson, 2019). it is within this
context that the Truman Declaration reflected three realities:
(i) the new balance of powers; (ii) scientific and technological
advances, and (iii) the need for oil. This truly represented the
industrialisation of the oceans, from oil exploitation to industrial
fisheries and a never seen explosion of maritime commerce
and shipping. For the second time in history, new science and
technology triggered a “Blue Growth Revolution,” leading to the
need of UNCLOS, which reshaped ocean governance. Today,
new technological developments are accelerating the rise of Blue
Growth, increasing the uses of maritime space (e.g., offshore wind
farms and aquaculture, blue biotechnology, mineral accessibility),
accordingly new rules are being discussed as social and political

3The thesis of Mare Liberum was actually developed to the defence of the Dutch
position in a well-known historical episode, which is the seizure of the Portuguese
vessel Santa Catarina by Dutch ships under the command of Admiral Jacob van
Heemskerck. The Santa Catarina was the largest vessel at the time with 1500 Ton,
and was travelling from Macau to Malaca loaded with the most valuable products
from China and Japan. The episode was a climax of the war between Holland,
Spain and Portugal for the control of the monopoly on trade of the East Indias.
The issue was that although van Heenskerk had no authorisation for that action,
many stakeholders of the Dutch East India Company were eager to put the hands
on the prize. On the other hand, several other stakeholders were very upset with
that action, which they considered an act of pure piracy, harming the reputation
of the company and, obviously, the Portuguese kingdom demanded the return of
the cargo. The scandal reached the courts, and the Dutch defence was delivered to
a brilliant lawyer – Hugo Grotius (Borschberg, 2002).
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ideas about ocean resources and governance processes changed
(Campbell et al., 2016).

For the EU the Atlantic is of critical geostrategic importance
as demonstrated by the approval in 2011 of the Atlantic Maritime
Strategy (EC, 2011) which became, together with its Action Plan,
the umbrella for the cooperation with other Atlantic nations,
leading to the Galway statement and the Atlantic Ocean Research
Alliance between the EU, the United States of America (USA)
and Canada (EU et al., 2013). Following this policy, the south
Atlantic became a priority leading to cooperation both with
Brazil4 and South Africa, which culminated with the signing
of the Belém Statement on Atlantic Research and Innovation
Cooperation in July 2017 and the launch of the European Union-
Brazil-South Africa Atlantic Ocean Research and Innovation
Cooperation (EU et al., 2017). Actually, in Atlantic South
America cooperation with Brazil is clearly a priority for EU as
shown by the joint Declaration by EC and Brazil (2015), showing
Brazil to be a key partner in the region.

This article addresses three main questions: (i) How has
ocean governance changed from an historical perspective? (ii)
what changes did Blue Growth bring to the governance models
of maritime space, particularly in the EU north-south Atlantic
border? (iii) what are the driving forces leading these changes?

MATERIALS AND METHODS

Research was performed during a 5-year period between 2016
and 2020. The following methodology is based on that developed
by Guerreiro et al. (2021) and utilised three main information
sources: (i) Existence of ocean policies and/or national strategies
for Blue Growth; (ii) Institutional frameworks for maritime
and marine governance, namely on Blue Growth and MSP;
(iii) Legal frameworks for maritime governance and maritime
spatial planning. The research was carried out using three
complementary processes:

i The first process involved 2 years of desktop research
(2016/17) focusing on European countries and addressing
case studies in Europe (Portugal, Netherlands, England,
and Norway) on the state of the art of Maritime Spatial
Planning (MSP) implementation, governance models and
institutional frameworks. Data were obtained both by
specific questionnaires addressed to national authorities,
through the institutional support of the Portuguese
National Council for Environment and Sustainable
Development and information available on institutional
websites (Casimiro and Guerreiro, 2019).

ii The second process (2018–2020) utilised the work being
carried out as part of the EU research project PADDLE5

involving Portugal, France, Netherlands, Cape Verde,
Senegal, and Brazil. Data were collected by local partners

4Cooperation with Brazil is strong and supported, in a first step, by the joint
Declaration by EU and Brazil, The Atlantic – our Shared Resource: Making the
Vision Reality.
5PADDLE: Planning in a liquid world with tropical stakes (www-iuem.univ-
brest.fr/paddle/project).

and EU project researchers, during dedicated secondments,
after a content match/cross reference of established terms
and concepts (Guerreiro et al., 2021).

For this article the information was analysed according to the
following three main blocks and according to the criteria explain
above was subject to coding of main contents and analysed using
qualitative techniques (with NVivo software) selected criteria6:

State of the Art of Blue Economy
Initiatives

(i) National Ocean Strategies;
(ii) Blue economy strategies/initiatives.

Mapping Government Structure and
Mandates

(i) Ministry/ministries with a mandate to promote blue
economy and/or MSP policies;

(ii) Institution/Agency with a mandate to develop and
implement the blue economy/MSP;

(iii) Coordinating structure for the blue economy and/or MSP.

Legal Analysis
Mapping the legal framework for:

i Governance of Maritime Space;
ii Spatial Planning/MSP.

After the analysis, the results of these main blocks were
used to support interviews performed with the main institutions
and agencies to clarify the actual range of action and
legal enforcement.

The third process involved a comprehensive literature review
being carried out on scientific data base using the following key
words: ocean governance, blue economy, blue growth, maritime
economy, marine governance, maritime spatial planning.

Information on legal and institutional frameworks may have
changed and were last checked end of 2020.

RESULTS

Assessment of institutional, legal, and political instruments
presented different realities and options, but all case studies
demonstrated evidence of initiatives directed towards a new
approach to the governance of maritime space and blue growth.
Tables 1, 2 summarise the information for England, France,
Germany, Netherlands, Norway, and Portugal. Tables 3, 4
summarise the information for Brazil, Cape Verde, and Senegal.

England
England’s approach to maritime governance changed
dramatically through the introduction of a holistic approach, in
line with EU IMP, by approving the 2009 the Marine and Coastal
Access Act which established a new institution, the Marine
Management Organisation responsible for the development of

6See also Guerreiro et al. (2021).
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TABLE 1 | Institutional framework for maritime space governance in European case studies.

Country Ministries Agencies Coordination bodies Other institutions Observations

England Ministry for the
Environment, Food and
Rural Affairs*
Ministry of Defence
Ministry of Housing,
Communities and Local
Government

Marine Management
Organisation*
Department for
Environment, Food & Rural
Affairs
Department of Energy &
Climate Change
Department of Transports

Marine Management
Organisation

Environment Agency
Natural England
Joint Nature
Conservation
Committee
Inshore Fisheries
Conservation
Authorities

A MoU was celebrated
among the several involved
agencies to enforce
cooperation.
Department for
Environment, Food & Rural
Affairs is responsible for
marine planning, Marine
Management Organisation
is responsible for preparing
marine plans.

France Ministry for the Sea*
Ministry of Ecological and
Inclusive Transition
Ministry of Agriculture and
Food

Directorate General for
Maritime Affairs*
Planning, Housing and
Nature
Directorate General of
Infrastructure, Transport
and the Sea
Directorate of Marine
Fisheries and Aquaculture

Interministerial
Commission of the Sea

General Inspection of
Maritime Affairs

Directorate General for
Maritime Affairs leads MSP
and coordinates National
Ocean Strategy/Blue Book.
Directorate General for
Maritime Affairs has
regional delegations

Germany Federal Ministry of Interior,
Building and Community*
Federal Minister for
Economic Affairs and
Energy*
Federal Minister of
Transport and Digital
Infrastructure*
Federal Ministry of Food
and Agriculture
Federal Minister for the
Environment, Nature
Conservation and Nuclear
Safety

Federal Maritime and
Hydrographic Agency
(BSH)
Waterways and shipping
Directorate-General

No coordinating body Directorate-General WR Federal Ministry of Interior,
Building and Community is
responsible for MSP
Federal Minister for
Economic Affairs and
Energy coordinates
Maritime Economy
Federal Minister of
Transport and Digital
Infrastructure coordinates
Maritime Agenda 2025
Federal Ministry of Food
and Agriculture is
responsible for fishing and
aquaculture
Federal Maritime and
Hydrographic Agency
(BSH) is the agency
responsible for MSP
WR is responsible for water
management

Netherlands Ministry of Infrastructure
and Water Management*
Ministry of Economic*
Affairs and Climate

Directorate General for
Public Works and Water
Management*

Interdepartmental
Directors’ Consultative
Body North Sea*

Directorate-General for
Nature, Fisheries and
Rural Affairs

Regional Articulation
through North Sea
Commission and the North
Sea Region Strategy

Norway Ministry of Climate and
Environment
Ministry of Trade, Industries
and Fisheries
Ministry of Petroleum and
Energy

Department for Marine
Management and Pollution
Control

Inter-Ministerial
Steering Committee*

Department for
Fisheries
Department for
Aquaculture
Institute of Marine
Research
Norwegian Maritime
Authority
Energy and Water
Resources Department

Ministry of Climate and
Environment leads MSP
Ministry of Trade, Industries
and Fisheries and Ministry
of Petroleum and Energy
lead Ocean Strategy and
Blue Growth

Portugal Ministry of the Sea*
Ministry for the
Environment and Climate
Action

Directorate General for
Maritime Policy*
Directorate General of
Natural Resources,
Security and Maritime
Services

Interministerial
Commission for
Maritime Affairs

Portuguese Institute of
the Sea and
Atmosphere
Environment Agency
National Institute for
Nature Conservation
and Forestry

Directorate General for
Maritime Policy leads
Ocean Strategy, Blue
Growth and MSP
Directorate General of
Natural Resources,
Security and Maritime
Services co-leads MSP

*Leading Agency/Department/Institution.
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TABLE 2 | Legal framework for blue growth and maritime space governance in European case studies.

Country Ocean/Blue growth
Policies/Strategies

Main legal framework Complementary/Subsidiary
legislation/Regulation

Observations

England “Maritime 2050 – Navigating
the Future”.

Marine and Coastal Access Act Marine and Coastal Access Act
embraces EU MSP Directive

The South Inshore and Offshore
Marine Plan Offshore Plans
were combined into the second
English marine plan to be
adopted in England.

France National Ocean Strategy/Blue
Book

Environmental Code
Transposed EU Directive on
MSP
Decree No. 2017-724 of 3 May
2017 integrating maritime
planning and the action plan for
the marine environment in the
sea front strategic document

National Strategy for Sea and
Coast
Sea Front Strategies
Sea Basin Strategies

Four sea-basin strategies (East
Channel – North Sea, North
Atlantic-West Channel, South
Atlantic, Mediterranean)

Germany Maritime Development Plan
Maritime Agenda 2025

Federal Spatial Planning Act Maritime Spatial Plan for the
North Sea
Maritime Spatial Plan for the
Baltic Sea

As a Federal State the territorial
sea of Germany includes spatial
plans under the specific
legislation of each state.

Netherlands Dutch Maritime Strategy
The 2024–2030 offshore wind
energy road map

National Water Act National Water Plan
Policy Document for the North
Sea 2016–2021

Netherlands’ Maritime Spatial
Plan is in force

Norway Ocean Strategy Planning and Building Act
Resolutions of the Parliament
White papers on MSP

Ocean Energy Act Spatial Plans for the three
maritime areas considered are
in force

Portugal Ocean Strategy Maritime Spatial Planning and
Management Law

Law Decree Regulates Maritime
Spatial Planning and
Management Law

Maritime Spatial Plan is in force,
with the exception of Azores
Islands sub-region

marine polices for English waters. Following this, the Marine
Policy Statement was approved in 2011 providing the framework
for maritime spatial management plans and the marine licensing
system. More recently in 2019, the “Maritime 2050 – Navigating
the Future” strategy was approved under the responsibility of
the Department for Transport. With several agencies involved in
maritime space governance a Memorandum of Understanding
(MoU) was signed among the several agencies involved to
enforce institutional cooperation.

France
France has a long and solid tradition of land spatial planning,
going back to the 50’s and has developed a comprehensive legal
framework for coastal management, supported by a “National
Strategy for Sea and Coast,” which is complemented by the “Sea
Front Strategies” and the “Sea Basin Strategies.” Embracing the
blue economy and blue growth, France developed a “National
Strategy for the Oceans/Blue book” in 2009. In 2016 the alteration
of the French Environmental Code introduced the notion of
maritime spatial planning and points to the Sea Basin Strategies
documents as the main tools through which MSP is implemented.
Recently in July 2020, the new French government created
the Ministry for the Sea with a clear mandate to increase
maritime economy and blue growth, as well as on ocean
governance and MSP.

Germany
Germany developed a Federal Spatial Planning Act in force
since 2004 and amended in 2017, to comply with the EU
MSP Directive, under which the Maritime Spatial Plans for the

Baltic Sea and the North Sea are developed. According to this
Act, the Federal Government is responsible for the MSP in
the German exclusive economic zone (EEZ) with the Federal
Ministry of the Interior, Building and Community responsible
for MSP. As a Federal State the territorial sea of Germany
includes spatial plans of the coastal federal states under specific
legislation for each state. Addressing Blue Growth, Germany in
2011 approved a national strategy for an integrated maritime
policy through the “Maritime Development Plan.” This strategy
was complemented in 2017 with the Maritime Agenda 2025,
aimed at strengthening the competitiveness of the strong German
maritime industry whilst giving equal consideration to the goals
of economic growth. For the North Sea, priority areas are
shipping, cables/pipelines, and offshore wind farms and for the
Baltic Sea the priority areas are shipping and offshore wind farms.

Netherlands
Netherlands developed a comprehensive legal framework on
maritime policy and governance supported by three main pillars:
the “National Water Act,” the “Land Use and Planning Act,”
and the “National Maritime Strategy.” The National Water Plan
provides a policy framework for MSP based on the Water Act
and includes a Policy Document first published in 2009 and
revised every 6 years. The Policy Document includes Netherlands’
Maritime Spatial Plan and reflects the Dutch Government’s
policy choices for the North Sea. The Ministry of Infrastructure
and Water Management heads the Interdepartmental Directors’
Consultative Body North Sea which is the MSP authority.
The Dutch Maritime Strategy 2015–2025 sets the strategic
goals for the maritime economy and blue growth led by the
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Ministry of Economic Affairs and Climate. Being Netherlands, an
economy strongly supported by the maritime cluster composed
of shipping and harbours and a strong bet on renewable energies,
namely offshore wind farms is in place. As the North Sea
is one of the busiest in the world, surrounded by several
countries both Netherlands and Germany comply with regional
cooperation through the North Sea Commission and the North
Sea Region Strategy.

Norway
Norway is one of the world leaders of ocean economy: Oil and
Gas, fisheries, shipping, ship building and repair together with
high-level technical ocean industries make the core of the ocean
cluster (EC, 2021a), whose industries represent 70% of exports
income. Moreover, Norway is one 14 the countries represented
on the High-level Panel for a Sustainable Ocean Economy
(Ocean Panel). The new Ocean Strategy (Norwegian Ministry
of Trade, Industry and Fisheries and Norwegian Ministry of
Petroleum and Energy, 2017) assumes Blue Growth through
green restructuring, aiming at becoming the world’s foremost
ocean economy. Sea Food/Aquaculture, Subsea technology and
mineral resource exploitation are earmarked as the sectors to
lead their Blue Growth strategy. Three ministries and several

government agencies are involved in the Norwegian marine
governance framework, each with different responsibilities (see
Table 1). Norway also adopted MSP and the design of
the management plans is coordinated by an Inter-Ministerial
Steering Committee, chaired by the Minister for Environment
and Climate Change. The Planning and Building Act from
2008 covers both terrestrial and marine spatial planning.
The Norwegian maritime space was divided into three areas,
according to geographical characteristics: 1 – Barents-Lofoten
Sea, 2 – Norwegian Sea, and 3 – North Sea and Skagerrak.
Parliamentary resolutions and authorisations, commonly known
as “white papers,” set the goals and targets for MSP which are
already in force.

Portugal
Portugal developed its first Ocean Strategy back in 2006, being
one of the first EU countries to do so. The third generation
of Ocean Strategies (2021–2030) is now entering into force
and Blue Growth is one of the main cores, focusing on
renewable energies, aquaculture, blue biotechnology, nautical
tourism, and the traditional sectors of harbours and shipping.
The institutional framework is clear with a Ministry for the Sea
and two new institutions created, namely the General Directorate

TABLE 3 | Institutional framework for maritime space governance in Tropical Atlantic case studies.

Country Ministries Agencies Coordination bodies Other institutions Observations

Brazil Ministry of Defence
Ministry of Tourism
Ministry of Environment
Ministry of Infrastructure
Ministry of Mines and
Energy
Ministry of Science,
Technology, Innovations
and Communications
Ministry of Agriculture,
Livestock and Supply

Department of Fisheries
Development and
Planning
Department of
Aquaculture Development
and Planning
Brazilian Institute of
Environment and
Renewable Natural
Resources
National Waterway
Transportation Agency
National Agency of
Petroleum, Natural Gas
and Biofuels
National Mining Agency

Interministerial
Commission for Sea
Resources*

Department of
Aquaculture and Fisheries
Registration and
Monitoring
Mineral Resources
Research Company
Department of Science
Policies and Programmes
Nautical Tourism
Technical Working Group

Interministerial
Commission for Sea
Resources is empowered
to develop MSP.
Department of Science
Policies and Programmes
includes the General
Coordination of Oceans,
Antarctica and
Geosciences, responsible
for research policies in the
areas of Oceans

Cape Verde Ministry of Maritime
Economy*

Directorate General for
Maritime Economy*
Directorate General for
Marine Resources*

No coordinating body Marine Institute
Maritime and Port Institute
National Institute for
Territorial Management
Special Economic Zone of
Maritime Economy
National Directorate of
Environment

MSP will be developed by
Directorate General for
Maritime Economy with
the support of National
Institute for Territorial
Management.

Senegal Ministry of Fisheries and
Maritime Economy*
Ministry of local
communities and Land
Use Planning
Ministry of the
Environment and
Sustainable Development
Ministry of Oil and Energy

National Agency for
Maritime Affairs

No coordinating body National Agency of
Aquaculture
Directorate of Marine
Fisheries
Directorate of
Management and
Exploitation of the Seabed
National Agency for
Spatial Planning
Directorate of Marine
Protected Areas

There is a High Authority
Responsible for the
Coordination of Maritime
Security, Maritime
Security and the
Protection of the Marine
Environment
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TABLE 4 | Legal framework for blue growth and maritime space governance in Tropical Atlantic case studies.

Country Ocean/Blue growth
Policies/Strategies

Main legal framework Complementary/Subsidiary
legislation/Regulation

Observations

Brazil National Maritime Policy
National Policy for Sea
Resources

National Coastal
Management Plan

Sectorial Plan for Sea
Resources

No dedicated Blue Growth Strategy but
some sectoral plans are in course:
(i) Evaluation of the Mineral Potential of
the Brazilian Legal Continental Platform;
(ii) Blue Biotechnology;
(iii) Aquaculture and Sustainable
Fisheries

Cape Verde Chart for the promotion of
Blue Growth in Cape Verde
National Blue Economy
Investment Plan and the
Programme for the Promotion
of the Blue Economy

Law on Urban and Spatial
Planning
Spatial Plans for Coastal
Zones and the Adjacent Sea
(POOC_M)

Regulatory Decree for Land
and Urban Planning

Specific legislation and regulation for
MSP is being developed

Senegal No National Maritime Policy The Code of Urbanism
Environment Code

Regulatory decree of the
Code of Urbanism

National Strategy for Marine Protected
Areas

for Maritime Policy, responsible for national strategies and
blue growth policies, and the Directorate General of Natural
Resources, Security and Maritime Services, responsible for the
implementation of MSP. The MSP, Management Law and its
regulatory decree were approved in 2014 and the national
maritime spatial plan was approved in 2019.

Brazil
Brazil did not develop a specific Blue Growth Strategy; however,
it has a long-established Approves the National Maritime Policy
(PMN), 1994 and Approves the National Policy for Sea Resources
(PNRM), 2005, which has established coastal conservation
and management as a national priority since the late 80’s.
Furthermore, several programmes addressing Blue Economy and
Growth are in progress: (i) Evaluation of the Mineral Potential of
the Brazilian Legal Continental Platform; (ii) Blue Biotechnology;
(iii) Aquaculture and Sustainable Fisheries, in addition to these
initiatives there are also several public and private projects
focused on renewable energies at sea. Brazil, much like other
south American Atlantic nations (e.g., Argentina) did not create
a ministry for the sea and responsibilities are spread over
seven different ministries, although more weight is given to
the Ministry of Defence7 with the permanent secretariat of
the Interministerial Commission for Sea Resources, where 13
ministries have a seat, headed by the civil house of the President
of the Republic. Interministerial Commission for Sea Resources
is the leading structure dedicated to coordinate sectoral policies
and recently created a working group to develop a proposal for
legislation on Maritime Spatial Planning (Guerreiro et al., 2021).

Cape Verde
The “Chart for the promotion of Blue Growth in Cape Verde”
approved in 2015 followed by the “National Blue Economy

7The other six ministries are: (i) the Ministry of Mines and Energy (oil and
gas exploitation); (ii) the Ministry of Infrastructure (ports and shipping); (iii)
the Ministry of Agriculture, Livestock and Supply (aquaculture and fisheries);
(iv) the Ministry of Environment (nature conservation); (v) the Ministry of
Tourism (tourism policies and nautical tourism); and (vi) the Ministry of Science,
Technology, Innovations and Communications (General Coordination of Oceans
research, Antarctica and Geosciences).

Investment Plan” and the “Programme for the Promotion of the
Blue Economy” in 2018, are the three pillars used to enhance
the Blue Economy and Blue Growth that Cape Verde clearly
embraces. Furthermore, this political choice was supported at
the governmental and institutional level, with the creation also
in 2018, of a Ministry for Maritime Economy alongside two
new agencies: (i) Directorate General for Maritime Economy,
mandated to coordinate and develop MSP and (ii) Directorate
General for Marine Resources instructed to launch a new
maritime governance framework. Since 2006 Cape Verde has
had a solid legal framework for land and urban spatial planning,
with spatial land and coastal plans developed by the National
Institute for Spatial Planning. Directorate General for Maritime
Economy will coordinate with National Institute for Spatial
Planning and Directorate General for Marine Resources maritime
spatial planning and will propose the legal framework, presently
under development. Recently Cape Verde created the Special
Economic Zone of Maritime Economy in Saint Vicente. Finally,
it should be highlighted that in 2018, the European Commission
and the government of the Republic of Cape Verde signed a new
research and innovation cooperation arrangement: the Mindelo.
This arrangement aims at strengthening and enhancing research
and innovation cooperation for blue growth.

Senegal
According to the World Bank, Senegal is one of the top ten
growing economies, largely supported by the maritime economy
namely oil exploitation, fisheries, and coastal tourism (Diedhiou
and Yang, 2018). Much like Cape Verde, in 2019 Senegal
gave clear signs of embracing the Blue Economy as the new
government included a Ministry for Fisheries and Maritime
Economy. However, with oil exploitation assigned to another
ministry and a further five ministries8 involved in maritime
governance, there is no coordinating body. No specific ocean
strategy is yet developed, but the medium and long term National
Plan (Plan National Emérgent) singles out fisheries, aquaculture

8The other four ministries are: Ministry of local communities and Land Use
Planning; Ministry of the Environment and Sustainable Development; Ministry
of Oil and Energy; Ministry of Tourism and Airways.
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and coastal tourism as strategic areas to develop together with
shipping and seabed mineral exploitation. Senegal also has a
strong focus on urbanism and spatial planning with a clear system
and instruments in place, however, coastal spatial management
is long absent, leading to several illegal buildings and logging
on the coastline, particularly along the most attractive touristic
locations (Guerreiro et al., 2021). On the other hand, marine
conservation has been a clear political concern and the Ministry
for the Environment and Sustainable Development created a
national strategy for marine protected areas in 2013.

DISCUSSION

The Historical Perspective
It is not the first time the world faces a “Blue Growth Revolution”;
historical facts of the “Discovery Era” are well known, changing
the global maritime commerce and economy, as well as Ocean
Governance, from the Tordesilhas (Mare Clausum) Treaty to
Mare Liberum. However, little is said about what made it
possible - navigation, which was coastal, became oceanic based on
advances in three sciences: (i) cartography, (ii) nautical science,
and (iii) naval architecture. This was the first true affirmation
of science as an instrument for the control of the seas and as a
State’s policies (Albuquerque, 1983). The central question, from
a historical perspective, is that the uses of the oceans were, for
centuries, mainly two: fisheries and commerce, the latter being
the dominant issue in the geostrategy of nations and determining
its military use. This perspective was essentially maintained until
the end of the World War II when the 1945 Truman Declaration,
claimed the wright to explore oil within the continental shelf.
As stated by Campbell et al. (2016), politically, existing national
and multinational oceans governance is a product of post–World
War II constructions of the nation state and of the international
order established by the UN. The point to highlight is that what
triggered the move to a new approach for the governance of the
oceans and maritime space was, again, technology development
allowing a new use of maritime space and its economic return.

In the past two decades, technological developments have
increased not only uses of the maritime space, from wind farms to
offshore aquacultures, but established new frontiers, as deep-sea
mining is reaching areas beyond national jurisdiction and forcing
new rules that are being negotiated in the International Seabed
Authority. These new rules may or may not uphold the common
heritage principle; the evidence is that social and political ideas
about ocean resources and governance processes changed; to
understand the scope and impact of this dramatic change, it is
fundamental to put it in a historical perspective (Campbell et al.,
2016). Blue Growth Strategies, arising and developing almost in
every continent and ocean, encompass what can be considered as
a new (third) wave of “Blue Growth Revolution.”

The Rise of Blue Growth and
Assessment of Key Drivers
The Blue Growth Strategy launched by the EU is, from the
very beginning, focused in enhancing economy and creating
new jobs as it is clear from the 2012 Limassol Declaration
(EC, 2012b) “A Marine and Maritime Agenda for Growth and

Jobs” stating that: “(i) (. . .) the current economic context requires
the European Union to find a quick and effective path to recovery
based on smart, sustainable and inclusive growth; (ii) (. . .) they
must address the objectives of the Europe 2020 strategy from
innovative perspectives that can unlock new sources of growth and
jobs; (iii) (. . .) the marine and maritime sectors are decisive for
the growth and employment of the EU economy”. Furthermore,
by defining five strategic sectors, the EU appealed to the
leading innovating sectors, from blue biotechnology to renewable
energies, offshore aquaculture, and deep-sea mining. Again,
scientific innovation and new technology are demonstrated to be
key in not only creating added value, but also promoting new uses
of the maritime space.

All European cases studied, from Norway to Portugal, began
to develop their main political instrument, an Ocean Strategy
or similar, even before the development of a legal framework
for maritime spatial planning (MSP). Specifically, the key issue
is the new uses of maritime space, substantially enlarging the
universe of stakeholders involved, demanded new instruments
for the governance of the maritime space to avoid conflict of uses
and stakeholders and guarantee the safety of investments and
trust of investors – that is the aim of the 2014/89/EU Maritime
Spatial Planning Directive. Accordingly, MSP soon became the
core zoning instrument to accommodate central sectoral political
planning drivers, to benefit industry development (Jones et al.,
2016). This clearly led to a top-down approach, rather than a
more democratic involvement of stakeholders in the planning
(Flannery et al., 2019). Moreover, soon industry became a priority
over a more sustainable ecosystem approach, as became clear
from the expansion of offshore wind farms in Netherlands (Vrees,
2019; Spijkerboer et al., 2020), or in Portugal, where the offshore
wind farm project Windfloat9 obliged local artisanal fishermen
to abandon their traditional fishing grounds, after negotiating a
compensation of 1,2 million euro. This highlights the priorities
for Blue Growth, clearly expressed in Portuguese MSP legislation
(Diário da República, 2014): “ when there is a case of conflict
between uses or activities, in progress or to be developed, in the
national maritime space, in determining the prevailing use or
activity, the following criteria of preference are used in determining
the prevailing use or activity, provided that the good environmental
status of the marine environment and coastal areas is ensured:
Greater social and economic advantage for the country, namely by
creating jobs and qualifying human resources, creating value and
contributing to sustainable development (. . .)” Although always
appealing to the sustainable development and an ecosystem
approach, the truth is that the driver is economics, following the
blue growth agenda.

Rio +20 Conference pushed the globalisation of the Blue
Economy and several initiatives are now going on, from ocean
to ocean, also highlighted with the approval of the Africa Blue
Economy Strategy in 2020 (African Union InterAfrican Bureau
for Animal Resources, 2019).

In the south Atlantic and particularly in Africa, the
move towards Blue Economy started in 2012 with the
approval of the Africa Integrated Maritime Strategy 2050
(Africa Union Commission, 2012) and the assumption that the

9https://www.edp.com/en/innovation/windfloat

Frontiers in Marine Science | www.frontiersin.org 9 September 2021 | Volume 8 | Article 681546307

https://www.edp.com/en/innovation/windfloat
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/marine-science#articles


fmars-08-681546 September 2, 2021 Time: 15:26 # 10

Guerreiro Blue Growth Challenge to Maritime Governance

Blue Economy was vital for the development of the African
continent (Republic of Seychelles, 2014). In 2016 the United
Nations Economic Commission for Africa draw the Blue
Economy for Africa Roadmap (United Nations Economic
Commission for Africa, 2016). Finally, the Sustainable Blue
Economy Conference that took place in Nairobi, Kenya in
2018,10 under the theme "Developing a sustainable blue economy;
increasing momentum for Africa’s Blue Growth" (Sustainable
Blue Economy Conference Technical Documentation Review
Committee, 2018) paved the way for the approval of the Africa
Blue Economy Strategy (African Union InterAfrican Bureau
for Animal Resources, 2019). The Africa Blue Economy
Strategy focuses on five critical blue economy vectors,
considered as thematic areas: (i) Fisheries, aquaculture and
ecosystems conservation; (ii) Shipping, transportation and trade;
(iii) Sustainable energy, extractive minerals, gas, innovative
industries; (iv) Environmental sustainability, climate change,
and coastal infrastructure, and (v) Governance, Institutions
and social actions. This approach is in line with the Africa
Agenda 2063 (Africa Union Commission, 2015) which already
highlighted that: “Africa’s Blue/ocean economy, which is three
times the size of its landmass, shall be a major contributor to
continental transformation and growth, through knowledge on
marine and aquatic biotechnology, the growth of an Africa-wide
shipping industry, the development of sea, river and lake transport
and fishing; and exploitation and beneficiation of deep sea mineral
and other resources.” It becomes clear that, also in Africa,
blue economy is seen as a key driver for economic growth
and job creation, overcoming the environmental sustainability
dimension, which becomes evident as all case studies in Africa,
although embracing blue growth and adapting government
structures accordingly, did not develop any legal framework
for MSP, although several initiatives are in course in some of
the countries (e.g., Cape Verde). The exception is South Africa,
benefiting from the European Union-Brazil-South Africa
Atlantic Ocean Research and Innovation Cooperation, became,
in 2018, the first country in Africa to develop a MSP legal
framework11 together with a national policy to support Blue
Growth: (Operation Phakisa12) revealing four critical areas: (i)
Marine Transport and Manufacturing; (ii) Offshore Oil and
Gas Exploration; (iii) Aquaculture; and (iv) Marine Protection
Services and Ocean Governance.

Surprisingly, Atlantic south America, particularly Brazil,
Uruguay, and Argentina, seem a little behind this Blue Growth
Agenda, although some steps are being taken. Brazil, the principal
partner of EU in the region,13 seems to take the lead with several
specific projects going on (offshore aquaculture, ocean renewable
energies and blue biotechnology) and it has long developed a
National Maritime Policy and a National Policy for Sea Resources
(Guerreiro et al., 2021).

It is now clear that, following Rio +20, the term and concept
of Blue Economy, increased its circulation and acceptance all

10http://www.blueeconomyconference.go.ke/
11Act No. 16 of 2018: Marine Spatial Planning Act, 2018.
12https://www.operationphakisa.gov.za/
13See the joint Declaration by EU and Brazil, The Atlantic – our Shared Resource:
Making the Vision Reality.

over the world. Governments of coastal states and corporate
actors, from ocean to ocean, are promoting the Blue Growth
agenda by framing the oceans as a place for good business, “ripe
for development” and teeming with opportunity to stimulate
economic growth. Since 2016 the OECD claimed that the ocean
economy is the answer to a slowing global economy strongly
linking this growth to innovation networks in key sectors (OECD,
2016, 2019), matching the Blue Growth approach of the EU. As
Silver et al. (2015) highlighted, the EU has perhaps most overtly
tied the term blue economy to capitalisation and accumulation
by naming and prioritising five key “Blue Growth” sectors of the
economy: biotechnology, renewable energy, coastal and marine
tourism, aquaculture, and mineral resources (European Union,
2014; EC, 2020).

This relationship between government policies, innovation,
investors and blue growth has become increasingly close and
as Van den Burg et al. (2017) refer: “these sectors are still in
development and various risks reduce the willingness to invest.
Risk mitigation should be seen as a shared responsibility of
entrepreneurs, investors and governments. Government support
must go further than financial support for research and
development or technological demonstration projects. Proven
technologies get stuck in the Valley of Death as investors alone are
not willing to take the risk associated with upscaling of promising
technologies. Tied in a reciprocal relationship, governments need to
attract private investors—their capital, knowledge, and networks—
to further grow of the Blue Growth sectors while investors need
stable, predictable, and effective government support schemes to
mitigate their financial risks.”

The truth is, as policies and governance practices shape
economy and entrepreneurship innovation, the reverse is
also true; specific economic sectors, development initiatives,
or innovation agendas condition political discourses and
influence project funding, as well as suggesting governance
mechanisms and instruments seen as most appropriate to
their interests.

Changes in Governance Framework in
Response to the Blue Growth Agenda14

The integrated Maritime Policies and Blue Growth, quickly
proved to have a deep impact on the organisational structure
of governments, institutions and new legal frameworks on
maritime and marine governance, namely Maritime Spatial
Planning (MSP). In this way, and in addition to the specific
legal framework on the planning and licensing of activities
in maritime space, several governments were obliged to either
create specific ministries for the sea, or at least, specific
agencies. Accordingly, institutional networks have evolved with
the creation of new agencies with specific competences in the
development of national strategies for the ocean, implementation
of the Blue Growth Strategy and maritime spatial planning. In
fact, the need for institutions with a clear mandate for MSP

14 The institutional and legal frameworks refer to December 2020 and may have
change when this article is published.
and strong supporting legislation, has been pointed out since the
very beginning, as a sine qua non-condition for the success of
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the maritime planning process and, consequently, Blue Growth
Strategies (Ehler and Douvere, 2009), Also, the need to improve
management authority, management capacity and resources,
together with the commitment of officials and intergovernmental
coordination/collaboration, was considered critical in order for
the successful implementation of MSP (Liu et al., 2011). More
and more actors stand for the need to create an authority for
MSP as a guarantee of the success of the process and interface
among agencies and stakeholders (Albotoush and Shau-Hwai,
2021). This impact at the institutional level was anticipated by
the EU itself by creating Directorate-General for Maritime Affairs
and Fisheries, upgrading and extending the mandate of the “old”
Directorate-General for Fisheries.

This reshaping of the institutional framework did not come
without tensions among “new” and “old” agencies, particularly
where mandates over the maritime and marine space are split
between several ministries as it is the case of Germany and
no coordinating body was created (Aschenbrenner and Winder,
2019). In England, the excessive complexity of the institutional
framework led the government to create the Marine Management
Organisation, fully empowered for marine regulation, MSP,
marine licensing and maritime conservation zones. Nevertheless,
there was a need to put in place an MoU among the several
agencies with mandates over marine space, precisely to prevent
possible institutional conflicts (Boyes and Elliott, 2015). Often
these tensions arise among agencies confronting the blue growth
economic approach vs. the ecosystem-based management of
marine space. Moreover, this is also a confrontation putting
a maritime vs. a marine vision at loggerheads, ending up to
be conflict between soft sustainability vs. hard sustainability
(Frazão-Santos et al., 2014a,b). Tensions arose since the
very beginning even within EU, more precisely between the
Directorate General of Environment and the new Directorate
General for Maritime Affairs and Fisheries particularly on the
application of the Marine Strategy Framework Directive and
MSP directives (De Santo, 2015). Moreover, these tensions
among governmental agencies are a sign that there is a need to
rethink the institutional framework, as well as the need for new
legal frameworks regarding marine governance. As Kelly et al.
(2018) pointed out, the rethinking of both institutional and legal
frameworks for marine governance is still in its infancy and will
involve transformative change of institution values and practices.

At the higher political level, the two countries with the largest
EEZ’s in EU, France and Portugal, both with a particular historical
and geostrategic interest in the south Atlantic maritime space,
clearly recognised the political importance of ocean policies by
creating specific ministries and specific agencies during last years.
Several other countries, although not changing government
structure, reshaped ministries mandates in order to respond the
Blue Growth challenges: this is the case of Italy with the Ministry
for the Environment, Land and Sea protection; Netherlands, with
an enlarged mandate for the Ministry of Infrastructure and Water
Management; Spain where the Ministry of Ecological Transition
created a specific General Directorate for the Sustainability of
the Coast and the Sea, and England enlarged the mandate of the
Ministry for the Environment, Food and Rural Affairs, giving
it the head of the new Marine Management Organisation. It

becomes clear that there is a trend to assign new competences to
the ministries of environment over the marine space, whenever a
specific ministry for the sea is not in charge.

Nevertheless, cross cutting sectoral policies and a new
universe of stakeholders, demanded both horizontal and vertical
coordination to facilitate governance, but reality revealed that
there is an increased difficulty in coordinating policies at the
horizontal level compared with the vertical level. Martino (2016)
addressing this issue, found that some regions have developed
institutions based on an inter-sectoral coordination committee
or an advisory body, while others have chosen an internal
proactive collaboration to resolve conflicting interests between
directorates. Moreover, these regions are also extending coastal
management into maritime spatial planning, trying to tackle
conflicts emerging from land/sea interactions based on two
different spatial planning systems and instruments (Casimiro
and Guerreiro, 2019). A wide range of authorities, from fisheries
to environment and ecology, maritime authorities, shipping,
and harbours industries, councils and urban planning are
involved in the administration of maritime and coastal space, a
mishmash that Freire-Gibb et al. (2014) considered “institutional
ambiguity.” Peart (2017), when pointing out this increasing
complexity, suggested the establishment of a governance entity
with certain powers and representatives from different sectors.
Several governments follow this path and create Interminsterial
Commissions, or similar bodies, in order to articulate sectoral
policies, as is the case of France, Netherlands, Norway, and
Portugal. In England, as seen, despite the creation of the
Marine Management Organisation several entities were involved
in MSP/Blue Growth strategies and the government had to
promote MoU between the entities to facilitate the articulation
of responsibilities (Boyes and Elliott, 2015).

Not surprisingly in the African Tropical Atlantic, changes
began to arise at the Governmental level, as in Senegal and
Cape Verde, with the creation of specific Ministries dedicated
to the Maritime Economy also under the benefit of the EU
Atlantic Maritime Strategy and cooperation with EU. Cape Verde
can be considered a case study as it developed a full reform
of political and institutional frameworks following the Blue
Economy, not only by creating a Ministry for Maritime Economy
and a dedicated agency also empowered for MSP, but also by
developing specific strategical policies such as: (i) the Charter
for the promotion of Blue Growth in Cape Verde; (ii) National
Blue Economy Investment Plan, and (iii) the Programme for the
Promotion of the Blue Economy. Following these policies, Cape
Verde is presently developing the proposal for MSP legislation.
That move is also clear on the south Atlantic coast where the
Benguela Current Convention the Marine Spatial Management
and Governance Program15 is supporting the development
of MSP and National Ocean Strategies in Angola, Namibia,
and South Africa.

In Atlantic South America, Brazil, although has no specific
Ministry for the Sea exists and competences are spread
throughout seven ministries. However, an Interministerial
Commission for Sea Resources coordinates sectoral policies and

15http://www.benguelacc.org/index.php/en/marisma
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was recently empowered to develop MSP specific legislation.
Neverthless, Brazil is behind the international schedule on
MSP and the process may have limited progress due to
institutional conflicts and a poor understanding of the MSP
process (Gerhardinger et al., 2019). Argentina, despite its large
EEZ of 2,860,000 Km2, did not develop a specific Blue Growth
Strategy nor MSP16 and, as in Brazil, competences are split
between 7 ministries, although the lead is taken by the Ministry
of Environment and Sustainable Development. Nonetheless,
the country has a Federal Integrated Coastal Management
Strategy, agreed upon within the framework of the Federal
Environment Council and endorsed by Resolution No. 336/2016.
Brazil and Argentina were classified by Shinoda (2018) as being
in the pre-plan development step according to IOC/UNESCO
criteria. Uruguay, similarly, to Brazil and Argentina, also splits
governance between seven ministries addressing the maritime
sectors but the country did not develop a specific Blue
Growth strategy or MSP. However, regional and transboundary
cooperation between Brazil and Uruguay is on course and, in
December 2019, during a binational training course, promoted
by IOC/UNESCO, experts and official representatives from Brazil
and Uruguay shared experience and knowledge on processes
related to MSP and Sustainable Blue Economy in the region17

and both countries committed to having their marine spatial
plans ready by 2030. Uruguay also participated in the Food and
Agriculture Organisation initiative for Global Blue Growth18 to
Latin America and Caribe.

It is also clear that the main instrument used to successfully
implement the Blue Growth strategy is Maritime Spatial
Planning, now going on in more than 70 countries all over
the world,19 trying to avoid conflicts among users/stakeholders,
guarantee the safety of investments and promote a sustainable use
of the maritime space. However, reality shows that MSP became
an instrument of sectoral planning focused on zoning and, as
Trouillet (2020) highlighted, MSP takes on the appearance of a
process benefiting for all, reinforced by a consensual narrative,
when in reality MSP responds to injunctions emanating either
from sectoral economic logics or from conservationist objectives
and rarely both. These negative evaluations are leading to
growing scepticism among scholar communities that MSP is not
facilitating a paradigm shift towards publicly engaged marine
management, and that it may simply repackage power dynamics
in the rhetoric of participation to legitimise the agendas of the
dominant actors (Flannery et al., 2018).

It becomes clear that scientific innovation led to new uses
of the sea, which led to a dramatic change in the legal and
institutional frameworks for the governance of maritime space.
Merrie and Olsson (2014), drawing on innovation theory, trace
the emergence and spread of MSP as an idea and technology. The
authors identify what they call “institutional entrepreneurs”—a

16A first reference study for maritime spatial planning was developed in 2011
entitled “Lineamientos para la incorporación de la problemática del mar Argentino
en la planificación territorial” (Koutoudjian, 2011).
17http://www.mspglobal2030.org/brazilian-and-uruguayan-experts-advance-
recommendations-for-msp-and-sustainable-blue-economy/
18http://www.fao.org/zhc/detail-events/en/c/233765/
19http://www.mspglobal2030.org/msp-roadmap/msp-around-the-world/

key network of global actors in the marine community involved
in knowledge exchange and promotion of MSP and conclude
for the need to address the intersection between technological,
social, and ecological systems when studying the spread of
innovations that can benefit both people and the planet. That also
underlines the need for regional and transboundary cooperation,
both at the level of regional seas and oceans. Tatenhove et al.
(2014) elaborating on regional cooperation for European seas,
concluded that increasing stakeholder participation, a much-
desired development in the regional organisation of marine
management as expressed by the stakeholder community, will
increase the costs of the policy making process. If stakeholder
participation is not embedded in a wider institutional setting
in which the participation of stakeholders is directly related
to the policy process and the degree to which decisions taken
are binding, the increase of costs does not lead to a smother
running model. Moreover, the transboundary dimensions of blue
growth and MSP challenges the inter-jurisdictional relations and
governance leading to the development of inter-relations, not
just of the geographies and maritime resources and activities
of the marine areas concerned, but also of the systems of
data management, governance and policymaking and of the
participants involved as officials or stakeholders, including their
means and cultures of exchange. However, the imperative
for neighbouring administrations to work in a transboundary
manner is not easily turned into practice. Difficulties may be
faced that are procedural, such as attempting to match different
administrative systems and processes, technical, such as drawing
together data and finding effective means of communication,
and political, such as managing divergent policy priorities across
borders. Most fundamentally, there is likely to be continuing
tension between authorities maintaining their territorial interests
and yet seeking to work towards shared interests (Jay et al., 2016).

CONCLUSION

Until the turn of the century the existing national and global
oceans governance was a product of the post–World War II
international order, established by the UN where UNCLOS set
the rules for the governance of national maritime spaces, as
well as for the areas beyond national jurisdiction. However,
particularly in the past two decades, technological developments
have increased not only uses of the maritime space, from
wind farms to offshore aquacultures, but established new
frontiers, as deep-sea mining is reaching areas beyond national
jurisdiction and forcing new rules that are being negotiated in the
International Seabed Authority.

As this analysis highlights, the economy of the oceans and
blue growth is today an imbricated network of political decisions,
investments driven by the state and private corporations as well
as scientific and technological innovation. This in turn, ends up
having an increasingly dramatic impact on the reformulation
of the maritime space governance network, both at the level
of institutions and legal frameworks, and in the governments
structures and policies themselves. In short: it is the governance
of the oceans that is being reshaped.
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One of the key issues to highlight in the governance of
maritime space is that if Blue Growth shows a top-down
approach, with centralised command from governments and
economic power, it also had a boomerang effect at the
institutional level up to the top. Effectively, governments had
to change the institutional framework in order to adapt to
the demands and challenges of new blue economy: (i) spatial
planning and licensing of maritime space, together with the
regulation and promotion of Blue Growth, demanded specialised
institutions (e.g., General Directorate for Maritime Policy and/or
General Directorate for Maritime Economy; (ii) the growth of
stakeholders and potential for conflicts demanded new schemes
for intersectoral coordination both at the governmental level as at
the institutional/agencies level (e.g., Intersectoral Commissions,
Interministerial Commissions, MoU among agencies, regional
coordination commissions); (iii) the change in government
structures itself with the creation of Ministries for the Sea and/or
Maritime Economy or at least the enlargement of mandate of
existing ministries (e.g., Ministry of Environment); (iv) the need
for regional and transboundary cooperation and new governance
mechanisms to achieve it.

Although advancing at different speeds, Blue Growth
strategies and their instruments, particularly its main legal
instrument, MSP, spread from the Atlantic to the Pacific
and Indian Ocean, and is reshaping ocean governance in all
continents. However, responding to the Blue Growth agenda,
MSP becomes a technical issue, focused on the allocation
of spaces rather than on good governance Flannery et al.
(2019). Due to the dominance of Blue Growth discourse within,
particularly in the EU, the problems to be addressed by MSP
no longer relate to good environmental governance, but rather,
are concerned with creating the appropriate conditions for the
rapid expansion of particular industries. The EU approach to
Blue Growth MSP clearly influenced the Atlantic, particularly
in Africa, as the cases studied show a leading drive for the
maritime economy which is encouraged by the vision of Africa’s
Blue Growth Strategy and the SIDS positioning towards Blue
Growth, since 2012 Rio +20 UN Conference. The EU Atlantic
Maritime Strategy together with the Belém Declaration clearly
influenced the path for Blue Growth from Cape Verde to
South Africa, either by cooperation of the EU with several
countries and/or bilateral cooperation of EU countries with
ancient colonies, as it the case of England, France, Germany, and
Portugal. Likewise, this influence is extending to Latin America,
particularly to Brazil but also on the Latin-America/Caribbean
axis states, driven by the global initiative UNESCO/IOC/EU for
MSP. Somehow the EU, very recently, on May 2021, recognised
this shift of MSP towards “soft sustainability” rather than
“hard sustainability” or ecosystem approach, by approving the
Communication “On a new approach for a sustainable blue
economy in the EU Transforming the EU’s Blue Economy for a
Sustainable Future” (EC, 2021b).

It became clear that as land-based economies slow down
and the depletion of terrestrial resources increases, this results
in a greater interest in the economic opportunities contained
within and under the sea (OECD, 2016). But, while maritime
trade and commerce, fishing, coastal tourism, and oil and gas

exploitation are “business as usual,” new technologies introduced
competing uses for maritime spaces, being offshore wind farms,
off shore aquaculture, deep sea mining or blue biotechnology,
revealing a shift to a more centralised and planned economy,
which allocates “ownership” and establishes mechanisms and
governance systems designed to protect national assets and
private investments, introducing what some authors claim to be a
“neoliberasation” of the oceans and the privatisation of common
property spaces (Voyer et al., 2018).

The evolution we are facing today is most probably the third
wave of the “Blue Growth Revolution” and the most significant
the world has faced in the last six centuries, and probably the one
that will have a deeper impact in Ocean Governance at a regional,
national, and global scale. Science and technology triggered a new
ocean economy and economy pushing governments to reshape
the governance of maritime space, from legal to institutional
and governmental frameworks. Moreover, it will once again raise
the issue of equity and, as Bennett et al. (2021) argue, blue
growth, as it is, can produce numerous environmental and social
injustices and achieving “blue justice” may require a substantial
change to ocean governance, which may also entail a substantial
change in who is involved in the decision-making processes
and in the way that decisions are made. Moreover, this move
towards a neoliberal blue economy will no doubt have an impact
on geopolitical disputes, shining a light on political instability
between neighbours at the regional as well as at a global level,
which is clearly demonstrated with tension around the Chinese
initiative of the “Belt and Road Initiative”,20 also known as
the “New Silk Route.” This initiative motivates heated debate
in the European Union, the other world power in maritime
transport and trade, with very strong opposition from several
member states and still the subject of tense discussion (Karlis
and Polemis, 2019); again it seems a struggle to control global
maritime commerce as in the XVI century. Caswell et al. (2020)
elaborate how historical perspectives may provide lessons for blue
growth agendas, as critical appraisal and prioritisation of the aims
of blue growth will be essential for decision-making, and trade-
offs among goals and user groups will be inevitable if blue growth
is to be achieved - but the attainment of all goals simultaneously
may not be possible. On the other hand, collaboration between
different sectors and neighbouring regions will greatly improve
the chances for a global and equitable success.

The balance between hard blue growth and an ecosystem
approach will be decisive for the ecological sustainability of
the oceans and the future model of ocean governance -
surely this will be a keystone issue within the UN Decade of
Ocean Science for Sustainable Development. As in Vasco da
Gama and Colombo’s time, we know where we are departing
from, we may know what we want to reach, but we are still
looking for the route.

20In 2013, the Chinese government launched the “New Silk Road” initiative (in fact
called the Belt and Road Initiative). The concept and proposal are based on gigantic
investments, especially in the areas of transport and infrastructure, both terrestrial
(Belt), connecting Europe, the Middle East, Asia and Africa, and maritime (Road),
passing through the Pacific Ocean, crossing the Indian Ocean and reaching the
Mediterranean Sea.
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The high economic value of fisheries was historically associated to commercial teleost
fishes. Since the 1970s, despite some elasmobranchs becoming an important target or
a bycatch, relatively little research has been carried out on this group because of their
low economic value. Due to their specific life history characteristics, sharks and rays
are particularly vulnerable to overexploitation, taking several decades to recover after
reaching an overexploitation status. In Portugal elasmobranch fishery results mainly from
targeted longlining and bycatch from different fishing gears. During the last decade, the
Total Allowable Catches (TACs) of rays have been decreasing, the European Union (EU)
banned the capture of some ray species, the Portuguese government implemented both
a closed season and a minimum landing size for some rays, and the EU prohibited target
fishing for sharks. All these measures may have been highly responsible for the national
and local landings reduction. Official landings from the last decade were analyzed, the
landed species conservation status was consulted, and structured interviews using a
questionnaire were conducted in the most important fishing port in the Portuguese
mainland, the port of Sesimbra. Results led us to conclude that fishers’ answers and
landings data did not match. It also revealed a lack of awareness by fishers about
the state of shark and ray populations, and about some aspects of their biology and
ecology, like reproduction season and method. The present study highlights the need
to fill in this existing gap in knowledge through the transfer of scientific knowledge and
sharing of management responsibilities. Also, we aimed to demonstrate the necessity
for awareness and education activities within fishing communities, an essential step to
elasmobranch conservation.

Keywords: elasmobranchs, sharks, rays, fisheries, local knowledge, fishers’ perceptions, Portugal

INTRODUCTION

The greatest economic value of fisheries has historically been attributed to commercial teleost fish
species (Ellis et al., 2008). As economic values overlapped ecological concerns, sharks have not been
a high priority for commercial exploitation compared to other fisheries due to their low economic
value in most countries (Stevens et al., 2000; Jacques, 2010). However, as some fisheries expanded
since 1970s, some sharks also became an important target or bycatch, being harvested for meat,
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liver oil and fins (Ellis et al., 2008), mostly due to improvements
in fishing technology, processing and consumer marketing,
expanding human populations and declining in other fish stocks,
leading to a market value increase (CSWD, 2009). At the
beginning of the twenty-first century, there was a growing
concern about fisheries impact on shark and ray populations
(Stevens et al., 2000; Jacques, 2010).

Elasmobranchs (Subclass Elasmobranchii) include sharks
(several Orders) and rays (Order Rajiformes), both cartilaginous
fishes that comprised different species (Field et al., 2009).
Despite the similarities, sharks and rays have some differences
between them. Sharks are laterally compressed with lateral
gills and are surface feeders while rays are dorsoventrally flat
with ventral gills and are bottom feeders (Evans et al., 2004;
Wetherbee and Cortés, 2004; Wilga and Lauder, 2004).

Elasmobranch catches in Portugal result mainly from target
fishery (e.g., deep-sea and surface longlining), but are also caught
as bycatch (e.g., in the deep-sea black scabbardfish, Aphanopus
carbo, longlining and artisanal fisheries) (Correia and Smith,
2003; Machado et al., 2004; Baeta et al., 2010) that tend to be
often discarded (dead or injured) (Coelho et al., 2005). The
presence of elasmobranchs as discards or bycatch is mainly due
to their null or low commercial value (Tiralongo et al., 2018).
It is crucial to consider that official fisheries statistics data are
based on fish sold at auction and can be misleading as, because
they are discarded, they tend to not be accounted in statistics.
Also, some elasmobranch species caught are often aggregated
(for example Raja spp.) avoiding a clear distinction of catches
by species (CSWD, 2009). Consequently, it is very difficult to
collect information about the impact of fisheries on elasmobranch
populations (Baeta et al., 2010).

In 2003, Correia and Smith (2003) reported that Portuguese
elasmobranch fishery was not regulated. Since then, some efforts
have been made by the European Union (EU) and the Portuguese
Government to regulate this fishery. The lack of knowledge
about the exploitation and vulnerability of rays to fishing led
the EU to put in place a Total Allowable Catch (TAC) and
to ban the capture of some species. One of these species was
Raja undulata (undulate ray), a species of high economic and
social important for the Portuguese local fleet. The Portuguese
Government also adopted additional management measures (a
closed season and a minimum landing size) (Ministério do
Mar, 2016). Also, Raja spp. and Leucoraja spp. were prohibited
to capture from May to June, except as a bycatch (5% of
total catch) (Serra-Pereira et al., 2018). Fishers criticized the
measures which have been implemented without considering
their local knowledge. The national top-down management
process exposed the inability of fishers’ knowledge to influence
national policy-making (Said et al., 2020).

Regarding deep-sea sharks, the International Council for
the Exploration of the Sea (ICES) advised that no target
fishing should be permitted and deep-sea shark fishing has
been prohibited in EU (Official Journal of the European
Union, 2018). However, due to their unavoidable bycatch
in directed fishery for black scabbardfish using longlines, a
restrictive TAC was suggested to be maintained. According
to the legislation, Member States sharing this concern
(which included Portugal), should develop and establish

regional management measures for the black scabbardfish
fishery and establish sharks data-collection measures
(Official Journal of the European Union, 2018).

Considering that most shark and ray species are long-
lived with slow growth rates and late sexual maturation, low
fecundity and low reproductive potential, they appear to be
particularly vulnerable to over-exploitation (Bonfil, 1994; Stevens
et al., 2000). Once overfished, many populations take several
decades to recuperate, either not achieving it or, at its best,
being very slow to fully recover (Field et al., 2009). Over time,
the number of elasmobranchs being listed in the IUCN Red
List of Threatened Species have risen (Dulvy et al., 2014).
The fragile attributes of elasmobranch populations pointed out
the need for effective conservation and management measures
(Correia and Smith, 2003; Worm et al., 2013).

Experienced fishers have knowledge based on decades of
observations that has been passed down from one generation
to the next (Freire and Garcìa-Allut, 2000). Local Ecological
Knowledge (LEK) is difficult to access and a challenge for
scientists to deal with (Mackinson and Nottestad, 1998). Like
other forms of knowledge (including science), sometimes it can
be wrong either due to misinterpretations made by observers
(e.g., fishers) or by collectors (e.g., researchers). Thereby, LEK
should be analyzed as any other information and applied
where it makes a difference in the quality of research and in
the involvement of fishers in decisions that will affect them
(Huntington, 2000). Previous pilot studies conducted around
the world focused on fishers’ perceptions about reef degradation
(Bunce et al., 2008) and status of sharks (Jabado et al., 2015)
and were based on a small number of interviews that were not
representative of the country fishers’ population but provided
useful information. In the case of shark fishery, the interviews
provided insights into local fishers’ perception and a much-
needed baseline for future investigations (Jabado et al., 2015).
LEK was also assessed to identify shark habitats and fishers were a
rich source of information that confirmed the presence of sharks
(Rasalato et al., 2010).

This work provides new information on elasmobranch
landings, conservation status and the complexity associated
with fishers’ knowledge and perception about species
biology in Portugal.

MATERIALS AND METHODS

Study Area
Fishers’ knowledge and perception were assessed through
structured interviews using questionnaires conducted in
Sesimbra, in the Southwest of Portugal. This is the most
important fishing port in the Portuguese mainland, accounting
for 30% of the total landings (in weight) and for 93% of the black
scabbardfish landings (in weight), a fishery responsible for a large
amount of elasmobranch bycatch.

Data Source
Landing Data and Conservation Status
Sesimbra official landings of elasmobranch species provided by
Directorate General for Natural Resources, Safety and Maritime
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Services (DGRM) were analyzed between 2009 and 2019.
IUCN (2019) Red List for endangered species was consulted to
determine the landed species Conservation status (by increasing
level of concern: Least Concern, Near Threatened, Vulnerable,
Endangered and Critically Endangered).

Survey
We conducted structured interviews with fishers from Sesimbra.
A questionnaire was developed, in the Portuguese language, to
collect information about captured species and fishers’ knowledge
about elasmobranch ecology and biology, with open-ended
questions. Fishers were approached randomly in the harbor, from
January 2019 to November 2020. Ethical review and approval
was not required for the study. As written consent was not
required and/or applicable, we proceeded with verbal consent.
Fishers were informed about the purpose of the survey and
the intended use of data, as well as how survey data from
the project would be kept both anonymous and confidential,
prior to being asked for verbal consent and proceeding with
the survey. Face-to-face interviews were conducted with fishers
who admitted to capture sharks and rays. Only one fisher per
fishing vessel was interviewed. Considering that shark captures
are only allowed as bycatch, we took the approach to only
interview those fishers that admitted to have captured sharks
accidentally. During the interview, illustrations of sharks and rays
were presented to clarify species identification, since local names
differ according to the area.

The questionnaire was composed of open-ended questions
to avoid any bias (resulting from suggested options) and to
give fishers the opportunity to freely express their opinion
about these issues. Fishers were asked about captured species
(identification through illustrations) (“Which species of sharks
and/or rays do you catch?”), area and/or season of higher catches
(“Is there a season or area of higher catches?”), area or season
where juveniles were present in catch (“Is there a season or
area where you catch/find juveniles?”), relative abundance of
elasmobranchs (compared with the past) and reasons for that
trend (“Do you think there is more or less sharks and rays
over the years? Why?”), feeding habits (“What do rays and
sharks eat?”), type of reproduction (“How do sharks and rays
reproduce?”), reproductive season (“When do sharks and rays
born?”), their opinion about elasmobranchs being threatened or
not (“Do you think sharks and rays are endangered?”) and also
if elasmobranchs should be protected (“Do you think sharks
and rays should be protected?”) and, finally, for suggestions
for management measures (“What measures would you suggest
as important for their protection?”). A total of 28 fishers
participated. According to the Directorate General for Natural
Resources, Safety and Maritime Services (DGRM), a total of
188 vessels landed sharks or rays in Sesimbra fishing port.
As such, the 28 interviews accounted for 15% of all vessels
landing sharks and rays. Nearly half of the fishers used nets
and the other half used longlines. The same regarding the
size of the fishing vessel with half of the fishers operating
local vessel (up to 9 meters in total length) and the other
half coastal vessels (between 9 and 33 meters in total length).
Most fishers declared to fish whenever possible, resulting in

a range between 3 and 5 days per week, depending on the
weather conditions.

Data Analysis
We combine official landings analysis and structured interviews
conducted with fishers. Annual landings of sharks and rays in
Sesimbra between 2009 and 2019 were considered to reveal
landings variation. Also, landed species were grouped by IUCN
status to estimate the proportion of each category landed by
year. Due to the difficulty to distinguish Scyliorhinus stellaris
and Scyliorhinus canicula because of their similar phenotype,
and their similar common name, we chose to combine both and
interpret landings and fishers’ answers as Scyliorhinus spp. for
the present work.

Qualitative research can allow for a good understanding of the
reasons behind fishers’ attitudes and improve knowledge of their
reaction toward management measures (Barclay et al., 2017).
Empirical analysis of questionnaires allowed us to understand
fishers’ perception about elasmobranchs biology. The responses
to open-ended questions were coded into categories and the
predominant ones identified and presented as percentages.
Although the coding process can be subject to interpretation
by the coder, in this case the questions were very focused and
direct, hence coding was straight forward and left little room
for interpretation.

RESULTS

Landing Data, Conservation Status and
Fishers’ Perception
The analysis of elasmobranchs official landings between 2009 and
2019 showed that 16 different shark species (plus 3 identifications
till genus) and 10 ray species (plus 2 genera identified) were
landed in Sesimbra, even if only once.

During the considered time period, the official landings of
shark species showed a steep and continuous decrease over time.
In 2009, 863 t were landed while in 2019 this value dropped
to 124 t. Additionally, ray landings peaked in 2011 (167 t) but
increased and decreased in small amounts during the entire
time-series (Figure 1).

Out of the 27 shark and ray species landed, 26 are classified
with a threatened category by the IUCN Red List of Threatened
Species: 1 as Critically Endangered (CE) (Centrophorus
granulosus); 4 as Endangered (E) (Raja circularis, Raja undulata,
Isurus oxyrinchus, Squalus acanthias), 7 as Vulnerable (V)
(Myliobatis aquila, Alopias vulpinus, Centrophorus lusitanicus,
Centrophorus squamosus, Galeorhinus galeus, Mustelus mustelus,
Oxynotus centrina), 7 as Near Threatened (NT) (Centroscymnus
coelolepis, Mustelus asterias, Prionace glauca, Dipturus
oxyrinchus, Raja brachyura, Raja clavata, Raja microocellata)
and 7 as Least Concerned (Centroscymnus crepidater, Deania
calcea, Galeus melastomus, Scymnodon ringens, Leucoraja naevus,
Raja miraletus, and Raja montagui). The only species missing
(Myliobatis aquila) is classified as Data Deficient. Over the years
landings were mainly dominated by Near Threatened species
(between 30 and 88%), except in 2012 and 2013 that most of the
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FIGURE 1 | Official landings of elasmobranchs in Sesimbra fishing port from 2009 to 2019.

landings were Vulnerable species (55%). Since 2014 and 2015,
respectively, Endangered and Vulnerable species captures have
been declining to less than 10% (Figure 2).

Between 2009 and 2013, Sesimbra shark landings were mainly
of two species—Centrophorus lusitanicus (V) and Prionauce
glauca (NT), together representing between 57 and 80% of
landings. In 2014 Galeorhinus galeus (V) and Scyliorhinus spp.
dominated the landings. From 2014 onward, Scyliorhinus spp.
maintain its position as landings leader.

Several shark species occurred in less than half the time-series
considered in a residual amount: Centrophorus granulosus and
Scymnodon ringens were only landed between 2009 and 2011;
Centroscymnus crepidater only landed in 2009 and 2010, and
Galeorhinus galeus in 2014 and 2015.

Considering ray species, in 2009 Raja montagui led the
landings (75%) and decreased to 29% in the next year. Since
then, landings were dominated by Raja clavata (NT) ranging
between 52% (2010) and 71% (2019). Raja microocellata (NT),
Raja miraletus and Raja undulata (E) have just started to be
landed since 2016. Again, several species occurred in less than
half the time-series under analysis in a residual quantity: Raja
miraletus (2016, 2018 and 2019), Raja microocellata (between
2017 and 2019) and Raja undulata (from 2016 onward).

When fishers were asked about elasmobranch fishery, most of
them affirmed not to capture sharks, only rays. However, after
showing them species illustrations, they have identified several
sharks as species they captured. Thus, all interviewed fishers have
stated to have caught both. This difficulty to point out which were
shark species revealed a lack of knowledge.

Fishers’ identification of captured elasmobranchs through
illustrations revealed that most captured species are Galeorhinus
galeus (V), Scyliorhinus spp. (sharks) and Torpedo marmorata,

Leucoraja naevus, and Myliobatis aquila (rays). Comparing
fishers’ identification with official landing data, only Scyliorhinus
spp. is common in both rankings. Additionally, fishers identified
the following shark species as the less captured: Centrophorus
lusitanicus, Centroscymnus coelolepis, Isurus oxyrinchus, Squalus
blainville; and the following as less captured ray species:
Leucoraja circularis and Dipturus oxyrinchus. Again, fishers
answers and landings data did not match.

Fishers’ Knowledge About
Elasmobranchs’ Biology and Ecology
Fishers reported to find elasmobranchs from the coast until
around 1,000 meters depth, mostly in sandy bottom. When asked
about areas of highest elasmobranchs catches, fishers were not
able to indicate any specific location. There was no unanimous
answer regarding a specific season of highest catches, though the
winter season seems to be when more catches occur, with 25% of
fishers indicating this season as the most important. Fishers also
didn’t seem to know areas and/or seasons of juveniles catches.

Elasmobranch catches may have different destinations: sale
at fish auction, discarded (mostly in the case of rays during
the closed season) or for crew consumption (in case they were
already dead during closed season). Over the years, contrary to
landing data, most fishers had the perception that elasmobranch
population increased, and that elasmobranch catches have also
been increasing (39% of replies), with fishers stating that “there
are more and more”. The reasons fishers presented for this
increasing trend were mainly management measures (55%),
especially the imposed closed season for rays, less fishing effort
(due to the reduction of fishing vessels number) or because sharks
were not a targeted group of the fleet. Only a few fishers were
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FIGURE 2 | Annual elasmobranch landings in Sesimbra fishing port of each IUCN Red List Conservation Status Classification, shown as percentages.

of the opinion that elasmobranchs have been reducing due to
fishery, pollution and lack of management measures.

There is a consensus amongst fishers that elasmobranchs
feed mainly of fishes (61%) and crustaceans (57%) (Figure 3A).
Fishers admitted that the reproduction season, mainly for sharks,
remains unknown (68%) to them. For rays, most fishers pointed
out Spring (54%) mainly during May, as the reproduction
season (Figure 3B). Most fishers answered that elasmobranchs
reproduce through eggs (50%) or born alive (viviparous) (21%).
Nonetheless there was still a considerable part that stated to have
no knowledge about their reproduction (36%) (Figure 3C).

Fishers identified only two reasons for elasmobranchs
mortality: pollution (43%) and the fishing activity (32%). Fishers
did not consider that elasmobranchs were threatened (64%)
not feeling the need to protect them (54%). Measures like
closed season during reproduction (“study reproduction season
and prohibit fishing during that time”), minimum landing size
and reduced fishing effort were suggested by some fishers,
however most of them (36%) could not suggest a measure to
be implemented, either because they did not find it necessary
or because they had no suggestions (“I don’t know about those
subjects”) (Table 1).

DISCUSSION

A recent and comprehensive analysis of Portuguese
elasmobranch fisheries showed that in the past decades,

landings of sharks, skates and rays in Portuguese fishing ports
have been decreasing (Alves et al., 2020). In the present study,
Sesimbra official landing data corroborated the previews analysis,
showing a considerable reduction especially of shark landings in
this fishing port over the past decade. This tendency replicates
reports from several countries since more that 60% of world’s
countries catching elasmobranchs reported a reduction in their
landings (Davidson et al., 2016). Also, the prior analysis (Alves
et al., 2020) identified Raja spp. and Scyliorhinus spp. as the most
landed taxa over the 32 years period, which match the official
landings considered in the present study.

During the analyzed period, several management measures
were introduced for elasmobranch fisheries in order to control
their exploitation: rays’ TACs have been decreasing, the EU
banned the capture of some ray species, the Portuguese
government implemented both a closed season and landing
size for some rays, and the EU prohibited targeting fishing for
sharks. All these measures may have been highly responsible
for the reduction in landings. Nonetheless, fishers who took
part in the survey had the perception that elasmobranch
catches have been increasing, which may be related to the
fact that the fishing effort has decreased therefore each fisher
has been capturing a larger number of individuals. It is
important to notice that official landing data is based on
fish sold at auction. Most sharks are discarded, dead or
injured, therefore not being accounted for official statistics
(Coelho et al., 2005). This means that fishers may catch sharks
which were never landed, leading to an underestimation in
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FIGURE 3 | Fishers’ knowledge about elasmobranch feeding habits (A), reproduction season (B) and method (C). Answers were presented as percentages. Some
fishers selected more than one option in (A,B) as such values add-up to more than 100%.
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TABLE 1 | Fishers’ perception about the reasons for elasmobranch mortality,
threatening state, need of protection and suggested management measures
to protect them.

Fishers’ perception about elasmobranchs

Reasons for elasmobranchs’ mortality (%)*

Pollution 43

Fishery’ activity 32

No suggestion 29

Elasmobranchs’ threat state (%)

Fishers who perceive elasmobranchs to be threaten (%) 32

Fishers who feel the need to protect elasmobranchs (%) 36

Management measures (%)

Reduction of fishing effort 21

Implementation of a minimum landing size 18

Implementation of a biological closure 24

No suggestion 36

*Some fishers selected more than one option, and as such values sum more than
100%.

official data. Another point in question is the fact that several
fishers admitted off-the-record to skin the rays (already dead)
aboard before landing, which impairs species identification, and
thus avoiding the penalties for capturing prohibited species.
Thus, official landings are likely to be an underestimation
of the real catches of elasmobranchs, because not all catches
are landed (some are discarded, some skinned aboard).
This has been observed in other locations, with Tiralongo
et al. (2018) noting that fishers’ choice to retain or discard
catches relates to local traditions and market demand, so
differences could be found not only between countries, but also
between regions.

IUCN Red List of Endangered Species is a valuable tool
to assess and monitor the biodiversity status of sharks over
time and to help setting priorities for conservation action.
During the consultation of elasmobranchs category, it has
been noticed that no recent assessment was available for
several species. The cost of maintaining the Red List up-to-
date nowadays overcame the total budget, which is likely to
cause outdated assessments. It was anticipated that by 2025,
83% of assessments would be outdated and the average age of
assessments would be above 30 years. This lack of assessment can
lead to an unacceptable risk of delaying conservation responses
(Rondinini et al., 2014). Thus, the present consideration of
IUCN conservation status should be seen as a basis of
elasmobranchs situation but taking into account that their
situation may be even worse.

Our results provided insights into the perceptions of local
fishers, revealing a lack of awareness about the state of shark and
ray populations, and also about some aspects of their biology
and ecology. In the present study we were also able to perceive
some difficulty regarding elasmobranch species identification.
Even though our findings are based on a limited sample,
this case study provided enough information to trigger the
understanding of elasmobranch fishery from the perspective of
Portuguese fishers and to determine important issues which
may be addressed by management authorities in the future,

filling the existing gap in knowledge. As in a previous study, we
suggest that fishers should be trained on proper identification
of elasmobranch species, as similar species possess different
ecological characteristics that could require different approaches
(Alves et al., 2020).

Fishers’ answers regarding elasmobranch feeding habits
coincide with scientific description (e.g., Wetherbee and Cortés,
2004) and the same was shown about reproduction methods,
with all elasmobranchs categorized as oviparous (egg- laying)
and viviparous (or ovoviviparous) (live-bearing) (e.g., Carrier
et al., 2004). Considering sharks’ reproduction seasons, fishers
admitted a lack of knowledge about this topic, while they
seemed to be more knowledgeable about rays’ reproduction
season, mostly associating their reproduction season with the
imposed closed season. A specific study along the Portuguese
mainland coast for Raja clavata, the most important species for
the local small-scale fleet and subsequently the most studied,
indicated an extended reproductive peak season from December
to May (Serra-Pereira et al., 2015). However, despite the
economic importance of rajids in the North-east Atlantic, their
reproductive behavior remains poorly known (Baeta et al., 2010).
The generalized lack of knowledge of some aspects of this group
of species (sharks or rays) is a motive for concern due to the
diversity of species and different life histories, threatened status
and conservation needs for each one.

Fishers may have the perception that catch information could
eventually be used as a tool against them to place restrictions
and regulations (Jabado et al., 2015) which may be related to the
demonstration of lack of concern regarding sharks’ exploitation
status and protection needs.

Regarding management measures, fishers demonstrated a
higher preference for closed season. Closed seasons are a
commonly used management tool and often used to control
effort. However, it does not usually reduce effort as much as
anticipated and effort become more temporally concentrated
in the remaining open season (Fulton et al., 2011). This is
particularly relevant in the case of rays, whose concentrated
fishing effort before or after the closed season was commented
by some fishers.

Despite the growing concern about the state of elasmobranch
populations, few mitigation actions have been established
and there are still no clear guidelines about which would be
effective. Bycatch mortality must be mitigated by managers
and fishers. Some of the solutions presented to this effect
were technological changes in gear and fishing practices
(Cosandey-Godin and Morgan, 2011). Yet, even with all the
measures that could be applied and seen as effective, it is
crucial that managers recognize that the most effective piece
for a successful management plan to mitigate elasmobranch
mortality would be fishers’ cooperation and commitment
(Fulton et al., 2011). The development of management plans
with the collaboration of fishers could prevent excessive
exploitation of elasmobranchs (Tiralongo et al., 2018).
During the decision-making process, there is the need to
pay much more attention to the motivation and behavior of
stakeholders, especially resource users (Fulton et al., 2011).
In fact, the inclusion of human motivation as part of the
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management system had been suggested for many years
(Ludwig et al., 1993), but is still not being addressed or prioritized.

Previous studies have already highlighted the importance
of the involvement of fishers, focused on their knowledge to
assess shark population trends and to provide valuable guidance
on the conservation status of local shark populations (Leduc
et al., 2021). Others have reported fishing communities awareness
about population declines of several shark species, but that they
rarely take action to avoid capture of sharks (Martins et al.,
2018). A study conducted in Portugal assessing fishers’ knowledge
about fishing resources, concluded that fishers only seem to have
a moderate knowledge about the biology and ecology of the
resources they exploit (Silva et al., 2019).

Given our results and the previous work on sharks’
vulnerability to overfishing, it is imperative that robust strategies
for shark management and conservation be designed (Worm
et al., 2013). Our study contributed with new information
regarding fishers’ knowledge (or lack of it) about elasmobranch
life cycle, highlighting the need to fill in this existing gap in
knowledge through the transfer of scientific knowledge and
sharing of management responsibilities. Also, we demonstrate
the necessity for awareness and education activities within
fishing communities, not only to increase their knowledge about
these resources but also to change their perception about the
conservation needs they face.
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To enable the process of energy transition towards carbon neutrality, it is important to
educate the community on the need for social, economic, environmental and institutional
transformation, and to educate and inform citizens to participate proactively in this
change. This study evaluated the effectiveness of participation by elementary school
students in educational activities and citizen science actions in enhancing their scientific
knowledge and skills related to Ocean Literacy in the context of climate change. The
activities were directed to children (aged 9–11) and involved pre-service teachers, in-
service teachers and researchers, in formal and non-formal contexts. A total of 329
elementary school students participated in interdisciplinary science activities, focusing
on the cause & effect of climate change in the ocean. They learned to identify rocky
shore marine species used to monitor climate change and acquired ICT skills by
inserting species observations in a biodiversity mapping platform. Finally, students
worked collaboratively to communicate to the community what they have learned
through an exhibition at the Museum João de Deus. To assess the impact of the activities
on acquisition of scientific knowledge and skills by the students, a mixed methodology
was applied using pre and post-tests, analysis of the data inserted by students in the
platform, and content analysis of the students’ work for the museum exhibition. The
results of pre and post-tests revealed a significant increase in knowledge of the effects
of climate change on the rocky shore species distribution, as well as of the importance
of monitoring these species distribution. The data from the online biodiversity platform
showed that 42% of the species identifications made by the students were correct.
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The ability of the students to communicate their learning to the wider community was
evaluated by the scientific content, structure, presentation and creativity and of posters,
models, videos and games produced. Most of students focused their communications
and creations on the greenhouse effect, cause & effect of climate change in the
ocean and biodiversity. This study reinforces the importance of addressing Ocean
Literacy and climate change through formal and non-formal educational activities with
an investigative nature.

Keywords: Ocean Literacy, climate change, education, citizen science, elementary students, rocky shores

INTRODUCTION

Ocean Literacy can be defined as an “understanding of the
ocean’s influence on you – and your influence on the ocean”
(National Oceanic and Atmospheric Administration, 2013). It
constitutes a challenge for all society members: the general
public especially in their role as consumers and their influence
on policy and decision makers (Uyarra and Borja, 2016; Borja
et al., 2020). To do this, there is a particular responsibility for
scientists working with other professionals, especially educators
working in partnership with children to develop greater Ocean
Literacy across all society. Children better able to understand
the importance of the ocean to humankind and communicate
about the ocean in a meaningful way will influence their peers
and families; moreover, when adults they will make informed and
responsible decisions regarding the ocean, its role in regulating
the planet’s climate and sustainable use of its resources (Cava
et al., 2005). This is aligned with the UN 2030 Agenda for
Sustainable Development (UNESCO, 2017), which among other
sustainable development goals (SDG) states: that it is crucial
to “ensure inclusive and equitable quality education” (SDG 4),
providing students with the knowledge and skills necessary
to promote a more sustainable society; “take urgent action to
combat climate change and its impact” (SDG 13); plus “conserve
and sustainably use the oceans, seas and marine resources for
sustainable development” (SDG14).

Educationalists must also react to this compelling need
by defining relevant learning objectives and content and by
introducing pedagogies on the ocean that empower learners
(Santoro et al., 2017). Fauville et al. (2018) state that Ocean
Literacy includes three dimensions: knowledge, communication,
and decision-making. All of which are supported by the
objectives of environmental education defined by UNESCO
(1975), namely, awareness, attitude, skills and participation.
Thus, it is essential to promote Ocean Literacy at early ages,
starting right from the first years of schooling, by adding topics
developing Ocean Literacy into curricula (Mogias et al., 2019;
Stefanelli-Silva et al., 2019; ALLEA, 2020), such as, the effects of
climate change on oceans.

Educational interventions are most successful when they
focus on local, tangible, and actionable aspects of sustainable
development, climate change and environmental education,
especially those that can be addressed by individual behavior
(Anderson, 2012). Engagement with climate change is of growing

importance to young people, since they will be confronted with
its effects throughout their entire lives and, as future decision-
makers, they will critically influence societal developments. Thus,
education will play a central role in the transformation to a
sustainable society (Körfgen et al., 2017).

Our study focused on promoting Ocean Literacy related to
climate change cause & effect on marine coastal ecosystems,
involving elementary students in inquiry-science activities and
a citizen science action. The seven essential principles identified
as needed to support the definition of Ocean Literacy relate
to the content knowledge that an ocean-literate person should
understand by the end of secondary school and result of a
comprehensive framework to encourage the inclusion of ocean
sciences into curricula, based on the recognition of the lack
of ocean-related subjects in formal education (Santoro et al.,
2017). Our research investigated learning in elementary school
children and tackled principles 5 and 6 and some of the
fundamentals concepts listed in Cava et al. (2005) report, namely,
(1) principle 5 “The ocean supports a great diversity of life
and ecosystems” – major groups of organisms have many
representatives living in the ocean; ocean habitats are defined
by environmental factors, due to interactions of abiotic factors,
ocean life is not evenly distributed temporally or spatially, i.e.,
it is “patchy”; zonation patterns of organisms along the shore
are influenced by tidal ranges and waves; most of the world’s
population lives in coastal areas; and (2) principle 6 “The
ocean and humans are inextricably interconnected” – humans
affect the ocean in a variety of ways, the pollution leads to
habitat degradation, as well as the endangerment, depletion,
and extinction of ocean species; everyone is responsible for
caring for the ocean, the ocean sustains life on Earth and
humans must live in ways that sustain the ocean, individual
and collective actions are needed to effectively manage ocean
resources for all.

Many studies have contributed to the development of
climate change education including the contribution of teachers
to learning (Ratinen et al., 2013; Oversby, 2015) and the
importance of the ideas, questions, science engagement and
learning of the students themselves (McCright et al., 2013;
Körfgen et al., 2017; Tolppanen and Aksela, 2018; Trott and
Weinberg, 2020). Reviews have identified effective strategies
for climate change education (Monroe et al., 2019), and on
international perspectives regarding climate change pedagogy
(Perkins et al., 2018). Approaching climate change education
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through rocky shore ecosystems with young children is not
so common, although there have been some studies on
marine and coastal environmental education in the context
of global climate change (Berchez et al., 2016), or that
analyzed the effect of instruction on children’s knowledge
of marine ecology, attitudes toward the ocean, and stances
toward marine resource issues and hence Ocean Literacy
(Cummins and Snively, 2000).

Citizen science refers to the engagement of non-professionals
in scientific investigations by asking questions, collecting data,
or interpreting results (Miller-Rushing et al., 2012). Due to
advantages such as the amount of data that can be gathered
over larger spatial and temporal scales, or the increased
scientific literacy and awareness gained by the participants,
the diversity and number of citizen science projects is rapidly
growing (Bates et al., 2015). According to the level of
participation in scientific research, citizen science projects
can be categorized as: (1) Contributory, where the data are
collected by citizens but the research is designed by professional
scientists; (2) Collaborative, generally designed by scientists
but where citizens also contribute to the design, analysis,
or dissemination elements of the project; (3) Co-created,
where citizens are actively involved in helping professional
scientists through all stages of the project (Bonney et al.,
2009; Miller-Rushing et al., 2012). Rocky shores have been
the focus of citizen science aimed at adults, especially in
the United Kingdom in recent years, such as, Capturing
Our Coast project, which has led to some important papers
on climate change responses and distribution of shore biota
(Vye et al., 2020).

Citizen science programs are often seen as useful for
developing, scientific knowledge, and increasing scientific-
reasoning skills among those who participate (Jordan et al., 2011).
In the education field, Saunders et al. (2018) emphasize the
important role that citizen science can play in school science
education. They considered it particularly relevant to address
current societal environmental sustainability challenges, since it
engages the students directly with environmental science giving
them an understanding of the scientific process and the skills to
observe local manifestations of global challenges.

There is now widely accepted scientific evidence that
the climate is rapidly changing as a result of anthropogenic
greenhouse gas emissions), leading in the oceans to increasing
temperatures, rising and stormier seas and reducing pH due
to absorption of CO2 (IPCC, 2017). In marine ecosystems,
rising atmospheric CO2 and climate change are associated
with concomitant alterations in temperature, circulation,
stratification, nutrient input, oxygen content, and ocean
acidification, with potentially wide ranging biological effects
(Doney et al., 2011). At the population level, responses to
climate change will include changes in abundance, and shifts in
spatial distribution of organisms, especially on geographic scales.
Intertidal rocky habitats are at the margins of the terrestrial
and marine realms; thus, species are subject to environmental
challenges of aquatic and aerial climatic regimes (Helmuth
et al., 2006). They have long-been used to measure responses to
climate fluctuations (Southward, 1980) and more recent rapid

climate change (Hawkins et al., 2009; Firth and Hawkins, 2011),
especially in the North-east Atlantic (reviewed in Hawkins
et al., 2019). In a global warming scenario, interactions such
as competition, predation, and mutualism are changing due
to shifts in individual interaction strength and the relative
abundance of interacting species. Consequently, these changes
can drive important local-scale changes in community dynamics,
biodiversity, and ecosystem functioning, and can potentially
alter large-scale patterns of distribution and abundance
(Kordas et al., 2011).

Ocean time-series and spatial surveys can be used to elucidate
temporal trends and empirical relationships between biological
variables and environmental forcing. Therefore, the record and
analyses of long-term data sets are essential for understanding
climate change impacts on marine ecosystems (Doney et al.,
2011). In the our study, it was not possible to obtain a long-
term data of species distribution, but the overall aim was
that children would understand the importance of monitoring
distribution of species on rocky shores in an area, Portugal,
where responses to climate change have been observed (e.g.,
Lima et al., 2007).

Our investigation was part of a research project “EDUMAR –
Educating for the Sea,” which aimed to educate for the
preservation and sustainability of the sea and its resources.
The target of the project was to create, implement and
evaluate educational inquiry science activities and school-aged
children participation in citizen science action, focusing on the
cause & effect of climate change on rocky shore ecosystems.
These educational inquiry activities assumed diverse formats,
designed to be implemented in the classroom and out of school
contexts, such as, science museums, field work and visits to
research laboratories, and were directed to children (4th and
5th grade) with the participation of pre-service teachers, in-
service teachers, and researchers. The activities were related to
the main theme of the project, with particular emphasis on the
awareness of students regarding the importance of monitoring
both physicochemical parameters of seawater and species
distribution, involving citizen science through the insertion of
data on species distribution in an online platform. The school
community was also involved in citizen science activities, so
that students recognized the importance of their participation,
as citizens, in science production and in monitoring the effects
of climate change.

We evaluated the efficacy of the participation in inquiry-based
educational activities and citizen science action on the students’
Ocean Literacy, particularly in: (1) their knowledge on the cause
& effect of climate change and the importance of monitoring
marine species distribution, (2) their development of skills, and
(3) their integration of knowledge, skills and decision making in
collaborative work to communicate results to the community.

MATERIALS AND METHODS

Participants
A total of 329 students of the 4th and 5th grades (aged 9–11 in
the 4th to 5th years of formal education at school in Portugal)
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belonging to 14 classes within 8 elementary schools (4 public
schools and 4 private schools of the Association of Jardins-Escolas
João de Deus) from the Lisbon region (Portugal) participated in
this study. The activities involved pre-service teachers, in-service
teachers and researchers.

Procedure
As a part of the project students performed a set of
activities related to the cause & effect of climate change in
intertidal rocky shores ecosystems, in a formal and non-
formal context. Two particular aspects related to the effects of
climate change in the ocean were addressed: (i) the importance
of monitoring physical and chemical parameters of water
and, (ii) the importance of monitoring rocky shore species
distribution through citizen science, by inserting data in an online
biodiversity platform.

Three educational activities related to cause & effect
of climate change on rocky shores and marine species
distribution were analyzed.

Museum Activities
The students went to the National Museum of Natural
History and Science (University of Lisbon) where they learned,
with a team of researchers, issues related to climate change
and its impact on marine biodiversity and also how they
could identify rocky shore species and register them in the
Biodiversity4All/iNaturalist app. This activity was divided in two
parts. The first part was mostly theoretical fostering discussion
about climate change with the help of infographics, photographs
and a booklet provided to each student. Then, the researchers
explained the field trip that the students would do afterwards. The
rocky shore species that were selected for monitoring were also
introduced. These included fourteen common intertidal species
plus six species whose distribution has been affected by climate
change (three species with observed increased distribution and
three species with observed decrease distribution on their
geographical limits along the Portuguese coast). The second part
was mostly practical and students learned how to identify the
selected intertidal species with the help of museum specimens
collections and pictures. Students photographed the specimens
and inserted the images on the Biodiversity4All platform,
using an application on the tablet (iNaturalist). Pre- and in-
service teachers supervised and helped students in these 3-
h sessions.

Field Trip Activity
All the students went for a field trip to the intertidal zone
at Avencas beach, Portugal. Supervised by an adult (pre-
service teachers, in-service teachers and researchers), each
group (5–6 students) explored the rocky platform during
low tide, looking for a particular set of four species to
find and register in iNaturalist app. The set of species
that each group looked for included common species, and
species with increased and decreased distribution limits due
to climate change. During approximately 3 h, students used
tablets, took photos of the previously selected marine species,
inserted the images and registered the specimens in the app.

Once they completed this task, they also inserted images
of other taxa. The data collection was made by sampling
over seven different dates between March and May (two
classes per date).

Exhibition
Back in their school classrooms, students prepared, over a month,
the collaborative work for an exhibition at the Museum João de
Deus, in order to communicate their learnings to the community
(general public).

Students worked cooperatively in all activities. In the museum
and beach activities, the teachers organized working groups of
approximately five students. For the work produced for the
exhibition students were organized in small groups or as a
class group, according to each in-service teacher and students’
preference (Figure 1).

Data Collection
Data were collected through pre- and post-tests to students
(n = 292), records of the image observations inserted in the
Biodiversity4All platform by the students (n = 407), and the
materials produced collaboratively by the students for the
exhibition (n = 36).

In order to assess the students’ previous knowledge, a pre-
test was applied to students before the beginning of National
Museum of Natural History and Science activity. The same test
was applied after the activity (post-test). These tests included
four questions to assess the students learning on the cause
& effect of climate change and the importance of monitoring
species distribution: (1) What is climate change?; (2) Choose
the correct options to complete the following image (greenhouse
effect scheme); (3) What can happen to the species distribution
with the increase of water temperature?; (4) How can we
help the scientists studying the impact of climate change on
species distribution?

To evaluate learning of the identification of coastal marine
species, the observational data students inserted in the platform
were analyzed. Each observation included a photograph and basic
information such as species name, date and location. After each
field trip, the data inserted on the Biodiversity4All platform by
students was reviewed by the project team for validation and to
evaluate performance by the students.

Finally, to assess the impact of the educational activities on
the general scientific knowledge and skills development of the
students, the materials they produced for the final exhibition
were assessed. These three instruments allowed a methodological
triangulation approach.

Data Analysis
Pre- and Post-test
The pre and post-tests were analyzed according to a percentage-
marking scheme. Each correct answer received twenty-five
points; each incomplete answer was scored as twelve and
one half points; on multiple-choice questions the score value
was divided by the number of correct options; each incorrect
answer was scored as zero (0). Only the cases with both pre-
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FIGURE 1 | The activities include (A) Part I, theoretical session at the National Museum of Natural History and Science (University of Lisbon). (B) Part II, practical
session at the National Museum of Natural History and Science (University of Lisbon). (C,D) Field trip to Avencas Beach. (E,F) Final works exhibition at João de Deus
Museum. All identifiable individuals have delivered a written consent for the publication of the images.

and post-tests for an individual student were considered for
the analyses.

In order to assess students learning on cause & effect of climate
change and the importance of species distribution monitoring,
the data analyses involved two steps. First, descriptive statistic
was applied to portray relative frequencies of each question
at pre- and post-test. Second, a non-parametric Wilcoxon (W)
matched pair test for each student was used to look for significant
differences in the score from the pre- and post-test. Statistical
analyses were performed with the use of the Statistical Package
for Social Sciences (SPSS v. 26). For all statistical tests, the
significance level was predetermined at a probability value
of 0.05 or less.

Platform Data Analysis
Data gathered via the Biodiversity4All portal was analyzed
according to the percentage of correct species identification and
number of taxa observed.

Students’ Work Content Analysis
Students’ collaborative work, made for the final exhibition,
were analyzed through content analysis based on the following
categories: content (objectives, scientific contents, ideas and
development), structure and presentation (general organization,
vocabulary and scientific style), and creativity (originality and
used resources) (Table 1).
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TABLE 1 | Rubric for content analysis of the final works produced by the students.

Section Level items 1 2 3 4

Content Objectives The work was not
framed, not
objective and/or
other themes were
included

The work includes
some information
on the topic but in
an unclear and
unobjective way

The work has information
on the topic, in a clear and
objective way, but
containing some
superfluous information

The work is framed,
clear and objective,
highlighting
fundamental
aspects

Scientific concepts The work presents
many inaccuracies
in scientific
concepts and
collected
information

The work presents
some inaccuracies
in scientific
concepts and
collected
information

The work presents few
inaccuracies in scientific
concepts and collected
information, but there is no
interconnection of concepts

The work correctly
explains and
interconnects the
concepts and
information

Ideas and
development

The work presents
an insufficient
development of the
theme with few or
no details

The work presents
an adequate
development of the
theme with some
details

The work presents a good
development of the theme
with many support details

The work presents
an extensive
development of the
theme with the
main idea
supported in detail

Structure and presentation General
organization

The work is not
organized

The work has some
organization but
lacks of sequence

The work is well organized
and with an evident
sequence

The work is very
well organized, with
a good sequence
and subdivided into
subjects

Vocabulary and
scientific style

The work uses poor
and inadequate
vocabulary

The work uses
sufficient but simple
vocabulary

The work uses a good and
clear vocabulary

The work uses an
excellent
vocabulary and
includes complex
and meaningful
words

Creativity Originality and used
resources

Presentation of the
work is not creative
at all in both
content and
materials used

Presentation of the
work is not very
creative in content
and materials used

Presentation of the work
has several creative
aspects in content and
materials used

Presentation of the
work is extremely
creative in content
and materials used

FIGURE 2 | Total scores for pre-test (A) and post-test (B). Middle line – median; box lower and upper limits – 1st and 3rd quantiles; points – outliers.

RESULTS

Pre- and Post-test
The analyses of the pre and post-tests applied to students
(n = 292) revealed a statistically significant difference among the
pre- and post-tests scores per student (Wilcoxon test, p < 0.001),
with a considerable higher score in the post-test (Figure 2).

The results of pre- and post-test relative frequency and
percentage for each question answer (Table 2), showed an
increase in students’ knowledge related to: greenhouse effect
(question 2), the effect of the rise of ocean water temperature
on the species distribution (question 3) and the importance of
monitoring the species distribution (question 4). In question
1, the percentage of students that chose the correct answer
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TABLE 2 | Pre- and post-test relative frequency and percentage results for each question.

Question Answer Pre-test (n = 292) Post-test (n = 292)

Frequency Percentage Frequency Percentage

1. What is climate
change?

Temperature and
precipitation changes in a
region over a long period of
time

199 68 199 68

Ocean plastics pollution 47 16 63 22

The increase of animals and plants at the ocean 9 3 16 5

Decrease of atmosphere temperature 23 8 12 4

No answer 14 5 2 1

2. Choose the correct
options to complete the
following image

Answer for Sun Correct answer 276 95 287 98

Incorrect answer 15 5 7 2

Answer for Greenhouse effect Correct answer 117 40 131 45

Incorrect answer 175 60 161 55

Answer for Carbon Dioxide Correct answer 100 34 121 41

Incorrect answer 192 66 171 59

Answer for Earth Correct answer 272 93 285 98

Incorrect answer 200 7 7 2

Answer for greenhouse gas
emissions

Correct answer 200 68 244 84

Incorrect answer 92 32 48 16

3. What can happen to
the species distribution
with the increase of
water temperature?

Complete answer 8 3 167 57

Incomplete answer 127 43 72 25

Wrong answer 133 46 45 15

Imperceptible answer 8 3 3 1

No answer 16 5 5 2

4. How can we help the
scientists studying the
impact of climate
changes on species
distribution

Save water 106 36 52 18

Recycling 44 15 13 4

Monitoring the species distribution 111 38 210 72

Using public transport 16 5 7 2

No answer 16 5 10 3

Correct answers are in bold.

remained the same (68%), the percentage of students that
chose the wrong option “decrease of atmosphere temperature”
slightly diminished, and the percentage of answers “ocean plastics
pollution” and “the increase of animals and plants at the ocean”
increased comparing to pre-test results. In relation to question
2, the percentage of students answering correctly increased in all
items, specifically the answer for greenhouse gas emissions. For
questions 3 and 4, the results of the post-test revealed an increase
of 54 and 34% of the number of students that gave a complete
answer respectively (Table 2).

Platform Observations
The analysis of data from the online platform enabled assessment
of the percentage of correct species identifications by students. It
also enabled to assess what species were more frequently confused
with others, such as prosobranch limpet species of the genus
Patella or pulmonate limpets like Siphonaria pectinata.

Students developed ICT skills to record 407 observations,
41.8% of which were correctly identified. They were also
able to observe 38 different taxa. Data from the different

identified taxa showed that Patella depressa (116 observations),
Siphonaria pectinata (28 observations) and Steromphala
umbilicalis (26 observations) were the species more frequently
observed (Table 3).

Final Group Work – Exhibition
The content analysis of the final group work, showed that all of
them matched the theme of Ocean Literacy related to climate
change and rocky shores. The works produced for the exhibition
included posters (n = 16), flyers (n = 1) videos (n = 3), music
(n = 1), oral presentations (n = 2), board games (n = 10) and
scientific models (n = 3). The most relevant topics were the
cause & effect of the climate change on rocky shores, (52.8%),
the greenhouse effect concept (30.6%) and the climate change
concept (19.4%).

Concerning content, 30.6% of the produced works were
clear and objective showing fundamental factual knowlegde,
44.4% related and explained concepts and information correctly,
and that 30.6% presented an extensive development of the
theme, with the main idea supported with details (Table 4).

Frontiers in Marine Science | www.frontiersin.org 7 September 2021 | Volume 8 | Article 675278330

https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/marine-science#articles


fmars-08-675278 September 22, 2021 Time: 18:22 # 8

Boaventura et al. Promoting OL in Elementary Students

TABLE 3 | Frequency of different taxa observed by students at Avencas Beach (Portugal).

Taxa Species’ observation

Frequency Percentage

Patella depressa 116 28.5

Siphonaria pectinata 28 6.9

Steromphala umbilicalis 26 6.4

Corallina sp. 18 4.4

Actinia equina 17 4.2

Paracentrotus lividus 16 3.9

Chthamalus sp., Phorcus sp. 15 3.7

Anemonia viridis, Tritia reticulata 13 3.2

Gastropoda, Ulva sp. 11 2.7

Asparagopsis armata 10 2.5

Lithophyllum incrustans, Mytillus sp., Patella sp. 9 2.2

Actinia fragacea 8 2.0

Marthasterias glacialis, Octopus vulgaris 6 1.5

Chlorophyta, Patella ulyssiponensis, Sabellaria alveolata 5 1.2

Brachyura, Carcinus maenas, Xanthidae 3 0.7

Mesophyllum lichenoides, Paguroidea, Patella vulgata, Phorcus lineatus, Rodophyta 2 0.5

Actinia sp., Anthozoa, Eulalia viridis, Fucacea, Lipophrys sp., Pachygrapsus marmoratus, Sphaerechinus granularis, Mimachlamys varia 1 0.2

Regarding general organization, 33.3% of the works were very
well organized, with a good sequence and structured in themes,
and 44.4% used an excellent vocabulary and included complex
and meaningful words (Table 4). Finally, regarding creativity,
38.9% of the works were extremely creative in their content and
the materials used (Table 4).

DISCUSSION

In the present study, climate change was used as an element
for improving ocean literacy of elementary students. The impact
of the activities on students’ scientific content knowledge and
skills, was assessed through a blended methodology. In general,
we showed that the inquiry-based activity had a positive impact
on their knowledge on cause & effect of climate change and
the importance of species distribution monitoring, as well as,
on the development of marine species identification, and ICT
skills due to participation in citizen science. Additionally, the
final group work produced for the exhibitions also highlighted
that the activities and being involved in citizen science action
had a positive impact on the students collective development
of skills, such as, decision making, collaborative work and
communication. This reinforces the widely acknowledged idea
that innovative and effective strategies for climate change
education are needed (Gaudiano and Cartea, 2009), and can be
successfully used to help enhance ocean literacy.

Pre and post-tests showed a significant difference between
initial and final score, with the higher questionnaire score after
the activities. So, as found in Boaventura et al. (2020) inquiry-
based activities about climate change had a positive impact on
conceptual knowledge and in the development of investigation
skills in students in this age range. A rather interesting finding
was that in the first question the students seemed to share some

difficulty to understand the definition of climate change. Most
of the students seem to have misunderstood this concept, and
chose the option related with ocean plastics pollution. This is
possibly related to cultural misconceptions related to plastic
pollution and low levels of correct information in the media
(Gowda et al., 1997). Indeed, one of the challenges of climate
change education is that the knowledge about climate change is
highly affected by coverage in diverse media (Schreiner et al.,
2005; Svihla and Linn, 2012). Some studies have shown that
the ideas of students about climate change tended to be vague
and general (Varma and Linn, 2012; Dawson, 2015) and that
many hold misconceptions (Pruneau et al., 2001; Shepardson
et al., 2009). The most common misconceptions are related with
ozone depletion (Pruneau et al., 2001), and pollution in general
(Koulaidis and Christidou, 1999). Nonetheless, all the work
presented at the final exhibition were conceptually correct about
climate change. This clearly demonstrated that the students had
the opportunity to improve learning during the various activities
and learn from each other by group work.

Learning about climate change in the context of the ocean
also provided a set of opportunities for students to develop
both their knowledge and several skills, especially investigation,
problem solving and critical thinking (IAP, 2017; Burke et al.,
2018; Tolppanen and Aksela, 2018). The analysis of final
group work done by students showed that, at the end of
the activities, they were able to incorporate all the learned
scientific concepts and communicate their reflections to a wider
audience in an objective, accurate and creative way. Trott and
Weinberg (2020) suggested that climate change learning and
action can support the engagement of children with science
by emphasizing its real-world significance and by connecting
learning with collaborative, community-based action. Through
the group work, students had the opportunity to make collective
decisions and communicate to the public, promoting also the two
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other recognized dimensions of Ocean Literacy – communication
and decision-making (Fauville et al., 2018). Moreover, the
citizen science activities contributed to develop marine species
identification skills. Several studies have demonstrated that the
participation in citizen science activities had a positive influence
on species identification (Reis et al., 2013), along with important
contribution to skills development, such as, observation, data
collection, the use of scientific protocols, planning, critical
thinking, problem solving, teamwork (Bonney et al., 2009;
Hillar and Kitsantas, 2014; Queiruga and Saiz-Manzanares,
2018).

The combination of investigation activities with a citizen
science activity had a positive result on knowledge and skills,
promoting Ocean Literacy. The strategies implemented in our
study allowed students to actively engage with the concepts,
discuss their understanding and engage with relevant local
examples of climate, such as, the cause & effect of climate
change on rocky shore ecosystems. Monroe et al. (2019)
reinforced that good climate change education strategies should
include field trips, data collection and community action
projects. Also, our activities promoted the interaction with the
scientists and, according with Hallar et al. (2011), the interaction
with scientists who study climate change appear to motivate
students learning.

Studies of this nature should assume particular importance
in Portugal, as Ocean Literacy continues to be marginalized in
formal curricular programs (Fauville et al., 2012). According to
OECD (2018) the principal obstacles to the inclusion of Ocean
Literacy in Portuguese curricula are the excessive fragmentation
of curricula into many disciplines, the size of the current
programs and the reduced practice of interdisciplinary projects
and problem-based learning. However, the recent legislation (no.
55/2018) allowed schools to integrate innovative methodologies
and practices representing an opportunity to explore the
Ocean Literacy in Portuguese schools. Ultimately, “ocean-literate
individuals take action, and through active participation in OL
experiences, attach emotion and values to the ocean and its
resources” (Barracosa et al., 2019).

Our study reinforces the importance of addressing Ocean
Literacy using climate change through formal and non-formal
educational activities with an investigative nature. In the future,
it will be important to tackle other ocean literacy principles
and to promote initiatives including climate change mitigation
and adaptation. As for the citizen science action successfully
trialed here with elementary school children, it is essential to
keep on with such monitoring activities to promote long-term
data series (with suitable quality control) and to develop of co-
created approaches, between researchers and scholar community,
to deepen students and teachers’ participation.
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Echinoid feeding biology is well known but their sluggish responses to chemical stimuli

have turned them into inadequately worked in the field of chemoreception. Echinoid

responses to chemical stimulation had allowed, so far, only qualitative analyses based

on tube-feet activity, directional, or masticatory movements, and artificial agarose foods.

Besides stimulation through plumes of dissolved organic compounds and response

analysis based on tube-feet activity, we propose another method to chemically stimulate

echinoids that allows for fast and unambiguous responses and thus, quantitative

analyses. Small squared pieces of absorbent semi-synthetic cleaning cloths, soaked

with specific chemical compounds (simulacra), such as water insoluble lipid oils, were

deposited singly or concurrently with a blank on the aboral hemisphere of each sea

urchin, allowing choice and eventual transport down to themouth by tube feet and spines

of one or both cloths. The responsiveness of Paracentrotus lividuswas clearly dependent

on its nutritional state. Well-fed sea urchins (maize whole grains) rarely responded, while

the ones fed with less caloric rations (Kombu seaweed) responded faster and objectively.

Stimulating sea urchin P. lividus with 41 different food-related compounds, such as

carbohydrates, proteins, peptides and amino acids, oils and fatty acids, and purified

chemicals related with some human basic tastes, it was possible to evidence a clear

ability of this echinoid species to positively discriminate proteins, starches, and a very

few oils. Perceived as incitants/stimulants we have only found among proteins gliadin

(from wheat gluten) but not casein (from bovine milk), among polysaccharides starch but

not laminarin (from kelp) or glycogen (from mussels), and among lipids only the fatty acid

linolenic acid. Among tissues, Kombu alga flesh and mussel flesh were readily perceived

as both incitant/stimulant but not Kombu and mussel extracts. Therefore, the combined

results reported here provide evidence for P. lividus as an omnivorous species rather

than a strictly herbivorous marine species. However, the restricted group of food-related

compounds perceived by this species as incitants or suppressants and as stimulants or

deterrents was shown to be remarkably related to other vertebrates whose kinship was

confirmed by the sequencing of the genome of another plant-eater sea urchin.

Keywords: sea urchins, chemical perception, food related stimuli, simulacra, seaweed extracts
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Luis and Gago Sea Urchin Food Chemical Perception

INTRODUCTION

Sea urchin feeding ecology and preferences have been studied
for many years, but their olfactory ability and relation to feeding
behaviour still remain lesser-known subjects. Under laboratory
conditions, there have been several observations of echinoderm
capacity to identify and locate food items (Zafirou, 1972;
Teruya et al., 2001). However, echinoid responses to chemical
stimulation have allowed, so far, only qualitative analyses based
on tube feet activity or directional and masticatory movements.

Few analytical studies have been conducted on echinoids using
extracts and food-related chemicals such as amino acids, but
very little has been done on the precise characterisation of the
chemicals stimulatory to echinoids (Sloan and Campbell, 1982).
Several authors have used complex natural food components to
stimulate chemotactic behaviour (Hay et al., 1986). Hydrophobic
volatile molecules have thus, been shown to have some attractive
importance to Strongylocentrotus droebachiensis (Mann et al.,
1984). Also, evidence has established carbohydrates (galactose)
as phagostimulatory to Lytechinus variegatus (Klinger and
Lawrence, 1984). In most echinoderms, compounds with low
molecular weight, notably amino acids and amines, make up
the primary feeding stimulants (Whittle and Blumer, 1970;
Mann et al., 1984; McClintock et al., 1984). However, the
precise characterisation of chemicals stimulatory to echinoids
is still a wide-open field in which knowledge of chemical
stimulants derived from algal food would be particularly useful
(Sloan and Campbell, 1982).

According to Morris (1968), Chlorophyta: Chlorophyceae
accumulate “true” starch as a reserve product, and cell walls
invariably contain cellulose; Phaeophyta: Phaeophyceae include
laminarin and mannitol as food storage products and alginic
and fucinic acids as characteristic cell wall constituents;
Rhodophyta: Rhodophyceae include floridean starch (which is
somewhat similar to amylopectin) and galactoside floridoside
as food storage products and polysulphate esters (agar-agar) as
characteristic components of cell walls.

Based on those assumptions and as there are no known
descriptions of stimulants specific for echinoids in general, we
tested the capacity of P. lividus (Echinodermata: Echinoidea) to
distinguish between dissolved food-related chemicals. Therefore,
whenever available for acquisition, all those purified algal food
storage products and cell wall components, as well as their
respective constituent monomers, were tested to precise the
chemicals stimulatory to this echinoid, generally acknowledged
as a plant eater (Boudouresque and Verlaque, 2007). An animal
polysaccharide, glycogen from mussels, was also tested and
compared. Besides the emphasis put on carbohydrates, peptides,
proteins, and their respective mixtures of amino acids resultant
from hydrolysates, and fatty oils, both of plant and animal
origins, were also put on test. Finally, purified chemicals related
with human basic tastes (sweet, bitter, and acidic) were also
examined given the acknowledged evolutionary relationship of
modern echinoderms with vertebrates (Barnes, 1980).

So far, in studies on aquatic chemical perception, the
common practice involves observing animals when exposed
to diluted extracts and their component molecules. We also

used this approach with several diluted chemicals and observed
subsequent podia and spine motion, but their significance as
a potential selective food intake could hardly be anticipated.
In attempts to stimulate sea urchins with water insoluble lipid
oils, we had to devise a different methodological procedure for
presenting chemical stimuli. A method of sea urchin chemical
stimulation, based on absorbent cleaning cloth material soaked
with a specific stimulus (a simulacrum) and deposited on
the aboral hemisphere of sea urchins, was exploited, and is
reported here and compared with classical stimulation through
diluted extracts.

The main objective was, therefore, to determine chemical
perception toward several dissolved food-related organic
compounds, such as proteins, peptides and amino acids,
carbohydrates, and lipids, and tissues and tissue extracts of
plant and animal origins, thus finding molecular evidence
for the food preferences of the acknowledged plant-eater
sea urchin Paracentrotus lividus and how they could affect
feeding behaviour.

However, before such refined task became possible, given the
novelty of the chemical stimulation procedure exploited here,
some issues had to be inevitably and preliminarily addressed.
Such issues were (1) distance food detection, ability to detect
food or food-related molecules at a distance, and capability
of moving toward the food target; (2) effect of the long term
nutritional state, given the notorious sluggish responses of sea
urchins to chemical stimuli; (3) selection of suitable absorbent-
cleaning cloths with neutral features per se regarding themselves
acting as potential feeding stimulants; (4) persistence of responses
induced by chemical stimuli absorbed in cleaning cloths at
longer periods of time; (5) concentration effectiveness of soaked
chemical stimuli; and (6) effect of the presentation of soaked
chemical stimuli through simulacra, singly or concurrently,
with blanks.

MATERIALS AND METHODS

Preliminary Studies
Distance Food Detection

Food Proximity
We intended to evaluate the capacity of distance food localization
and orientation. Observations (n = 24 similar-sized sea
urchins) on the direction of the sea urchins were carried
out in the presence of selected food items currently used
in the laboratory as raw feed to maintain the sea urchins,
maize whole yellow grains, and fronds of Kombu seaweed
Laminaria ochroleuca (Phaeophyceae), and fronds commonly
found on the same sea urchin rocky shores, the seaweed
Corallina elongata (Rhodophyceae) placed at a distance of.1m
from the sea urchins. This red seaweed was also selected
for being referenced as a preference for this sea urchin
(Boudouresque and Verlaque, 2007).

All the sea urchins were fed with each food item 2 days before
the experiments and observed individually in a glass aquarium
(1.5 × 0.4 × 0.25m of water depth) integrated into the same
seawater recirculation system where they were previously kept.
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FIGURE 1 | Side view of the stimulation apparatus used to introduce dissolved

stimuli and control seawater in a controlled and non-turbulent manner.

To reduce stressful conditions caused by illumination that
could prevent motion, distance food detection assays were made
in the absence of any light source, given that prior tests conducted
before the experiments clearly showed the opposite motion of the
sea urchins from light sources, and that motion velocity (escape
response) positively correlated with light intensity. Sea urchin
movements in darkness were followed using an infrared video
camera (model VC2400; Vicon, Hauppauge, NY, United States)
installed above the glass aquarium, which was illuminated on
each longitudinal side by 300 infrared diodes (Siemens, Munich,
Germany) mounted into two external rulers parallel to the
water column.

Detection of Plumes of Dissolved Compounds
The sea urchins were stimulated in translucent 2 L cylindrical
plastic beakers (0.13m diameter; 0.18m height) filled with 1 L of
seawater to prevent immobilization in any corner, where it would
be more difficult to observe its activity. All the tested sea urchins
(n= 10 per tested stimulus) were kept under the same conditions
of 20◦C of seawater temperature and an attenuated fluorescent
light illuminance of 16 lux on yjr beaker upper surface.

When the sea urchins were completely inactive and with most
of the podia retracted or slightly distending, the stimulant and
the control solutions were injected simultaneously in separate
containers using turbulence traps, as shown in Figure 1, which
allowed for a minimum disturbance that could be caused by
the mechanical introduction of the solution for stimulation.
The turbulence traps, consisting of small plastic cylinders,
were connected using plastic tubing (0.5 cm diameter) to
plastic syringes (model 22 Syringe Pump; Harvard Apparatus,
Cambridge, MA, United States) that delivered the chemical
stimuli at constant velocities of 0.005 L impulses with 60 s
duration, which were separated by 60 s inter-impulse pauses.
Each sea urchin was stimulated eight times in a total of 0.04 L
of stimulant for a total time of 16min. The control was tested
simultaneously, so the disturbances caused by the presence of
the observer or any residual mechanical stimulation could be
immediately identified.

Behavioural classifications were established according to
the number of extended podia (<5, 5–20, or more than
20), the intensity of their movements (stationary, active, or
very active), and their stretching based on exceeding or not
spine length (slightly or fully extended). The grouping of the
observed behaviours was arranged through parallelism with
the observations of Ferner and Jumars (1999) in palps of
polychaetes. The miniature size of the pedicelariae made their
use impracticable in this study, despite their importance as
chemoreceptive organs (Campbell and Laverack, 1968).

Dissolved Food-Related Compounds
The dissolved stimuli tested (25) for tube feet activity were
extracts of the seaweed C. elongata, 22 single amino acids, soluble
starch, and glucose. To prepare the seaweed extract, fronds of C.
elongata, collected in the same place as the tested sea urchins,
were wet-crushed and filtered up to 100µm. This extract was
used in 10% dilution. For the preparation of the amino acids and
carbohydrate solutions, the seawater used was filtered until 1µm
and irradiated with UV. This seawater had the same source as the
surrounding water of the sea urchins; thus, it was not necessary
to make pH corrections. The 22 single amino acids were taurine
(Sigma T-0625; Sigma Aldrich, St. Louis, MO, United States) and
the 21 L- amino acids (kit LAA-21; Sigma Aldrich, St. Louis, MO,
United States): alanine, arginine, asparagine, aspartate, cysteine,
cystine, phenylalanine, glycine, glutamate, glutamine, histidine,
isoleucine, leucine, lysine, methionine, proline, serine, threonine,
tryptophan, tyrosine, and valine. Amino acid solutions were
prepared in concentrations of 10mM and the starch and glucose
solutions in 10% concentration (0.01 kg of composition in 0.1 L
seawater). The control consisted of seawater of the same origin
as the one used for the preparation of the stimulants. The final
concentrations in the test container after dilution resulted in 3.8
× 10−5 M for amino acids and 0.4% for the remaining stimulants.
All the solutions were used at a temperature of 20◦C.

Contact Food Detection

Animals and Conditions
Adult sea urchins, with test diameters ranging from 40 to 50mm
(60–70mm including spines), were collected in September in
Cabo Raso, Cascais (distance: 30 kmwest from Lisbon, Portugal).
Those without evident signs of deterioration (no loss of spines
and firmly attached to the substrate) were carried to Guia
Marine Laboratory (Cascais) and kept until they were used for
experiments in a natural seawater recirculation system made
up of eight black fibreglass tanks (400 L each, 80m diameter
and 0.8m water column). Water quality was maintained in the
recirculation system through biological and protein skimmer
filtration. Chemical and physical parameters (pH, dissolved salts,
and gases) were regularly measured and showed to always fall
within recommended values compatible with the water quality
of a well-balanced aquarium system (Wickins and Helm, 1981).
The temperature has been kept at 19◦C, salinity at 35 psu, and pH
at 7.8–8. The quality of the water was assured, since no sea urchin
died or lost spines during the period in captivity, except in the
first week following collection.
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All the sea urchins were acclimatized to light:dark cycles
of 14:10 h. Indirect light (diffused) from the laboratory was
provided by ceiling fluorescent daylight tubes, reaching the
surface of the perforated rectangular dark blue plastic containers
where the sea urchins were assayed with a measured illuminance
of 350 lux (Gossen Lunasix, Gossen, Germany). The need
for direct and immediate observations of large numbers of
simultaneously tested sea urchins prevented the assays to be
carried out in total darkness and infrared illumination.

Food excess and/or excrements were removed by water
siphoning once a week when the tanks were cleaned, and 10%
of the volume of the recirculation system was replaced by stored
natural seawater pumped directly from the sea adjacent to the
laboratory and mechanically filtered through sand gravel.

The sea urchins, whatever their diet, were fed only two times
a week (Tuesdays and Fridays) and when applicable, only after
assays, given that it is well-known that recently fed sea urchins,
in general, are less responsive to foods (Lawrence et al., 2007).
Between the assays, the pool of sea urchins (150) was kept at the
bottom of one of the 400-L fibreglass tanks of the recirculation
system (equivalent to 300 sea urchins m−2 of tank bottom area),
but to prevent them from fully adhering to the bare bottom,
they were placed within a container made of a semi-rigid plastic
mesh (2.5 cm) moulded to the shape of the rigid tank. This
would facilitate the removal of sea urchins and lessen the impact
on adhesion podia caused by frequent and periodic recollection
for assays.

Methodology to Soak Up Food-Related Compounds
As a convenient way to absorb organic compounds, such as
fats, and other water-insoluble molecules, we tested absorbent
cleaning cloths (∼20 × 20 cm) available on the market. Based
on the partial incorporation of synthetic fibres, in the beginning,
we tentatively selected one brand (Lever Fabergé) manufactured
from natural cellulose (60%) and synthetic fibres (40%). Squared
portions (2 × 2 cm) were cut out from the original 20 × 20 cm
yellow cloth, so that each absorbent portion resembled a piece of
drift material on the seashore (simulacrum).

Tested sea urchins (4 batches of 8 sea urchins, thus a
total of 32 sea urchins for each assay) were placed in four
perforated rectangular dark blue plastic containers (60 × 39
× 15 cm deep), each one partially immersed in one of the
available four cylindrical 400-L tanks of the natural seawater
recirculation system in the laboratory. The containers were
divided by a plastic mesh in eight sections (18 × 11 × 12 cm
of water depth) in which a group of eight sea urchins, with
diameters ranging from 6 to 7 cm including spines, could be
tested simultaneously and independently. The sea urchins were
allowed to adapt until quietness for a period of 60min before the
assays were performed.

The chemical stimulation in this method consisted of placing
vertically either one or simultaneously two simulacra with similar
shape and size between the spines of the aboral hemisphere, as
shown in Figure 2, one soaked with a chemical stimulus and the
other soaked with just background seawater (blank). Thirty-two
pieces of absorbent cleaning cloths were simultaneously soaked
in each of the tested stimulus solutions (including blanks) for

FIGURE 2 | Contact chemical stimulation of the sea urchins with absorbent

cleaning cloths (simulacra). The one in the centre of the image was soaked

with just background seawater (blank) and the other in the foreground, already

transported to the oral region, was soaked with a chemical stimulus.

10min before the assays in order to allow for the adsorption
of the stimulant. The soluble food-related compounds were
freshly prepared by continuous magnetic bar agitation. Pure
oils and other insoluble compounds were rendered temporarily
emulsified using a hand-held blender (450W; Braun, Kronberg,
Germany). To avoid the eventual floatation of the simulacra due
to air retention, each set of cloths was squeezed/released three
times with an empty smaller-volume glass beaker pressed against
the slightly larger bottom of the cloth container beaker. Each
assay took place during a period of 30min until the full inactivity
of every sea urchin, which concurred with the time taken by most
sea urchins to carry adopted standard macroalgae flesh squared
portions to the oral region.

All the assays were carried out during the daytime (from 10 to
17 h), and no sea urchin was tested two times in the same day.
After each assay, every rectangular dark blue plastic container
was immediately scoured with an abrasive sponge to remove
completely adhered locomotory podia (footprints) left by the
removal of tested sea urchins that could eventually interfere with
the next batch of sea urchins.

The behavioural classification of responses to soaked chemical
compounds was straightforward and reduced to very few
categories based on the transportation of simulacra to the
oral hemisphere (phagostimulatory responses), their discarding
(phagodepressant responses), and unresponsiveness. These
responses were further reclassified as simulacra carried to the
mouth and bitten (CMB) and simulacra carried to the mouth but
not bitten (CMNB), whose summation made the total simulacra
carried to the mouth (CM). The discarded simulacra (D) were
so classified whenever a simulacrum was actively rejected and
dropped to the bottom of the container. Based on these resultant
behavioural responses and according to the feeding model of Lee
and Meyers (1997), we classified each chemical stimulus into the
classes of suppressant (D), incitant (CM), stimulant (CMB), and
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deterrent (CMNB). As a behavioural response characteristic of
sea urchins, unresponsiveness, or simulacra held on the aboral
region all the time, was classified as the category of cover (H).
To each of these categories of behavioural responses, the major
sensory structures of sea urchins could be associated (Barnes,
1980). Aboral tube feet (away from the mouth) can capture and
hold drift material and are thus, capable of generating Incitant
(CM), Suppressant (D), or Hold (H) response. Peristomial tube
feet (arising from the peristomial membrane, surrounding the
mouth) are probably chemo-sensitive participating in feeding
and thus, capable of generating the Stimulant (CMB) or the
Deterrent (CMNB) response.

Nutritional State and Life History Effects
Patterns of feeding vary throughout the life cycle of aquatic
invertebrates. Thus, chemoattractants and feeding stimulants to
which they respond should change with time. The nutritional
state of captive sea urchinsmust certainly condition the responses
to feeding stimulants. Before any assay on the perception of
food-related compounds could be carried out on sea urchins,
the influence of their nutritional state on responses to feeding
stimulants had to be preliminarily evaluated to select a standard
diet that could provide fast behavioural responses without the
inconveniences either of a fasting regime (too responsive) or a
high energy regime (insufficiently responsive).

The maturation stage of sea urchins could also interfere.
However, evidence from a previous study (Luis et al., 2005)
suggested that feeding P. lividus in captivity with the brown
seaweed Kombu (L. ochroleuca) resulted in poor gonad
maturation throughout the year.

Captive groups of sea urchins were subjected to 8 months of
three defined diets fed two times a week: whole yellow maize
grains, sectioned pieces of commercially available dehydrated
fronds of the brown seaweed L. ochroleuca (Alga Kombu,
Algamar, Galiza, Espanha), and the resultant combined diet by
alternating maize and kombu weekly. Each chemical stimulus,
glucose 10% (Merck, Darmstadt, Germany), soluble starch 10%
(Darmstadt, Germany), sucrose 10% (cane sugar), olive oil 10%,
and a 22-amino acid 1mMmixture, was tested on 30 sea urchins
from each of the three diets as well as on an equal number of
wild sea urchins recollected 15 days prior to testing and were
kept unfed.

Selection of Suitable Absorbent Cleaning Cloths
The results of the preliminary tests using the cleaning cloth
made of natural cellulose (60%) and synthetic fibres (40%)
showed similar chances for the blank simulacra to be carried
to the oral region as the simulacra containing chemical stimuli,
which suggested that the natural cellulose component could also
contribute to the response and induce undesired behavioural
responses. Thus, alternative cleaning cloths had to be evaluated
in order to select the few with the most desired attribute for a
blank simulacrum, i.e., poor incitant response or the least carried
to the mouth.

Absorbent cleaning cloths, available on the market and made
of different combinations of natural and artificial fibres (either
synthetic or semi-synthetic), reduced to strips of 20 × 2 cm and

then cut out into squared pieces of 2 × 2 cm, were tested on
the sea urchins: (1) 100% viscose (artificial cellulose fibre); (2)
70% viscose; 15% polypropylene; 15% polyester (Vileda brand);
(3) 70% viscose; 15% polypropylene; 15% polyester (Ballerina
brand); (4) 100% microfibres: [80% polyester+ 20% polyamide];
(5) 60% latex; 28% viscose; 12% polyester; (6) 35% cotton; 65%
cellulose; (7) 85% cotton; 15% cellulose; control: similar size
pieces of Kombu seaweed.

A total of 32 sea urchins (four batches of 8 sea urchins)
for each of the eight assays were allocated and tested as
already described.

Persistence of Responses Mediated by Absorbent Cleaning

Cloths at Longer Periods of Time
As stated, each assay with soaked chemical stimuli took place
during a period of 30min that concurred with the time taken
by most sea urchins to carry adopted standard kombu seaweed
flesh (L. ochroleuca), sectioned in squared portions, to the oral
region immediately followed by biting. It was also assumed that
longer periods of stimulation would result in a more complete
sea urchin response. If the initial 30min response allowed the
transportation of a food simulacrum or a piece of kombu seaweed
to the mouth followed by biting, then longer periods of time (3–4
days) would allow for a more thorough consumption of the food
items (including the artificial absorbent cloths), eventually up to
full ingestion by the sea urchin. On the other hand, if whatever
food item was initially discarded, then more time would not
revert the response. If the final outcomes were similar for natural
foods and food simulacra items, then we could more plainly
accept absorbent cloths (food simulacra) as trusted vehicles to
soak up any kind of chemical stimuli.

A total of 32 sea urchins (four batches of 8 sea urchins)
for each of the five assays were allocated and tested as already
described. The assays involved testing blank food simulacra (85%
cotton and 15% cellulose) for 3 and 4 days, crushed fresh mussel
(3 days), and a previously known phagostimulant, food simulacra
soaked with a 10% starch solution (3 days). Also, identical-sized
squared portions of kombu seaweed served as an experimental
control for a 3-day period.

Concentration Effectiveness of Soaked Chemical Stimuli
During previous experiments, solutions of chemical stimuli at
10% concentration were generally used, except for single or
mixtures of amino acids that were used only at 1% concentration.
Nevertheless, either dissolved in plumes or soaked in artificial
food simulacra, amino acids were apparently well-detected by
sea urchins. Therefore, evidence was necessary to be gathered
to clarify the issue of the concentration effectiveness of selected
chemical stimuli.

A total of 32 sea urchins (four batches of eight sea urchins)
for each of the 20 assays were allocated and tested as already
described. The assays involved testing 20 diverse chemical stimuli
as follows:

Carbohydrates: agar-agar; alginate (sodium); alginic acid;
cellulose (alpha); glucose; glycogen; mannitol; saccharose; starch
(unmodified), and starch (soluble). Proteins and peptides:
Amicase; casein; gliadin and HyPEP. Fats: Cod liver oil; corn oil;
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linseed oil and olive oil. Tissue extracts: Kombu seaweed extract
and mussel extract.

Effect of Presentation of Soaked Chemical Stimuli: Singly or

Concurrently With Blanks
When chemical stimuli soaked in simulacra were chosen by
sea urchins, i.e., transported from the aboral to the adoral
side of the body and bitten, we wanted to have the assurance
that they were chosen based on purpose and not on chance.
A total of 41 chemical stimuli (fully described below) at 1%
concentration soaked in simulacra were tested either singly
or against concurrent blanks. Therefore, for the experimental
design, an ANOVA with two factors was performed. A total
of 16 observations of batches of eight sea urchins were carried
out involving eight observations with single chemical-carrying
simulacra and another eight observations of chemical-carrying
simulacra concurrently with blank simulacra.

Refined Experiments
Once all the issues addressed in the preliminary studies
were settled, the experiments then proceeded to finally
determine which food-related compounds were stimulatory to
sea urchin P. lividus.

Stripes from refills of mop heads made of an absorbent
yellow cloth material (85% cotton and 15% semi-synthetic
cellulosic fibres) were used throughout the entire refined
experiments for testing the responses of the selected 41 food-
related chemical compounds. The chemical stimulants derived
from algal food were the first priority to be put under test.
Thus, starch, unmodified (S5127; Sigma Aldrich, St. Louis,
MO, United States), starch, soluble, (33615; Riedel-de-Haen,
Seelze, Germany), and alpha-cellulose (C8002; Sigma Aldrich, St.
Louis, MO, United States) were selected as stimulants from the
Chlorophyta; Laminarin (from Laminaria digitata, L9634; Sigma
Aldrich, St. Louis, MO, United States), D-mannitol (M4125;
Sigma Aldrich, St. Louis, MO, United States), and alginic acid
(A7003; Sigma Aldrich, St. Louis, MO, United States) were
selected as stimulants from the Phaeophyta; agar-agar (powder,
JoséM. Vaz Pereira) andD-(+)-galactose (G0750; Sigma Aldrich,
St. Louis, MO, United States) were selected as stimulants from
the Rhodophyta; glucose (8337; Merck, Darmstadt, Germany),
saccharose (7651; Merck, Darmstadt, Germany), fructose (Cem
Porcento; Ignoramus, Santarem, Portugal), glycogen (104202;
Merck, Darmstadt, Germany), alginate, sodium (Fagron Iberica,
Barcelona, Spain), and cotton (85%, isolated blanks) were
selected as other carbohydrates. Among the proteins, peptides
and free amino acids, we selected some of the few available
on the market: casein (purified powder from bovine milk, C-
5890; Sigma Aldrich, St. Louis, MO, United States), Amicase
(casein acid hydrolysate mixture of free amino acids without
peptides, A2427; Sigma Aldrich, St. Louis, MO, United States),
gliadin (from wheat gluten, G3375; Sigma Aldrich, St. Louis,
MO, United States), gluten from wheat also available from
Sigma Aldrich (St. Louis, MO, United States) (G5004) but
given that it was not pure protein (80 % protein, 7% fat)
it could not be elected for testing, HyPEP 4601 (protein
hydrolysate from wheat gluten, rich source of L-glutamine,

H6784; Sigma Aldrich, St. Louis, MO, United States), peptone
(bacteriological peptone powder, from pancreatic digested
animal proteins; Oxoid L37, Basingstoke, United Kingdom) ,
glutamate, monosodium (flavour enhancer; Ajinomoto, Tokyo,
Japan), L-glutamic acid (G-1251; Sigma Aldrich, St. Louis, MO,
United States), L-glutamine (G-3126; Sigma Aldrich, St. Louis,
MO, United States), L-tryptophan (T-0254; Sigma Aldrich, St.
Louis, MO, United States), L-cystine (C-8755; Sigma Aldrich, St.
Louis, MO, United States), L-cysteine (C-7755; Sigma Aldrich, St.
Louis, MO, United States), L-valine (V-0500; Sigma Aldrich, St.
Louis, MO, United States), L-threonine (T-8625; Sigma Aldrich,
St. Louis, MO, United States), L-leucine (L-8000; Sigma Aldrich,
St. Louis, MO, United States), and L-tyrosine (T-3754; Sigma
Aldrich, St. Louis, MO, United States). The single L-amino acids,
except L-glutamine, were restricted only to those eight that
had previously generated a significant tube feet activity. New
single amino acid solutions at 1% concentration were prepared
fresh and used immediately. Among the fats and fatty acids,
we selected some of the most common oils (and respective
most abundant purified fatty acid) used for human consumption:
linseed oil [55% linolenic acid; Emile Noel (Huilerie) France],
linolenic acid (C18:3n-3, L2376; Sigma Aldrich, St. Louis, MO,
United States), corn oil [linoleic acid > 45%; linolenic acid <2%;
Solmil (Lisbon, Portugal)], linoleic acid (C18:2n-6 L1376; Sigma
Aldrich, St. Louis, MO, United States), olive oil (acidity 1.5◦;
Galo), oleic acid (C18:1n-9, O1008; SigmaAldrich, St. Louis, MO,
United States), and Cod liver oil (61018; José M. Vaz Pereira,
Santarem, Portugal). Among the bitter compounds, the alkaloid
caffeine (white powder, BDH, Biochemical 213390) was selected.
Tissues and tissue extracts were obtained from two sources,
one from a plant (year-round commercially available dehydrated
fronds of kombu brown seaweed L. ochroleuca) and the other
from an animal (year-round commercially available fresh mussel
Mytilus galloprovincialis): Kombu flesh, Kombu extract, mussel
flesh, mussel extract; Kombu flesh against mussel flesh and
Kombu seaweed extract against mussel extract.

The blank solution (control) was, in every case, made up of
recirculated tank natural seawater.

Each complete stimulus assay consisted of eight observations
on 64 sea urchins (eight batches of eight sea urchins) stimulated
only with a single-stimulus carrying simulacra.

As the laboratory pool of sea urchins could only be tested a
maximum of two times a week, the assays took almost a year
to complete. To avoid life history interferences, each complete
assay was divided in half, four observations (batches) on 32 sea
urchins. Each one of the half sets was assayed with at least a
6-month interval.

Statistical Analysis
The data from stimulation through soaked chemical
compounds were analysed according to phagostimulatory
or phagodepressant responses. In the first case, only behaviours
involving the transportation of simulacra to the mouth were
compared, the remaining ones were considered collectively as
non-responsive. In the second case, only behaviours involving
the discard of one of the simulacra were analysed, the remaining
ones were collectively considered as nonresponsive. As results
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are reported under a nominal form, non-parametric statistics
were used (Siegel, 1975). Responsiveness to each chemical
stimulus was analysed by the χ

2 tests, and within responses,
preference for one or the other simulacrum was compared using
binomial tests. The null hypothesis was an equal probability for
the occurrence of any of the responses. Response comparisons
(phagostimulatory or phagodepressant) between diets were also
analysed by χ

2 tests.
The “Statistica for Windows” software package was used

for statistical analyses. Differences between two data means
were analysed by Student’s t-distribution for independent
values (Bailey, 1959). Multiple averages were compared by
one-way analysis of variance (ANOVA). Levene’s statistic test
was performed to test for the homogeneity of variances for
all data. Data with homogeneous variances were analysed
by one-way ANOVA with Tukey’s multiple comparisons to
determine differences among the independent factors. Data with
heterogeneous variances were analysed using by the Kruskal–
Wallis statistic test followed by multiple comparisons of mean
ranks for all the groups (Zar, 1999). The significance level used
was P < 0.05.

RESULTS

Preliminary Studies
Distance Food Detection

Food Proximity
Whenever the sea urchins were placed in the centre of the
aquarium, regardless of the type of illumination (including
darkness), they immediately initiated displacement with an
apparently erratic course with several changes in direction that
generally came to a halt when any of the corners of the aquarium
was reached and then they stayed put for days without any further
motion. The study, conducted under appropriate conditions of
illumination (darkness), showed that food proximity (0.1m)
could not incite the sea urchins to displace or change directions
while displacing. The occurrences in which newly placed sea
urchins reached food were rare (8%), thus suggesting random
encountersmore than the presence of food as a cause (χ2: P> 0.2,
df = 1 by comparison with similar situations of darkness but
no food present). The results showed that this method is not
convenient to chemically stimulate sea urchin P. lividus.

Tube Feet Activity
Tube feet responses were compared on the same sea urchins
when exposed to food-related stimuli and control stimulus. The
behavioural responses clearly varied with stimuli (P < 0.001).
The sea urchins showed no behavioural differences relative to
the control for 15 out of the total 25 tested stimuli. These
were aspartate, alanine, arginine, asparagine, glutamine, glycine,
histidine, isoleucine, lysine, methionine, phenylalanine, proline,
serine, taurine, and glucose (P > 0.05).

However, for the 10 remaining tested stimuli, significant
differences relative to the control were observed for the red
seaweed extract of C. elongata (P < 0.001), the amino acids
cystine, cysteine, leucine, tryptophan, tyrosine, and valine
(P < 0.01), glutamate and threonine (P < 0.05), as well as

starch (P < 0.01). The more frequent response observed was the
full stretching of more than 20 tube feet but without agitation.
Displacement was observed on 2% of all the tested sea urchins but
was restricted only to those exposed to the red seaweed extract of
C. elongata. Among the behaviours not directly related to tube
feet activity, spine activity showed no variation when the sea
urchins were exposed to stimuli.

The true meaning of these responses regarding the feeding
behaviour of sea urchins remained unclear. All we could conclude
was that any of the 10 chemical stimuli were recognized by sea
urchins, but nothing could be drawn regarding the power of each
stimulus as phagostimulant or phagodepressant.

Contact Food Detection

Long-Term Nutritional State Effects
The frequency of feeding responses is independent of the kind
of chemical stimulus presented (P > 0.05, df = 3), but is clearly
dependent on the nutritional state of the sea urchins (P < 0.001,
df = 3; Figure 3). When fed with seaweed fronds exclusively,
the sea urchins showed a greater response frequency toward
simulacra (either test and/or blank) than those fed with any
of the other diets tested or even the unfed ones (P < 0.001,
df = 1). The sea urchins fed with maize, either exclusively or
in combination with seaweed fronds, showed the least response
frequency (P > 0.05, df= 1).

Whenever simulacra were placed over the individual sea
urchins, spine reactions were always observed, although
subsequent tube feet responses did not always result in
phagostimulation or phagodepression. In many instances, the
sea urchins did not convey any of the presented simulacra to
the mouth. For most of the tested chemical stimuli, the sea
urchins choose indistinguishably either the test simulacrum or
the control (blank) simulacrum. This was the case for the 22-
amino acid mixture, olive oil, sucrose, and glucose (P > 0.05).
However, regardless of diet, when soluble starch was the tested
stimulus, the sea urchins clearly showed a preference for the
respective simulacrum relative to the blank one (P < 0.05).

Blank simulacra, irrespective of sea urchin diet, were chosen
as frequently as stimulus-carrying simulacra, except when this
was starch. The natural cellulose component (60%) of the cloth
simulacra must certainly have been responsible for the observed
sea urchin feeding behaviour, thus suggesting its sensitivity to this
complex carbohydrate.

The discarding of simulacra was less frequent than the
frequency of carried simulacra responses but were again
dependent on sea urchin nutritional state (P< 0.001, df= 4). The
sea urchins fed on the combined diet of rejected simulacra more
frequently than those fed with seaweed fronds or the unfed ones
(algal diet vs. combined diet: P < 0.02, df = 1; combined diet vs.
wild unfed: P < 0.05, df= 1). Differences among the other tested
diets were found to be not significant (P > 0.05, df = 1). The
sea urchins showed equal chances to discard either the test or the
blank simulacrum as revealed by binomial analysis (P > 0.05).
The discard frequency of simulacra was not correlated with the
kind of tested stimulus (P >.05, df = 1) being observed in <5
cases for each tested diet.
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FIGURE 3 | Nutritional state effects of sea urchins on the response toward food-related compounds soaked in simulacra. Black bars represent frequencies of carried

simulacra-containing stimulus, light grey bars represent carried blank simulacra, dark grey bars represent discarded simulacra, and white bars represent

unresponsiveness (N = 150 sea urchins under each dietary regime). For every diet, five food-related compounds were tested [glucose, starch, sucrose, olive oil,

amino acid (AA) mixture] and expressed as their pooled responses.

TABLE 1 | Selection of absorbent cleaning cloths.

D CM CMB CMNB H

Behavioural responses Number Number Carried to Mouth Number

Discarded Total Bitted Not Bitted Held

(Mean ± sem) (Mean ± sem) (Mean ± sem) (Mean ± sem) (Mean ± sem)

Assays (8)

Composition of absorbent cloths

100% Viscose 0.00 ± 0.00 4.50 ± 1.04 1.00 ± 0.41 3.50 ± 0.87 3.50 ± 1.04

% 0 56 13 44 44

70% Viscose 0.25 ± 0.25 3.75 ± 0.63 0.75 ± 0.25 3.00 ± 0.71 4.00 ± 0.41

15% Polypropylene % 3 47 9 38 50

15% Polyester (Vileda brand)

70% Viscose 0.00 ± 0.00 3.75 ± 0.48 1.00 ± 0.00 2.75 ± 0.48 4.25 ± 0.48

15% Polypropylene % 0 47 13 34 53

15% Polyester (Ballerina brand)

100% Microfibers 1.00 ± 0.71 3.00 ± 0.71 1.00 ± 0.71 2.00 ± 0.00 4.00 ± 0.91

[80% Polyester 20% Polyamide] % 13 38 13 25 50

60% Latex 0.00 ± 0.00 5.50 ± 0.50 0.75 ± 0.48 4.75 ± 0.48 2.50 ± 0.50

28% Viscose % 0 69 9 59 31

12% Polyester

35% Cotton 1.00 ± 0.41 2.75 ± 1.11 0.75 ± 0.25 2.00 ± 1.00 4.25 ± 1.18

65%Cellulose % 13 34 9 25 53

85% Cotton 1.00 ± 0.71 1.25 ± 0.63 0.50 ± 0.29 0.75 ± 0.75 5.75 ± 0.75

15% Cellulose % 13 16 6 9 72

Control kombu seaweed 0.00 ± 0.00 3.75 ± 0.85 3.75 ± 0.85 0.00 ± 0.00 4.25 ± 0.85

% 0 47 47 0 53

CM showed homogeneity of variances: Levene’s test (7, 24), P > 0.05. CM means were significantly different: ANOVA (7, 24), P < 0.05. N = 4 batches (eight sea urchins per batch).
Bold values to draw attention to the most relevant results.

Selection of Suitable Absorbent Cleaning Cloths
The simulacra carried to the oral region (CM), which summarizes
both the least desired attributes for a blank simulacrum, carried

to the mouth and bitten (CMB) and carried to the mouth but not
bitten (CMNB), as shown inTable 1, showed the lowest values for
85% cotton, 35% cotton, and 100% microfibres (non-significant
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TABLE 2 | Longer duration tests with cotton-based (85%) cloths.

Behavioural responses Number of Discarded cloths Number of cloths Carried to Mouth Number of

Held cloths

Bitted Not Bitted

D CMB CMNB H

Assays (5)

Blank cloths (3 days) Mean ± sem 7.00 ± 0.41 0.75 ± 0.25 0.00 ± 0.00 0.25 ± 0.25

% (mean) 88 9 0 3

CMB: just bitted = 3; ∼1/3 consumed = 0; ∼1/2 cons. = 0; ∼2/3 cons. = 0; fully cons. = 0

Blank cloths (4 days) Mean ± sem 4.00 ± 1.08 3.50 ± 0.87 0.00 ± 0.00 0.50 ± 0.50

% (mean) 50 44 0 6

CMB: just bitted = 12; ∼1/3 consumed = 2; ∼1/2 cons.= 0; ∼2/3 cons. = 0; fully cons. = 0

Kombu flesh (3 days) Mean ± sem 0.25 ± 0.25 7.50 ± 0.29 0.00 ± 0.00 0.25 ± 0.25

% (mean) 3 94 0 3

CMB: just bitted = 0; ∼1/3 consumed = 0; ∼1/2 cons.= 0; ∼2/3 cons.= 0; fully cons. = 30

Crushed mussel (3 days) Mean ± sem 0.00 ± 0.00 7.75 ± 0.25 0.00 ± 0.00 0.25 ± 0.25

% (mean) 0 97 0 3

CMB: just bitted = 0; ∼1/3 consumed = 0; ∼1/2 cons.= 0; ∼2/3 cons.= 4; fully cons. = 27

Cloths 10% starch unmodified (3 days) Mean ± sem 1.00 ± 0.71 7.00 ± 0.71 0.00 ± 0.00 0.00 ± 0.00

% (mean) 13 88 0 0

CMB: just bitted = 10; ∼1/3 consumed = 2; ∼1/2 cons. = 11; ∼2/3 cons. = 1; fully cons.= 4

N = 4 batches (eight sea urchins per batch). Total tested sea urchins per assay = 32.

differences, Fisher’s LSD test, P > 0.05). Given that the 85%
cotton cleaning cloth was available already in stripes from mop
head refills, it was selected for convenience for the following
refined experiments.

Persistence of Responses Mediated by Absorbent Cleaning

Cloths at Longer Periods of Time
The results shown in Table 2 seem to confirm the early
assumption that sea urchins must not be kept unfed beyond 3
days, as on the 4th day the number of blank simulacra is clearly
more carried to the mouth and bitten (CMB). On the other hand,
the results also confirm that the selected absorbent cleaning cloth,
once soaked with an appropriate food-related stimulus, seems
to behave like real food given that 50% of the cloths soaked in
starch were carried to the mouth and even ingested (CMB’s half
or more consumed).

The capacity of the selected cleaning cloths to retain chemical
stimulus even when kept immersed for three consecutive days in
seawater was evidenced when all the pieces of cloths previously
soaked in the solution of starch stayed glued to filter paper
after air drying. The same did not happen with the cloths used
as blanks.

Concentration Effectiveness of Soaked Chemical Stimuli
Only 4 out of the 20 tested chemical stimuli, 20% of the
tested comparisons between 1 and 10% stimuli concentrations,
were shown to be significantly different (p < 0.05) when
analysed according to the more relevant response concerning
food-related compounds, the simulacra carried to the mouth
(CM and incitants), which included either the simulacra carried

to the mouth and bitten (CMB, incitants, and stimulants)
and/or the carried ones to the mouth but not bitten (CMNB,
incitants, and deterrents). The tested 1% chemical stimulus
concentration seems to be more effective than the alternative
10% concentrations, as shown in Table 3, where all the incitant
responses (CM) tested significantly different are related with the
former concentration.

Therefore, given that 80% of the mean concentration
differences between 1 and 10% were insignificant (P > 0.05)
and that all the remaining 20% significantly different
(P > 0.05) showed higher responses to the 1% concentration
of chemical stimulus, we adopted this later condition for all
subsequent experiments.

Effect of Presentation of Soaked Chemical Stimuli: Singly or

Concurrently With Blanks
As shown in Table 4, whenever simulacra soaked with chemical
stimuli are carried to mouth (CM), either bitten (CMB), or
not bitten (CMNB), their averages were always greater than
the averages of blank simulacra. As expected, the reverse was
true only for the discarded (D) and held (H) simulacra. This
suggests that, in general terms, the adopted simulacra of an
artificial drift material allowed sea urchin P. lividus to clearly
discriminate chemical-carrying simulacra from blank simulacra.
As also shown in Table 4, the isolated blanks tend to be more
ingested (CMB) than the blanks presented concurrent with
stimulus (P < 0.001), thus attesting to the very low incidence of
ingestion of blank simulacra throughout all the assays.

If each one of the 40 stimuli paired means with and without
blanks (all the 41 chemical stimuli except the cotton blank
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TABLE 3 | Comparisons of 20 chemical stimuli at 1 and 10% concentration presented as single simulacra, i.e., without concurrent blank simulacra.

Only significant CMs P < 0.05 H1 Significant

mean

differences

Amicase Linseed oil

Response CM Response CM

Stimulus conc. 1% 10% Stimulus conc. 1% 10%

Mean ± sem 4.8 ± 0.8 1.8 ± 0.5 Mean ± sem 6.3 ± 0.5 4.5 ± 0.5

P (t-student) 0.02 P (t-student) 0.04

Starch, soluble Gliadin

Response CM Response CM

Stimulus conc. 1% 10% Stimulus conc. 1% 10%

Mean ± sem 5.3 ± 0.5 3.3 ± 0.3 Mean ± sem 8.0 ± 0.0 5.8 ± 0.5

P (t-student) 0.01 P (t-student) 0.00

Student t-tests, two-tail distribution with two samples with equal variances. N = 4 (four batches of eight tested sea urchins); CM—simulacra carried to the mouth (incitant stimuli).
Carbohydrates: agar-agar; alginate (sodium); alginic acid; cellulose (alpha); glucose; glycogen; mannitol; saccharose; starch (unmodified), and starch (soluble). Proteins and peptides:
Amicase; casein; gliadin, and HyPEP. Fats: cod liver oil; corn oil; linseed oil, and olive oil. Tissue extracts: Kombu seaweed extract and mussel extract. Bold values to draw attention to
the most relevant results.

TABLE 4 | Chemical stimuli (41) mean at 1% concentration against concurrent blanks.

Behavioural responses D CM CMB CMNB H

Number of means:

Stimuli 6= Blanks 25 30 28 9 12

Stml > Blnk 2 30 28 9 0

Blnk > Stml 23 0 0 0 12

% 61 73 68 22 29

Stimuli = Blanks 16 11 13 32 29

% 39 27 32 78 71

41 41 41 41 41

Blanks (85% cotton) (1) NS NS *** NS NS

Single (mean ± sem) 2.75 ± 0.25 0.75 ± 0.31 0.38 ± 0.18 0.38 ± 0.18 4.50 ± 0.33

Concur. w/ stimulus (2) 3.23 ± 0.55 0.82 ± 0.27 0.03 ± 0.04 0.80 ± 0.26 3.95 ± 0.51

D, discarded; CM, carried to mouth (combined CMB and CMNB); CMB, carried to mouth and bitten; CMNB, carried to mouth but not bitten; H, held.
N = 8 per stimulus (8 batches x 8 sea urchins, total of 64 tested sea urchins).
***Highly significant (P < 0.001); NS, not significant (P > 0.05).
Student t-tests with unpaired (independent) samples.
N = 280 (280 batches × 8 sea urchins, total of 2,240 tested sea urchins).

stimulus) are compared by Student’s “T-tests” (N = 16); then,
most of the observed differences between means for any of the
registered responses are not significant (P > 0.05, df = 14).
Depending on the behavioural response, only 5–10% (2–4 out
of 40) of the stimuli means were shown to be significantly
different (P < 0.05) with no clear dominance for any of the
treatments. Likewise, none of the global pooled means with
and without blanks analysed by each behavioural response (D,
CM, CMB, CMNB, and H) were shown to be significantly
different (P > 0.05, df= 78).

However, if both factors are considered simultaneously
(ANOVA, two factors), stimuli presented singly (N = 8 batches)
and stimuli presented concurrently with a blank (N= 8 batches)
for all the 40 tested stimuli, then, as shown in Table 5, some
of the sea urchin behavioural responses are affected by the
presence of a blank simulacrum. Behavioural responses D

(suppressant) and CMB (incitant/stimulant) to stimuli either
with a concurrent blank or without a blank (single stimulus)
showed no differences between the respective response means
or interferences from the concurrent blank simulacra, but the
CMNB responses (incitant/deterrent) and consequently the CM
responses (incitant) clearly showed the presence of concurrent
blank simulacra as having interference with the final sea
urchin choice.

Thus, as shown in Table 6, the final refined experiments
for the identification and classification of food-related chemical
stimuli are carried out based on simulacra presented singly
to sea urchins but weighted by the results observed when the
same chemical stimuli were presented concurrently with blanks.
Nine of the latter 41 tested stimuli resulted in responses like
the concurrent blanks (t-test, P > 0.05), and they were: cotton
(blanks), alginic acid, saccharose, glutamate mNa, glutamic acid,
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TABLE 5 | Differences in stimuli means with and without blanks.

Behavioural responses D CM CMB CMNB H

Classes of chemical stimuli Suppressant Incitant Stimulant Deterrent Covering

Stimuli P < 0.05*** P < 0.05*** P < 0.05*** P < 0.05*** P < 0.05***

H1 H1 H1 H1 H1

Blanks P > 0.05 P < 0.05** P > 0.05 P < 0.05* P > 0.05

H0 H1 H0 H1 H0

Stimuli/blanks (interaction) P > 0.05 P < 0.05* P > 0.05 P < 0.05* P < 0.05*

H0 H1 H0 H1 H1

ANOVA, two factors (stimuli and blanks). N = 16 per stimulus (16 batches × 8 sea urchins, total of 128 sea urchins). D, discarded; CM, carried to mouth (combined CMB and CMNB);
CMB, carried to mouth and bitten; CMNB, carried to mouth but not bitten; H, held. *Significant (P < 0.05); **very significant (P < 0.01); ***highly significant (P < 0.001); not significant
(P > 0.05).

glutamine, valine, leucine, and caffeine. Twenty-one (51.2%) of
the 41 stimuli highlighted in Table 6 are coincidentally classified
by both methods of stimuli presentation (with or without
blanks). However, the 20 other tested stimuli resulted in some
divergence in chemical stimuli classifications, although most
of them (36.6%) were related with just discrimination from
incitant, incitant/stimulant, and incitant /deterrent, or deterrent
and incitant/deterrent classes. Only six of the tested stimuli
(14.6%), namely, alginate sodium, glycogen, saccharose, fructose,
amicase, and cod liver oil, showed no relationship between the
two modes of chemical stimuli presentation and had to be
classified as indeterminables.

Refined Experiments: Stimuli Classification
The identification andmost probable classification of the selected
41 food-related chemical stimuli according to their behavioural
sea urchin responses are summarized in Table 6. Each individual
chemical stimulus was first classified as an incitant if the average
number of simulacra carried to the mouth was significantly
greater (Student t-test, independent samples, P < 0.05) than
the average number of simulacra dropped to the bottom of the
container, away from the sea urchins. The reverse resulted in the
chemical stimulus being classified as a suppressant. Afterwards,
the same stimulus (incitant) was classified further as a stimulant if
the average number of simulacra carried to the mouth and bitten
was significantly greater (Student t-test, independent samples,
P < 0.05) than the average number of simulacra carried to
the mouth but not bitten. The reverse resulted in the chemical
stimulus (incitant) being classified further as a deterrent. If no
response was observed at all (no feeding), then the resultant
behaviour was just classified as the so-called covering-feeding
behaviour (de Ridder and Lawrence, 1982; Verlaque andNedelec,
1983).

Independent of the chemical stimuli class classification shown
in Table 6 and based only on the observed averages of the
simulacra-carrying chemical stimuli, when all the means of
the tested chemical stimuli (except the eight ones resulting
in responses similar to cotton blanks) are compared by each
behavioural response (one-way ANOVA and Kruskal-Wallis
tests), we could only observe three means (Mussel extract,
Kombu flesh, and linolenic acid) significantly less discarded (D)

than the cotton blanks (P < 0.05); 11 means (gliadin, mussel
extract, corn oil, linseed oil, linolenic acid, casein, mussel flesh,
unmodified starch, olive oil, linoleic acid, and starch soluble)
were more significantly carried to the mouth (CM) than the
cotton blanks (P < 0.05); 4 means (gliadin, linolenic acid, Kombu
flesh, and corn oil) were more significantly carried to the mouth
and bitten (CMB) than the cotton blanks (P < 0.05); 2 means
(mussel extract and linseed oil) were more significantly carried
to the mouth but not bitten (CMNB) than the cotton blanks
(P < 0.05); and finally only a mean (gliadin) was significantly less
used as covering (H) than the cotton blanks (P < 0.05).

Merging behavioural responses and class classifications, six
stimuli clearly emerged as the ones most perceived as food-
related compounds: gliadin, linolenic acid, Kombu flesh, Kombu
extract, starch unmodified, and starch soluble. All of the six
were carried to the mouth and bitten (CMB), and as such,
classified as incitants/stimulants. The majority (three stimuli)
were complex molecules (gliadin, a protein, and starches,
complex carbohydrates). Only one of the six stimuli was a
simple molecule, linolenic acid, a fatty acid of plant origin. The
remaining two were the intact structure of a section from a frond
of a brown macroalgae or their resultant tissue extracts.

The most retained simulacra as covering behaviour (H),
although not significantly different from the cotton blanks
(56%), were amino acids (glutamine, 70%; valine, 64%; and
leucine, 59%), laminarin (67%) and glutamate monosodium
(59%) (ANOVA, -one-way, non-parametric, Kruskal–Wallis test,
P > 0.05). On the opposite, the only and least retained one was
the protein gliadin (ANOVA—one-way, parametric, Tukey HSD
test, P < 0.05) followed by the mussel extract (14%) and the
complex oils, each with 16% of the occurrences (linseed, corn,
and olive oils).

The next tables, Tables 6.1–6.4, are continuations of Table 6,
each arranged by selected chemical stimuli based on constituents
or derivatives to be submitted to further statistical comparisons.

In Table 6.1, concerning carbohydrates, several specific and
general comparisons involving 14 chemical stimuli are made
evident. Starch was well-perceived as food whatever its chemical
structure, unmodified (insoluble) or soluble. Although cotton is
91% cellulose (blanks: 85% cotton, 15% cellulose) it is much less
perceived as food than alpha-cellulose (a polymer of glucose),
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TABLE 6 | Sea urchin behavioural responses to 41 singly presented chemical stimuli as solutions at 1% concentration soaked in cleaning cloths or as tissues, and resultant classifications of the chemical stimuli.

Initiation of feeding Continuation of feeding No feeding

Suppressant Incitant Stimulant Deterrent Covering Chemical stimuli class classification

Behavioural responses D CM CMB CMNB H Presented single Concurrent with

Blank

Mean ± SEM Mean ± SEM Mean ± SEM Mean ± SEM Mean ± SEM %

Tested chemical stimuli

Chlorophyta 1 Starch unmodif. 0.63 ± 0.38 • 5.25 ± 0.53 3.50 ± 0.38 1.75 ± 0.45 2.13 ± 0.30 27 Incitant/Stimulant Incitant

Significance *** **

2 Starch soluble 0.38 ± 0.18 • 4.88 ± 0.30 3.13 ± 0.35 1.75 ± 0.25 2.75 ± 0.25 34 Incitant/Stimulant Incitant/Stimulant

Significance *** **

3 Alpha-cellulose 2.38 ± 0.63 2.88 ± 0.67 0.75 ± 0.25 2.13 ± 0.52 2.75 ± 0.92 34 Deterrent Incitant/Deterrent

Significance NS *

Phaeophyta 4 Laminarin 1.00 ± 0.27 1.63 ± 0.32 1.25 ± 0.16 0.38 ± 0.18 5.38 ± 0.38 67 Stimulant Incitant

Significance NS **

5 Mannitol 1.25 ± 0.37 3.63 ± 0.53 1.88 ± 0.48 1.75 ± 0.45 3.13 ± 0.44 39 Incitant Incitant

Significance ** NS

6 Alginic acid 3.75 ± 0.53 0.25 ± 0.16 0.13 ± 0.13 0.13 ± 0.13 4.00 ± 0.65 50 Suppressant (Suppressant)

Significance *** NS The only instance where tested sea urchins fled (similar to concur. blank)

Rhodophyta 7 Agar-agar 1.38 ± 0.26 3.13 ± 0.23 0.88 ± 0.23 2.25 ± 0.31 3.50 ± 0.27 44 Incitant/Deterrent Incitant

Significance *** **

8 Galactose 0.63 ± 0.26 3.13 ± 0.40 1.00 ± 0.27 2.13 ± 0.35 4.25 ± 0.45 53 Incitant/Deterrent Deterrent

Significance *** *

Other carbohydrates

9 Alginate sodium 2.63 ± 0.50 3.63 ± 0.26 1.38 ± 0.38 2.25 ± 0.45 1.75 ± 0.70 22 Indeterminable Incitant/Deterrent

Significance NS NS

10 Glycogen 1.75 ± 0.37 3.13 ± 0.40 1.25 ± 0.37 1.88 ± 0.58 3.13 ± 0.52 39 Incitant Indeterminable

Significance * NS

11 Saccharose 2.13 ± 0.35 1.75 ± 0.31 0.38 ± 0.18 1.38 ± 0.32 4.13 ± 0.52 52 Deterrent (Indeterminable)

Significance NS * (similar to concur. blank)

12 Glucose 1.25 ± 0.37 2.75 ± 0.41 1.13 ± 0.35 1.63 ± 0.53 4.00 ± 0.53 50 Incitant Incitant

Significance * NS

13 Fructose 3.50 ± 0.42 2.00 ± 0.63 0.50 ± 0.27 1.50 ± 0.42 2.50 ± 0.63 31 Indeterminable Suppressant

Significance NS NS

14 Cotton (Blanks) 2.75 ± 0.25 0.75 ± 0.31 0.38 ± 0.18 0.38 ± 0.18 4.50 ± 0.33 56 Suppressant Suppressant/Deterrent

Significance *** NS (concur. w/ stimuli)

(Continued)
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TABLE 6 | Continued

Initiation of feeding Continuation of feeding No feeding

Suppressant Incitant Stimulant Deterrent Covering Chemical stimuli class classification

Behavioural responses D CM CMB CMNB H Presented single Concurrent with

Blank

Mean ± SEM Mean ± SEM Mean ± SEM Mean ± SEM Mean ± SEM %

Proteins, peptides, and free amino acids

15 Gliadin 0.13 ± 0.13 • 7.63 ± 0.26 • 6.00 ± 0.33 1.63 ± 0.26 • 0.25 ± 0.16 3 Incitant/Stimulant Incitant/Stimulant

Significance *** ***

16 Casein 0.38 ± 0.18 • 5.63 ± 0.53 3.38 ± 0.50 2.25 ± 0.45 2.00 ± 0.57 25 Incitant Incitant/Stimulant

Significance *** NS

17 Peptone 0.88 ± 0.30 2.88 ± 0.35 1.38 ± 0.32 1.50 ± 0.33 4.25 ± 0.49 53 Incitant Incitant

Significance *** NS

18 HyPEP 1.75 ± 0.41 4.13 ± 0.67 2.13 ± 0.58 2.00 ± 0.33 2.13 ± 0.52 27 Incitant Incitant

Significance ** NS

19 Amicase 1.50 ± 0.42 4.38 ± 0.56 2.00 ± 0.42 2.38 ± 0.56 2.13 ± 0.23 27 Incitant Indeterminable

Significance ** NS

20 Glutamine 0.75 ± 0.31 1.63 ± 0.46 0.25 ± 0.16 1.38 ± 0.42 5.63 ± 0.60 70 Deterrent (Deterrent)

Significance NS * (similar to concur. blank)

21 Glutamate mNa 2.88 ± 0.52 0.38 ± 0.26 0.13 ± 0.13 0.25 ± 0.16 4.75 ± 0.45 59 Suppressant (Suppressant)

Significance *** NS (similar to concur. blank)

22 Glutamic acid 4.38 ± 0.60 0.25 ± 0.25 0.13 ± 0.13 0.13 ± 0.13 3.38 ± 0.63 42 Suppressant (Suppressant)

Significance *** NS (similar to concur. blank)

23 Cystine 0.38 ± 0.26 3.13 ± 0.30 1.00 ± 0.38 2.13 ± 0.48 4.50 ± 0.42 56 Incitant Incitant

Significance *** NS

24 Cysteine 4.00 ± 0.78 1.25 ± 0.37 0.38 ± 0.18 0.88 ± 0.30 2.75 ± 0.82 34 Suppressant Suppressant

Significance ** NS

25 Tryptophan 2.75 ± 0.41 1.13 ± 0.40 0.50 ± 0.27 0.63 ± 0.26 4.13 ± 0.69 52 Suppressant Suppressant

Significance * NS

26 Valine 0.38 ± 0.18 2.50 ± 0.42 1.25 ± 0.31 1.25 ± 0.25 5.13 ± 0.40 64 Incitant (Incitant/Stimulant)

Significance *** NS (similar to concur. blank)

27 Threonine 0.75 ± 0.31 3.25 ± 0.25 1.63 ± 0.38 1.63 ± 0.38 4.00 ± 0.33 50 Incitant Incitant

Significance *** NS

28 Leucine 0.63 ± 0.26 2.63 ± 0.32 0.75 ± 0.31 1.88 ± 0.35 4.75 ± 0.53 59 Incitant/Deterrent (Incitant/Deterrent)

Significance *** * (similar to concur. blank)

29 Tyrosine 0.25 ± 0.25 3.38 ± 0.42 1.25 ± 0.37 2.13 ± 0.35 4.38 ± 0.26 55 Incitant Incitant

Significance *** NS

(Continued)
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TABLE 6 | Continued

Initiation of feeding Continuation of feeding No feeding

Suppressant Incitant Stimulant Deterrent Covering Chemical stimuli class classification

Behavioural responses D CM CMB CMNB H Presented single Concurrent with

Blank

Mean ± SEM Mean ± SEM Mean ± SEM Mean ± SEM Mean ± SEM %

Fats and fatty acids

30 Oil linseed 0.38 ± 0.26 • 6.38 ± 0.26 3.13 ± 0.52 • 3.25 ± 0.59 1.25 ± 0.31 16 Incitant Incitant/Stimulant

Significance *** NS

31 Linolenic acid • 0.00 ± 0.00 • 6.13 ± 0.30 • 4.00 ± 0.38 2.13 ± 0.40 1.88 ± 0.30 24 Incitant/Stimulant Incitant

Significance *** **

32 Oil corn 0.25 ± 0.16 • 6.50 ± 0.33 • 3.63 ± 0.38 2.88 ± 0.23 1.25 ± 0.41 16 Incitant Incitant

Significance *** NS

33 Linoleic acid 0.75 ± 0.31 • 5.00 ± 0.42 2.38 ± 0.46 2.63 ± 0.53 2.25 ± 0.41 28 Incitant Incitant

Significance *** NS

34 Oil olive 1.63 ± 0.38 • 5.13 ± 0.61 2.25 ± 0.41 2.88 ± 0.40 1.25 ± 0.45 16 Incitant Incitant

Significance *** NS

35 Oleic acid 0.25 ± 0.16 4.88 ± 0.44 2.63 ± 0.32 2.25 ± 0.25 2.88 ± 0.40 36 Incitant Incitant

Significance *** NS

36 Oil cod liver 2.13 ± 0.55 3.13 ± 0.30 1.25 ± 0.25 1.88 ± 0.13 2.75 ± 0.56 34 Deterrent Indeterminable

Significance NS *

Alkaloids

37 Caffeine 3.75 ± 0.84 1.13 ± 0.40 0.00 ± 0.00 1.13 ± 0.40 3.13 ± 0.83 39 Suppressant/Deterrent (Suppressant)

Significance * * (similar to concur. blank)

Tissues and Tissue Extracts

38 Kombu flesh • 0.00 ± 0.00 4.25 ± 0.62 • 4.00 ± 0.53 0.25 ± 0.16 3.75 ± 0.62 47 Incitant/Stimulant Incitant/Stimulant

Significance *** ***

39 Kombu extract 0.63 ± 0.32 3.13 ± 0.58 2.38 ± 0.53 0.75 ± 0.25 4.25 ± 0.59 53 Incitant/Stimulant Incitant

Significance ** *

40 Mussel flesh 0.25 ± 0.16 • 5.63 ± 0.46 3.25 ± 0.25 2.38 ± 0.42 2.13 ± 0.40 27 Incitant Incitant/Stimulant

Significance *** NS

41 Mussel extract • 0.00 ± 0.00 • 6.88 ± 0.48 2.25 ± 0.49 • 4.63 ± 0.60 1.13 ± 0.48 14 Incitant/Deterrent Incitant

Significance *** **

The classifications were also weighted by the ones that resulted from the same chemical stimuli when presented concurrently with blanks (results not figured for clarity). Observed behavioural responses: D, discarded; CM, carried to
mouth (combined CMB and CMNB); CMB, carried to mouth and bitten; CMNB, carried to mouth but not bitten; H, held. N = 8 per stimulus (8 batches x 8 sea urchins, total of 64 tested sea urchins).
Student t-tests with unpaired (independent) samples. NS, not significant (P > 0.05).
*Significant (P < 0.05); **Very significant (P < 0.01); ***Highly significant (P < 0.001).
• One-way ANOVA, Kruskal–Wallis test, significantly different from means of cotton (blanks) (P < 0.05). Bold values to draw attention that cotton were the blank stimuli.
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Luis and Gago Sea Urchin Food Chemical Perception

TABLE 6.1 | Comparisons of selected chemical stimuli by constituents or derivatives—carbohydrates.

Behavioural responses D CM CMB CMNB H Class

Chemical nature Mean ± SEM Mean ± SEM Mean ± SEM Mean ± SEM Mean ± SEM Classification

Carbohydrates

1 Starch unmodif. Polysaccharide 0.63 ± 0.38 5.25 ± 0.53 3.50 ± 0.38 1.75 ± 0.45 2.13 ± 0.30 Incitant/Stimulant

Starch soluble Polysaccharide 0.38 ± 0.18 4.88 ± 0.30 3.13 ± 0.35 1.75 ± 0.25 2.75 ± 0.25 Incitant/Stimulant

Significance (t-test) NS NS NS NS NS

2 Alpha-Cellulose Polysaccharide 2.38 ± 0.63 2.88 ± 0.67 a 0.75 ± 0.25 2.13 ± 0.52 a 2.75 ± 0.92 Deterrent

Cotton (blanks) Polysaccharide 2.75 ± 0.25 0.75 ± 0.31 b 0.38 ± 0.18 0.38 ± 0.18 b 4.50 ± 0.33 Supressant

Glucose Monosaccharide 1.25 ± 0.37 2.75 ± 0.41 a 1.13 ± 0.35 1.63 ± 0.53 ab 4.00 ± 0.53 Incitant

Significance (F-test) NS ** NS * NS

3 Alginic acid Polysaccharide 3.75 ± 0.53 0.25 ± 0.16 0.13 ± 0.13 0.13 ± 0.13 4.00 ± 0.65 Supressant

Alginate sodium Polysaccharide 2.63 ± 0.50 3.63 ± 0.26 1.38 ± 0.38 2.25 ± 0.45 1.75 ± 0.70 Indeterminable

Significance (t-test) NS *** ** *** *

4 Agar-agar Polysaccharide 1.38 ± 0.26 3.13 ± 0.23 0.88 ± 0.23 2.25 ± 0.31 3.50 ± 0.27 Incitant/Deterrent

Galactose Monosaccharide 0.63 ± 0.26 3.13 ± 0.40 1.00 ± 0.27 2.13 ± 0.35 4.25 ± 0.45 Incitant/Deterrent

Significance (t-test) NS NS NS NS NS

5 Saccharose Disaccharide 2.13 ± 0.35 b 1.75 ± 0.31 0.38 ± 0.18 1.38 ± 0.32 4.13 ± 0.52 Deterrent

Glucose Monosaccharide 1.25 ± 0.37 b 2.75 ± 0.41 1.13 ± 0.35 1.63 ± 0.53 4.00 ± 0.53 Incitant

Fructose Monosaccharide 3.50 ± 0.42 a 2.00 ± 0.63 0.50 ± 0.27 1.50 ± 0.42 2.50 ± 0.63 Indeterminable

Significance (F-test) ** NS NS NS NS

6 Mannitol Sugar alcohol 1.25 ± 0.37 3.63 ± 0.53 1.88 ± 0.48 1.75 ± 0.45 3.13 ± 0.44 Incitant

Fructose Monosaccharide 3.50 ± 0.42 2.00 ± 0.63 0.50 ± 0.27 1.50 ± 0.42 2.50 ± 0.63 Indeterminable

Significance (t-test) ** NS * NS NS

7 Algae storage products

Starch unmodif. Polysaccharide 0.63 ± 0.38 5.25 ± 0.53 a 3.50 ± 0.38 a 1.75 ± 0.45 a 2.13 ± 0.30 b Incitant/Stimulant

Laminarin Polysaccharide 1.00 ± 0.27 1.63 ± 0.32 b 1.25 ± 0.16 b 0.38 ± 0.18 b 5.38 ± 0.38 a Stimulant

Mannitol Sugar alcohol 1.25 ± 0.37 3.63 ± 0.53 ab 1.88 ± 0.48 ab 1.75 ± 0.45 a 3.13 ± 0.44 b Incitant

Significance (F-test) NS *** **(K-W) * ***

8 Algae cell wall constituents

Alpha-Cellulose Polysaccharide 2.38 ± 0.63 ab 2.88 ± 0.67 a 0.75 ± 0.25 ab 2.13 ± 0.52 a 2.75 ± 0.92 Deterrent

Alginic acid Polysaccharide 3.75 ± 0.53a 0.25 ± 0.16b 0.13 ± 0.13b 0.13 ± 0.13b 4.00 ± 0.65 Supressant

Agar-agar Polysaccharide 1.38 ± 0.26b 3.13 ± 0.23a 0.88 ± 0.23a 2.25 ± 0.31a 3.50 ± 0.27 Incitant/Deterrent

Significance (F-test) ** **(K-W) * *** NS (K-W)

9 All tested monosaccharides

Glucose Monosaccharide 1.25 ± 0.37 b 2.75 ± 0.41 1.13 ± 0.35 1.63 ± 0.53 4.00 ± 0.53 Incitant

Galactose Monosaccharide 0.63 ± 0.26 b 3.13 ± 0.40 1.00 ± 0.27 2.13 ± 0.35 4.25 ± 0.45 Incitant/Deterrent

Fructose Monosaccharide 3.50 ± 0.42 a 2.00 ± 0.63 0.50 ± 0.27 1.50 ± 0.42 2.50 ± 0.63 Indeterminable

Significance (F-test) *** NS NS NS NS

10 Polysaccharides based on glucose

Starch unmodif. Polysaccharide 0.63 ± 0.38 5.25 ± 0.53a 3.50 ± 0.38a 1.75 ± 0.45 2.13 ± 0.30c Incitant/Stimulant

Glycogen Polysaccharide 1.75 ± 0.37 3.13 ± 0.40b 1.25 ± 0.37b 1.88 ± 0.58 3.13 ± 0.52bc Incitant

Laminarin Polysaccharide 1.00 ± 0.27 1.63 ± 0.32b 1.25 ± 0.16b 0.38 ± 0.18 5.38 ± 0.38 a Stimulant

Glucose Monosaccharide 1.25 ± 0.37 2.75 ± 0.41b 1.13 ± 0.35b 1.63 ± 0.53 4.00 ± 0.53ab Incitant

Significance (F-test) NS *** *** NS (K-W) ***

11 All tested polysaccharides

Starch unmodif. Polysaccharide 0.63 ± 0.38b 5.25 ± 0.53a 3.50 ± 0.38a 1.75 ± 0.45abc 2.13 ± 0.30b Incitant/Stimulant

Glycogen Polysaccharide 1.75 ± 0.37b 3.13 ± 0.40ab 1.25 ± 0.37ab 1.88 ± 0.58abc 3.13 ± 0.52ab Incitant

Laminarin Polysaccharide 1.00 ± 0.27b 1.63 ± 0.32bc 1.25 ± 0.16ab 0.38 ± 0.18bc 5.38 ± 0.38a Stimulant

Mannitol Sugar alcohol 1.25 ± 0.37b 3.63 ± 0.53ab 1.88 ± 0.48ab 1.75 ± 0.45abc 3.13 ± 0.44ab Incitant

Alpha-Cellulose Polysaccharide 2.38 ± 0.63ab 2.88 ± 0.67abc 0.75 ± 0.25b 2.13 ± 0.52ab 2.75 ± 0.92ab Deterrent

Agar-agar Polysaccharide 1.38 ± 0.26b 3.13 ± 0.23ab 0.88 ± 0.23b 2.25 ± 0.31a 3.50 ± 0.27ab Incitant/Deterrent

Alginic acid Polysaccharide 3.75 ± 0.53a 0.25 ± 0.16c 0.13 ± 0.13b 0.13 ± 0.13c 4.00 ± 0.65ab Supressant

Significance (F-test) *** ***(K-W) ***(K-W) ***(K-W) **(K-W)
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TABLE 6.2 | Comparisons of selected chemical stimuli by constituents or derivatives—lipids.

Behavioural responses D CM CMB CMNB H Class

Chemical nature Mean ± SEM Mean ± SEM Mean ± SEM Mean ± SEM Mean ± SEM Classification

Fats and fatty acids

1 Linseed oil Fat 0.38 ± 0.26ab 6.38 ± 0.26a 3.13 ± 0.52a 3.25 ± 0.59a 1.25 ± 0.31 Incitant

Corn oil Fat 0.25 ± 0.16b 6.50 ± 0.33 a 3.63 ± 0.38 a 2.88 ± 0.23a 1.25 ± 0.41 Incitant

Olive oil Fat 1.63 ± 0.38ab 5.13 ± 0.61ab 2.25 ± 0.41ab 2.88 ± 0.40a 1.25 ± 0.45 Incitant

Cod liver oil Fat 2.13 ± 0.55a 3.13 ± 0.30b 1.25 ± 0.25b 1.88 ± 0.13a 2.75 ± 0.56 Deterrent

Significance (F-test) **(K-W) ***(K-W) ** *(K-W) NS

2 Linolenic acid Fatty Acid 0.00 ± 0.00 6.13 ± 0.30 4.00 ± 0.38 a 2.13 ± 0.40 1.88 ± 0.30 Incitant/Stimulant

Linoleic acid Fatty Acid 0.75 ± 0.31 5.00 ± 0.42 2.38 ± 0.46b 2.63 ± 0.53 2.25 ± 0.41 Incitant

Oleic acid Fatty Acid 0.25 ± 0.16 4.88 ± 0.44 2.63 ± 0.32ab 2.25 ± 0.25 2.88 ± 0.40 Incitant

Significance (F-test) NS NS * NS (K-W) NS

3 Linseed Oil Fat 0.38 ± 0.26 6.38 ± 0.26 3.13 ± 0.52 3.25 ± 0.59 1.25 ± 0.31 Incitant

Linolenic acid Fatty Acid 0.00 ± 0.00 6.13 ± 0.30 4.00 ± 0.38 2.13 ± 0.40 1.88 ± 0.30 Incitant/Stimulant

Significance (t-test) NS NS NS NS NS

4 Corn oil Fat 0.25 ± 0.16 6.50 ± 0.33 3.63 ± 0.38 2.88 ± 0.23 1.25 ± 0.41 Incitant

Linoleic acid Fatty Acid 0.75 ± 0.31 5.00 ± 0.42 2.38 ± 0.46 2.63 ± 0.53 2.25 ± 0.41 Incitant

Significance (t-test) NS * NS NS NS

5 olive oil Fat 1.63 ± 0.38 5.13 ± 0.61 2.25 ± 0.41 2.88 ± 0.40 1.25 ± 0.45 Incitant

Oleic acid Fatty Acid 0.25 ± 0.16 4.88 ± 0.44 2.63 ± 0.32 2.25 ± 0.25 2.88 ± 0.40 Incitant

Significance (t-test) ** NS NS NS *

a, b denote the ranks of class means after ANOVA.

and even glucose. The suppressant alginic acid, but not alginate
sodium, was the only instance that induced the sea urchins
(around 50%) to run away from the allocated sites of deposition
during the testing period. However, 50% of the sea urchins
retained (H) the alginic acid-carrying simulacra against the
22% that retained the alginate sodium-carrying simulacra. Agar-
agar (agarose as its main constituent) is as well-perceived as a
food incitant as galactose (contained in agarose and an isomer
of glucose). Saccharose and its two constituents, glucose and
fructose, as well as mannitol, a derivative from fructose all
showed low incitant food response. In what concerns algae
storage products, starch showed a clear larger perception related
to food than mannitol or even laminarin, a polysaccharide
from fronds of the macroalgae L. digitata. However, if cell wall
constituents were concerned, then neither alpha-cellulose nor
alginic acid showed any food-related response, except agar-agar.
None of the tested monosaccharides, glucose, galactose, and
fructose, showed a clear higher incitant food power. If all the
polysaccharides, either the ones based in glucose or all the tested
set, are taken into consideration, then again, only starch shows a
clear high food-related response.

In Table 6.2, concerning lipids, several specific and general
comparisons involving seven chemical stimuli are made evident.
Most of the fats, except for cod liver oil of animal origin,
and fatty acids showed to be clearly incitants except for
linolenic acid, which showed a clear high food-related response
(incitant/stimulant). Differences between each fat and its
respective main constituent fatty acid are negligible.

In Table 6.3, concerning proteins, several specific and general
comparisons involving 15 chemical stimuli are made evident. In

general terms, more complex molecules, proteins, and peptides
were better perceived as food-related compounds than simpler
molecules such as amino acids. In absolute terms, only gliadin,
a protein of plant origin, clearly showed the best result as a
food-related stimulus, incitant/stimulant, while casein, an animal
protein, could also show a classification as incitant but not
simultaneously as stimulant. Gliadins are monomeric proteins
rich in cysteine or proline and glutamine; nevertheless, these
amino acids showed poor perception as food-related stimuli
(suppressants or deterrents). Peptides either of animal origin,
peptone, or peptone of plant origin (wheat gluten), HyPEP,
induced similar sea urchin responses as incitants. Proteins,
both of plant and animal origins, showed better responses
than the peptides of plant and animal origins. If casein, a
protein from an animal source, is compared with amicase, a
free amino acid mixture from casein, responses showed little
differences. However, if a peptide of plant origin, HyPEP (rich
source of glutamine), is compared with glutamine, a pure amino
acid, then food-related responses are clearly in favour of the
peptide. Cystine, the oxidized form of the amino acid cysteine,
showed a higher food-related response than cysteine. Grouping
the amino acids by their classification into suppressants or
incitants showed their coherence given insignificant differences
in the food-related responses. Grouping the amino acids by
their essentiality (essential amino acids, EAA), however, showed
significant food-related responses. Despite their essentiality,
which assumed all responses at least as incitants, the comparisons
showed a variety of food-related responses, either positive
(incitant) or negative (suppressant): tryptophan, an aromatic,
cyclical derivative of alanine—suppressant; threonine, a cyclical
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TABLE 6.3 | Comparisons of selected chemical stimuli by constituents or derivatives—proteins.

Behavioural responses D CM CMB CMNB H Class

Chemical nature Mean ± SEM Mean ± SEM Mean ± SEM Mean ± SEM Mean ± SEM Classification

Proteins, peptides, and free amino acids

1 Gliadin Plant protein 0.13 ± 0.13 7.63 ± 0.26 6.00 ± 0.33 1.63 ± 0.26 0.25 ± 0.16 Incitant/Stimulant

Casein Animal protein 0.38 ± 0.18 5.63 ± 0.53 3.38 ± 0.50 2.25 ± 0.45 2.00 ± 0.57 Incitant

Significance (t-test) NS ** *** NS *

2 Peptone Animal peptides 0.88 ± 0.30 2.88 ± 0.35 1.38 ± 0.32 1.50 ± 0.33 4.25 ± 0.49 Incitant

HyPEP Plant peptides 1.75 ± 0.41 4.13 ± 0.67 2.13 ± 0.58 2.00 ± 0.33 2.13 ± 0.52 Incitant

Significance (t-test) NS NS NS NS **

3 Gliadin Plant protein 0.13 ± 0.13b 7.63 ± 0.26 a 6.00 ± 0.33 a 1.63 ± 0.26 0.25 ± 0.16 c Incitant/Stimulant

Casein Animal protein 0.38 ± 0.18ab 5.63 ± 0.53ab 3.38 ± 0.50b 2.25 ± 0.45 2.00 ± 0.57bc Incitant

Peptone Animal peptides 0.88 ± 0.30ab 2.88 ± 0.35b 1.38 ± 0.32 c 1.50 ± 0.33 4.25 ± 0.49a Incitant

HyPEP Plant peptides 1.75 ± 0.41a 4.13 ± 0.67b 2.13 ± 0.58 bc 2.00 ± 0.33 2.13 ± 0.52b Incitant

Significance (F-test) **(K-W) ***(K-W) *** NS ***

4 Casein Animal Protein 0.38 ± 0.18 5.63 ± 0.53 3.38 ± 0.50 2.25 ± 0.45 2.00 ± 0.57 Incitant

Amicase Amino Acid mix 1.50 ± 0.42 4.38 ± 0.56 2.00 ± 0.42 2.38 ± 0.56 2.13 ± 0.23 Incitant

Significance (t-test) * NS NS NS NS

5 HyPEP Plant peptides 1.75 ± 0.41 4.13 ± 0.67 2.13 ± 0.58 2.00 ± 0.33 2.13 ± 0.52 Incitant

Glutamine Pure amino acid 0.75 ± 0.31 1.63 ± 0.46 0.25 ± 0.16 1.38 ± 0.42 5.63 ± 0.60 Deterrent

Significance (t-test) NS ** ** NS ***

6 Cystine Pure amino acid 0.38 ± 0.26 3.13 ± 0.30 1.00 ± 0.38 2.13 ± 0.48 4.50 ± 0.42 Incitant

Cysteine Pure amino acid 4.00 ± 0.78 1.25 ± 0.37 0.38 ± 0.18 0.88 ± 0.30 2.75 ± 0.82 Suppressant

Significance (t-test) *** ** NS * NS

7 All Suppresant AAs

Glutamic acid Pure amino acid 4.38 ± 0.60 0.25 ± 0.25 0.13 ± 0.13 0.13 ± 0.13 3.38 ± 0.63 Suppressant

Cysteine Pure amino acid 4.00 ± 0.78 1.25 ± 0.37 0.38 ± 0.18 0.88 ± 0.30 2.75 ± 0.82 Suppressant

Tryptophan Pure amino acid 2.75 ± 0.41 1.13 ± 0.40 0.50 ± 0.27 0.63 ± 0.26 4.13 ± 0.69 Suppressant

Significance (F-test) NS NS NS (K-W) NS (K-W) NS

8 All Incitant AAs

Valine Pure Amino Acid 0.38 ± 0.18 2.50 ± 0.42 1.25 ± 0.31 1.25 ± 0.25 5.13 ± 0.40 Incitant

Threonine Pure Amino Acid 0.75 ± 0.31 3.25 ± 0.25 1.63 ± 0.38 1.63 ± 0.38 4.00 ± 0.33 Incitant

Tyrosine Pure Amino Acid 0.25 ± 0.25 3.38 ± 0.42 1.25 ± 0.37 2.13 ± 0.35 4.38 ± 0.26 Incitant

Leucine Pure Amino Acid 0.63 ± 0.26 2.63 ± 0.32 0.75 ± 0.31 1.88 ± 0.35 4.75 ± 0.53 Incitant/Deterrent

Cystine Pure Amino Acid 0.38 ± 0.26 3.13 ± 0.30 1.00 ± 0.38 2.13 ± 0.48 4.50 ± 0.42 Incitant

Significance (F-test) NS NS NS NS NS

9 Essential amino acids (EAA)

Tryptophan EAA 2.75 ± 0.41a 1.13 ± 0.40b 0.50 ± 0.27 0.63 ± 0.26b 4.13 ± 0.69 Suppressant

Valine EAA 0.38 ± 0.18b 2.50 ± 0.42a 1.25 ± 0.31 1.25 ± 0.25ab 5.13 ± 0.40 Incitant

Threonine EAA 0.75 ± 0.31b 3.25 ± 0.25a 1.63 ± 0.38 1.63 ± 0.38ab 4.00 ± 0.33 Incitant

Leucine EAA 0.63 ± 0.26b 2.63 ± 0.32a 0.75 ± 0.31 1.88 ± 0.35a 4.75 ± 0.53 Incitant/Deterrent

Significance (F-test) *** ** NS * NS

10 Side chain polarity: nonpolar amino acids (NPAA); Uncharched Polar AA (UPAA); Charged Polar AA (CPAA)

Side chain acidity/basicity: neutral

Tryptophan NPAA 2.75 ± 0.41ab 1.13 ± 0.40cd 0.50 ± 0.27 a 0.63 ± 0.26 ab 4.13 ± 0.69 ab Suppressant

Valine NPAA 0.38 ± 0.18bc 2.50 ± 0.42abc 1.25 ± 0.31a 1.25 ± 0.25ab 5.13 ± 0.40ab Incitant

Leucine NPAA 0.63 ± 0.26bc 2.63 ± 0.32abc 0.75 ± 0.31a 1.88 ± 0.35a 4.75 ± 0.53ab Incitant/Deterrent

Glutamine UPAA 0.75 ± 0.31abc 1.63 ± 0.46bcd 0.25 ± 0.16b 1.38 ± 0.42ab 5.63 ± 0.60a Deterrent

Cysteine UPAA 4.00 ± 0.78a 1.25 ± 0.37cd 0.38 ± 0.18a 0.88 ± 0.30ab 2.75 ± 0.82b Suppressant

Threonine UPAA 0.75 ± 0.31abc 3.25 ± 0.25ab 1.63 ± 0.38a 1.63 ± 0.38ab 4.00 ± 0.33ab Incitant

Tyrosine UPAA 0.25 ± 0.25c 3.38 ± 0.42a 1.25 ± 0.37a 2.13 ± 0.35a 4.38 ± 0.26ab Incitant

Cystine UPAA 0.38 ± 0.26bc 3.13 ± 0.30ab 1.00 ± 0.38a 2.13 ± 0.48a 4.50 ± 0.42ab Incitant

Side chain acidity/basicity: acidic

Glutamic acid CPAA 4.38 ± 0.60a 0.25 ± 0.25d 0.13 ± 0.13b 0.13 ± 0.13b 3.38 ± 0.63ab Suppressant

Significance (F-test) ***(K-W) *** ** **(K-W) NS (K-W)

a, b, c denote the ranks of class means after ANOVA.
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TABLE 6.4 | Comparisions of selected chemical stimuli related with tastes.

Behavioural responses D CM CMB CMNB H Class

Chemical nature Mean ± SEM Mean ± SEM Mean ± SEM Mean ± SEM Mean ± SEM Classification

Bitterness

Valine Pure amino acid 0.38 ± 0.18b 2.50 ± 0.42ab 1.25 ± 0.31a 1.25 ± 0.25 5.13 ± 0.40 Incitant

Leucine Pure amino acid 0.63 ± 0.26ab 2.63 ± 0.32ab 0.75 ± 0.31ab 1.88 ± 0.35 4.75 ± 0.53 Incitant/Deterrent

Tyrosine Pure amino acid 0.25 ± 0.25b 3.38 ± 0.42a 1.25 ± 0.37a 2.13 ± 0.35 4.38 ± 0.26 Incitant

Caffeine Alkaloid 3.75 ± 0.84a 1.13 ± 0.40b 0.00 ± 0.00b 1.13 ± 0.40 3.13 ± 0.83 Suppressant/Deterrent

Significance (F-test) ***(K-W) ** **(K-W) NS NS

Sweetness

Threonine Pure amino acid 0.75 ± 0.31b 3.25 ± 0.25 1.63 ± 0.38 1.63 ± 0.38 4.00 ± 0.33 Incitant

Glucose Monosaccharide 1.25 ± 0.37b 2.75 ± 0.41 1.13 ± 0.35 1.63 ± 0.53 4.00 ± 0.53 Incitant

Fructose Monosaccharide 3.50 ± 0.42a 2.00 ± 0.63 0.50 ± 0.27 1.50 ± 0.42 2.50 ± 0.63 Indeterminable

Galactose Monosaccharide 0.63 ± 0.26b 3.13 ± 0.40 1.00 ± 0.27 2.13 ± 0.35 4.25 ± 0.45 Incitant/Deterrent

Mannitol Sugar alcohol 1.25 ± 0.37b 3.63 ± 0.53 1.88 ± 0.48 1.75 ± 0.45 3.13 ± 0.44 Incitant

Significance (F-test) *** NS NS NS NS

Umami

Glutamic acid Pure Amino Acid 4.38 ± 0.60 0.25 ± 0.25 0.13 ± 0.13 0.13 ± 0.13 3.38 ± 0.63 Suppressant

Glutamate mNa Sodium salt of AA 2.88 ± 0.52 0.38 ± 0.26 0.13 ± 0.13 0.25 ± 0.16 4.75 ± 0.45 Suppressant

Significance (t-test) NS NS NS NS NS

a, b denote the ranks of class means after ANOVA.

derivative of alpha-amino butyric acid and most abundant
FAA in sea urchin gonads (together with glutamic acid)—
incitant; valine and leucine, the only branched-chain aliphatic
amino acids known to occur in nature—incitant of the former,
incitant/deterrent of the latter. Finally, trying to find any
correlation of the classification of food-related responses with
the polarity of the nine amino acids, there are no associations
found between side chain polarity and response, e.g., incitant
and incitant/deterrent.

In Table 6.4, concerning tastes, several specific and general
comparisons involving 11 chemical stimuli are made evident.
As expected, caffeine, an alkaloid of plant origin, showed
clearly the worst result as a food-related stimulus, generating
a suppressant/deterrent response while the other tested
bitterness stimuli, three amino acids, showed a classification
more in accordance with incitant stimuli. In what concerns
sweetness, the five tested stimuli showed results in accordance
with incitant responses. Finally, the umami-related stimuli,
glutamic acid and glutamate monosodium, both showed similar
suppressant responses.

The methods of sea urchin chemical stimulation developed
in this study also allowed to explore the question about their
food preferences, i.e., is P. lividus a plant or meat eater? As
shown in Table 7, flesh tissues, either Kombu or mussel, are
clearly preferred (incitant/stimulant) over extracts (incitant), but
mussel extract is clearly preferred over Kombu extract when
tested concurrently. However, it must be noted that the response
facing mussels (either flesh or extract) is more immediate
when compared with the response to Kombu (either flesh or
extract). Whenever the tested alga is involved, a larger fraction
of the resultant responses (70% as flesh or 64% as extract) was
recorded as covering behaviour (H). These results obviously

suggest P. lividus as an omnivorous species instead of a strictly
herbivorous marine species.

DISCUSSION

Based on several previous echinoderm observations on food
perception and capture, we expected chemotactic behaviour to
occur in the presence of food as well as the ensuing arrival at food
and feeding behaviour (e.g., Teruya et al., 2001). Nevertheless, we
observed a low arrival frequency. Such a result suggests that sea
urchins are incapable of distance food perception. The individual
diversity that was observed, as evidenced by the erratic trajectory
of the sea urchins, was also verified by Dance (1987).

The incapacity of the sea urchin P. lividus for distance food
perception was observed and attested by a low arrival frequency
in the presence of food, a trait not exclusive to this species. The
apparent lack of chemotaxis has been shown to occur in several
other echinoderm species, which besides sea urchins, such as
L. variegatus (Klinger and Lawrence, 1985), Strongylocentrotus
spp. (Laur et al., 1986), and Evechinus chloroticus (Andrew and
Stocker, 1986), also include some starfish (Dayton et al., 1977).
The observed trait seems to be in accordance with the habitat
selection of this species; places of high-water turbulence where
chemical cues are much diffused and where food comes more
as a drift material rather than as a searched item. Subnutrition,
however, seems to be capable of inducing oriented feeding
responses, as are the known cases of some sea urchins such
as Strongylocentrotus franciscanus (Mattison et al., 1977) and
L. variegatus (Klinger and Lawrence, 1985). However, whether
subnutrition could induce chemotaxis on P. lividus remains
unclear, as the condition is not addressed in this study.
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TABLE 7 | Plant eater or meat eater.

Behavioural responses D CM CMB CMNB H

Mean ± SEM Mean ± SEM Mean ± SEM Mean ± SEM Mean ± SEM

Kombu flesh (1) *** *** *** NS NS

Stimulus 0.13 ± 0.13 4.50 ± 0.57 4.25 ± 0.59 0.25 ± 0.16 3.38 ± 0.56

Blank 5.00 ± 0.33 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 3.00 ± 0.33

Kombu extract * ** ** NS NS

Stimulus 0.63 ± 0.26 3.00 ± 0.46 2.00 ± 0.33 1.00 ± 0.38 4.38 ± 0.63

Blank 2.00 ± 0.53 0.25 ± 0.16 0.00 ± 0.00 0.25 ± 0.16 5.75 ± 0.53

Mussel flesh *** *** *** *** NS

Stimulus 0.25 ± 0.16 5.25 ± 0.53 3.38 ± 0.63 1.88 ± 0.23 2.50 ± 0.50

Blank 4.75 ± 0.59 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 3.25 ± 0.59

Mussel extract *** *** *** ** **

Stimulus 0.50 ± 0.27 5.75 ± 0.45 3.13 ± 0.30 2.63 ± 0.46 1.75 ± 0.31

Blank 3.13 ± 0.35 0.25 ± 0.16 0.00 ± 0.00 0.25 ± 0.16 4.63 ± 0.46

Kombu flesh against Mussel flesh

Kombu flesh 0.13 ± 0.13 2.25 ± 0.31 2.25 ± 0.31 0.00 ± 0.00 5.63 ± 0.32

Mussel flesh 0.50 ± 0.33 4.13 ± 0.72 4.13 ± 0.72 0.00 ± 0.00 3.38 ± 0.78

Significance NS NS NS NS NS

Kombu extract against Mussel extract

Kombu extract 1.13 ± 0.35 1.75 ± 0.25 0.25 ± 0.16 1.50 ± 0.27 5.13 ± 0.40

Mussel extract 0.25 ± 0.16 4.63 ± 0.46 3.50 ± 0.42 1.13 ± 0.40 3.13 ± 0.52

Significance NS *** *** NS **

Tissue and tissue extracts. Stimuli presented in pairs. D, discarded; CM, carried to mouth (combined CMB and CMNB); CMB, carried to mouth and bitten; CMNB, carried to mouth
but not bitten; H, held.
N = 8 per stimulus (8 batches × 8 sea urchins, total of 64 tested sea urchins).
(1) Student t-tests with paired (dependent) samples. *Significant (P < 0.05); **Very significant (P < 0.01); ***Highly significant (P < 0.001); NS, not significant (P > 0.05).

In spite of an apparent incapacity for distance food location,
sea urchins certainly have chemoreceptors that allow them to
detect and react when stimulated by food-related molecules
(Klinger and Lawrence, 1984; Mann et al., 1984; Hay et al.,
1986; Prince and LeBlanc, 1992). Displacement was a rare event
even when large tube-feet activity was recorded in response to
food-related chemical stimulation, a result in general agreement
with most other marine invertebrates that also rarely react to
similar chemical stimulation by displaying whole-body responses
(Laverack, 1988).

Given the sluggish responses of sea urchins to chemical
stimuli, we had to make use of two parallel stimulation
methodologies in this study, odorant plumes and stimuli soaked
in simulacra.

The responses obtained with the presentation of stimulants
in the form of odorant plumes allowed for the suggestion of
the existence of specific receptors. The increasing activity of
tube feet was evident when sea urchins were placed in the
presence of preferred algae (C. elongata). Tube feet, along with
pedicellariae, are most likely responsible for the collection of food
and consequent transport to the mouth (Campbell and Laverack,
1968; Barnes, 1980; Sloan and Campbell, 1982; Flammang et al.,
1998), so its observed high reactivity will not be surprising.

Although the approaches used in this study had not identified
specific receptors responsible for the detection of algae extract,
the results suggested the presence of specific receptors for 8

out of the 22 amino acids (cystine, cysteine, glutamate, leucine,
threonine, tryptophan, tyrosine, and valine) and further, a
carbohydrate (starch), which was found to generate increased
activity of the tube feet. Except for glutamate, all the remaining
amino acids that generated positive responses were composed of
neutral side chains (Zubay et al., 1995). It was found that the
reactivity raised by these stimuli was not as marked as in the case
of stimulation with a complex mixture of molecules formed by
seaweed extracts, similarly to what happens in crustaceans (Carr
et al., 1984). It could not be neglected in this study that the poor
response to most of the 22 amino acids tested may have been
related to the low concentration used (in the order of 10−5 M),
although it has been found that in aquatic environments, sea
urchins are exposed to external concentrations in the order of
10−6 M (Pavillon and Rault, 1990).

Although the methodology used is the most common in early
studies on chemoreception (Laverack, 1988), the limitation in
this type of procedure is the interpretation that can be made from
the recorded behaviours. Stirring and distension of tube feet may
be part of sea urchin activities set to select and carry stimuli to
the receptor cells (Derby and Atema, 1988), but not necessarily
food stimuli.

The second method based on the well-known sea urchin
behaviour of carrying drift material by tube feet and spines to the
mouth, where feeding is initiated if the food is acceptable to the
gustatory senses, generated fast responses that could be clearly
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related with feeding behaviour. Testing the responses of sea
urchins to lipid compounds, unless they are soaked and adsorbed
in a solid material, is difficult to accomplish with the first method.
The unavoidable initial mechanical stimulation caused by the
placement of simulacra between the aboral spines certainly sped
up responses by imitating the natural deposition of organic
suspended material, thus rendering displacement irrelevant for
food gathering.

Initial spongy cloth blank simulacra, whose high natural
cellulose content was associated with its undesirable sensitivity
to this complex carbohydrate turning it into a main limitation,
was solved by the study concerning the selection of more suitable
absorbent cleaning cloths, which showed cotton-based blank
simulacra as appropriate for this assignment.

Depending on the sea urchin diet, there were differences in the
feeding responses. Sea urchins that received the diet exclusively
from Laminaria alga were those that had a higher frequency of
food response. This seaweed, although often described as suitable
for the growth and maintenance of sea urchins (Hagen, 1998),
has a much lower energy content than the alternative corn diet
(Crampton and Harris, 1969; Saa, 2002). In animals subjected
to a combined diet, there was a feeding frequency response
intermediate between the other two, which suggests that the
frequency response of food is correlated with the nutritional
status of sea urchins and the energy obtained from food.
Lawrence et al. (2003) found a relationship between the energy
absorbed from food and feed rate in the sea urchin L. variegatus.

In sea urchins fasted for 15 days, there was a food frequency
response lower than that observed in sea urchins subjected to the
Laminaria diet. This suggests that 15 days is not enough for sea
urchins to exhaust all their energy reserves.

It is a recurrent observation that the rate of food consumption
increases with a reduction in the content of organic matter (Gago
et al., 2003; Vaietilingon et al., 2003). This is consistent with the
finding that the nutritional status of sea urchins is very important
in stimuli eliciting feeding activity. Thus, the responsiveness of
P. lividus was clearly dependent on its nutritional state. Well-fed
sea urchins (maize whole grains) rarely responded, while the ones
fed with less caloric rations (Kombu seaweed) responded faster
and objectively.

Gliadins and glutenins are the two main components of the
gluten protein fraction of wheat. Gluten is split about evenly
between the gliadins and glutenins, although there are variations
found in different sources. There are three main types of gliadin
(α, γ, and ω). γ-gliadin is an ancestral form of cysteine-rich
gliadin, with only inter-chain disulfide bridges, thatmakes gliadin
unable to form polymers in the cell (Markgren et al., 2020).
Gliadin is the water-insoluble component of gluten, and glutenin
is water-soluble.

A gene coding for gamma-gliadin was recently found in the
genome of the purple sea urchin Strongylocentrotus purpuratus
(NCBI Strongylocentrotus purpuratus Annotation Release 102,
2019)1. This may suggest an explanation for the clearest

1NCBI Strongylocentrotus purpuratus Annotation Release 102. LOC575734

gamma-gliadin [Strongylocentrotus purpuratus (purple sea urchin)] 2019.

food-related response of P. lividus toward the gliadin stimulus,
as specific receptors for gliadin may exist in sea urchins.

Some of the eight amino acids that give rise to the
increased activity of tube feet could, with this new approach,
tentatively be identified as effective indicators as phagostimulants
(incitants) for sea urchins, valine, threonine, tyrosine, and
cystine, as revealed by observations with mop stripes soaked
with dissolved amino acid-related stimuli. However, the four
other amino acids, leucine, tryptophan, glutamate, and cysteine,
although also generating increased tube feet activity, were
found to be responsible for phagodepressants (suppressants)-
related responses.

The development of a positive response related with the
presence of valine and threonine amino acids (both incitants)
could not be explained by its abundance in natural food
(Crampton andHarris, 1969; Saa, 2002). Nitrogen content, which
is often assumed to be positively correlated with the choice of
food (Boudouresque and Verlaque, 2007), is not decisive in the
choice of some amino acids over the others. With regards to the
chemical constitution of molecules, both possess a similar side
chain, differing only in the replacement of a neutral group (-CH3)
by a hydroxyl group (-OH) on threonine (Zubay et al., 1995).

After finding that the amino acids tryptophan, glutamate, and
cysteine raise the activity of tube feet, it was found that the
same amino acids, when embedded in simulacra, were rejected by
sea urchins (suppressants). The attractive activity of glutamate,
cysteine, and cystine to the predator starfish Luidia clathrata
(McClintock et al., 1984) is known. Tryptophan is also an
important stimulant for some species of predatory fish (Carr
et al., 1996). One possible explanation for the negative feedback
of sea urchins to these compounds may be related with the
indication of predator proximity (Hagen et al., 2002); in this case,
the agitation of the tube feet verified served as preparation for
escape and the rejection of simulacrum as withdrawal from the
stimulus source. This study noted that in none but one (Alginic
acid) of the cases sea urchin flight had occurred, having just
checked rejection of the simulacra, which suggests that the sole
chemical stimulus is not enough to raise this behaviour, being
necessary, for example, that the stimulus reaches sea urchin via
a water current (Hagen et al., 2002). However, the case of alginic
acid, which induced almost half of the tested sea urchins to run
away, ruled out this explanation.

The amino acids tyrosine and leucine increased the activity
of tube feet and were apparently responsible for the preferential
transport of the simulacra to the mouth or of their rejection.
A possible explanation for these behaviours can be related to
their chemical constitution that is similar to that of other amino
acids—tyrosine (incitant) has an aromatic ring similar to that
of tryptophan (suppressant), and leucine (incitant/deterrent) has
a side chain similar to that of valine (incitant), differing only
in the number of carbon atoms (Zubay et al., 1995)—so the
agitation of the tube feet may indicate the detection of amino
acids. The apparent lack of distinction of the simulacra embedded
in leucine in relation to the control suggests that they do not
contain enough information for the sea urchins to feed or not to
feed, but responses showed a capacity of sea urchins to transport
simulacra to the mouth and then reject them.
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However, evidence for and knowledge of chemoreceptors
responsible for the observed reactivity to the eight amino acids,
and more extensive studies are required to relate food or flight
responses with the respective electrophysiological responses
to stimuli.

For the remaining organic compounds associated with
simulacra that were presented to sea urchins, regardless of
whether the animals were subjected to different diets, starch
appears as one of the tested compounds that potentiate
distinction between targeted food responses to the blank control
simulacrum and the embedded chemical stimuli simulacra, with
higher frequency response to the simulacra soaked with starch.
This trend was also observed when the activity of the tube
feet was increased. In Strongylocentrotus sp., the importance of
carbohydrates as attractants was also verified (Mann et al., 1984).

Based on the evidence of the importance of the constituents
of natural food in the stimulation of sea urchins, it was expected
that the main constituents of the natural diet of sea urchins might
prove most stimulatory, as happens in other taxa (Robertson
et al., 1981; Laverack, 1988; Riordan and Lindsay, 2002). Several
studies show that P. lividus diet is dominated by plant foods
(Maggiore et al., 1987; San Martin, 1987; Boudouresque and
Verlaque, 2007), despite the variety of diets depending on
the habitat they occupy (Boudouresque and Verlaque, 2007).
The cells of plant tissues of algae are rich in starch, which
is stored in the form of grains (Raven et al., 1999) and can
be easily liberated in considerable amounts when the plant
undergoes decomposition. Thus, the detection and preference
for starch revealed in this study strongly support the numerous
observations of herbivory in this species. The preference for
foods with high starch content does not occur in sea urchin
L. variegatus (Klinger and Lawrence, 1984), while simple
carbohydrates function as phagostimulant molecules. Although
also feeding on algae, this species is more often described as
omnivorous (Watts et al., 2001), feeding on an equal proportion
of plants and animals (McClintock et al., 1982).

The apparent indifference verified with the stimulation with
glucose (incitant) and saccharose (deterrent) associated with
simulacra in this study suggests that carbohydrates, in general,
do not raise food responses, but only those that are in large
proportion in natural food of sea urchins. Simple carbohydrates
(sugars) do not seem to arouse great interest frommarine animals
(Laverack, 1988). This hypothesis was also corroborated in the
present study by other tested complex carbohydrates, such as
glycogen (incitant) that most urchins use as energy reserve and
laminarin (incitant) from seaweed Phaeophyta (Raven et al.,
1999). The selectivity of foods based on the composition of
their reserves can explain the food preferences of sea urchins
for certain algae, as many studies on food preferences registered
difficulty in relating favourite foods with their energy content or
protein content (Vadas, 1977; Larson et al., 1980; Beddingfield
and McClintock, 1998).

In several published studies dealing with the direct contact of
source with chemoreceptors, Klinger and Lawrence (1984), using
artificial agarose [3,6 anydro-galactose + D(+) galactose] foods
containing starch, glycogen, alginate, casein, or peptone, also
at a concentration of 1% (dry weight), reported these chemical

stimuli as not phagostimulatory to sea urchin Lytechynus
variegatus, but galactose and the amino acid L-phenylalanine
were found to be phagostimulatory. However, all the artificial
agarose food items were initially moved to the mouth and
fed upon, rendering them as too responsive to be used as
neutral simulacra. Agar disks or artificial agarose foods used as
a methodology for studying feeding stimulation, as shown in this
study, seem to be inappropriate given their intrinsic incitant or
incitant/deterrent quality and not the suppressant quality shown
by the cotton-based absorbent cleaning cloth used in this study.

Boudouresque and Verlaque (2007), based on gut content
and non-limiting macrophyte resources, classified P. lividus
as an herbivorous species and clearly elected brown algae
(Fucophyceae) as the strongly “preferred” food of large
individuals. Although macroalgae and seagrasses constitute the
main feeding resources of P. lividus in situ, this species appears
to be an opportunistic generalist able to exploit any kind of food
resource including other marine invertebrates, especially under
conditions of limited resources.

The restricted group of food-related compounds perceived
by this species as incitants or suppressants and as stimulants
or deterrents was shown to be remarkably related to other
vertebrates whose kinship was confirmed by the sequencing
of the genome of another plant-eater, the purple sea urchin
S. purpuratus (Sea Urchin Genome Sequencing Consortium,
2006). This was the non-chordate deuterostome marine animal
of any kind to be sequenced. Its genome, with 23,500 genes,
includes about 979 genes for proteins expressly designed to
sense light or odours, a number on par with what vertebrates
have and more than in the invertebrates studied to date. The
genome of the sea urchin S. purpuratus has revealed a large family
of chemoreceptor genes, with some expressed in tube feet or
pedicellariae, indicating a complex chemosensory system. Over
600 genes encode putative G-protein-coupled chemoreceptors.
Many of these genes encode amino acid motifs that are a
characteristic of vertebrate chemosensory and odorant receptors.
The response of sea urchin P. lividus to the bitter caffeine
stimulus was well-illustrative of its kinship to other vertebrates
including humans.

Concerning tastes, caffeine, an alkaloid of plant origin, clearly
showed the worst result as a food-related stimulus, generating a
suppressant/deterrent response while the other tested bitterness
stimuli, three amino acids (Osaku et al., 2007), showed a
classification more in accordance with incitant stimuli and not,
as expected, for bitter stimuli, at least suppressants. In what
concerns sweetness, the five tested stimuli (Osaku et al., 2007)
show results that are in accordance with incitant responses, but it
remains unclear if sea urchins do really sense the sweet quality
of a food. Finally, the umami-related stimuli, glutamic acid
and glutamate monosodium, both showed similar suppressant
responses, suggesting a poor sense for umami taste.

Concerning the non-feeding response (H), covering, it has
been considered to be a protection against light, but it occurs both
in the presence and absence of light. It has also been considered a
protection against predation. de Ridder and Lawrence (1982) and
Verlaque and Nedelec (1983) coined the term covering-feeding
behaviour, suggesting that the covering process may play a role in
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feeding, allowing drift algae and sea grass leaves to be caught and
held for later consumption.

CONCLUSION

The feeding behaviour of the tested sea urchins was clearly
affected by their previous nutritional state; therefore,
energetically poor diets are recommended to study echinoid
chemical perception.

The proposed methodology to stimulate sea urchins based on
simulacra seems to be valuable in terms of response objectivity
and quantification, as it is possible to attribute connotation
to food for any chemical stimulus and get bivariate binary
responses (treatment or control). However, at least immediately
after stimulation, a great percentage of the tested sea urchins
did not show any kind of response at all, which implied that
a considerable number of replicates should be submitted for
statistical analysis.

Stimulating sea urchin P. lividus with 41 different food-
related compounds such as carbohydrates, proteins, peptides
and amino acids, oils and fatty acids, and purified chemicals
related with some human basic tastes, it was possible to
evidence a clear ability of this echinoid species to positively
discriminate for proteins, starches, and very few oils. Perceived
as incitants/stimulants, we have only found, among proteins,
gliadin (from wheat gluten) but not casein (from bovine
milk), among polysaccharides, starch but not laminarin (from
kelp) or glycogen (from mussels), and among lipids, only the
fatty acid linolenic acid. Among tissues, the flesh of either
Kombu or mussel was clearly preferred (incitant/stimulant) over
extracts (incitant).

The phagostimulants (incitants/stimulants) that were found,
when presented alone, were, by order of magnitude, gliadin,
linolenic acid, Kombu flesh, starch unmodified, starch soluble,
and Kombu extract. If stimuli were presented concurrently with
blanks, then seven phagostimulants (incitants/stimulants) were
found by order of magnitude gliadin, Kombu flesh, linseed
oil, casein, mussel flesh, starch soluble, and valine. As the

classification incitant/stimulant (CMB) was not affected by the
presence of blanks, eight such stimuli could be forwarded:
gliadin, Kombu flesh, linolenic acid, casein, mussel flesh,
starch soluble, starch unmodified, and Kombu extract. Being
cautionary, we can, thus, suggest that under any circumstance
gliadin, Kombu flesh, and starch were the only stimuli we can
classify clearly as phagostimulants for sea urchin P. lividus. The
lipids, linseed oil or its main constituent fatty acid linolenic acid,
follow closely.

On the contrary, we found as phagodepressors (suppressants
and suppressants/deterrents) eight stimuli by order of magnitude
glutamate mNa, caffeine, cysteine, fructose, glutamic acid,
tryptophan, cotton, and alginic acid.
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Understanding food webs environmental condition is a challenging task since
evaluations are limited by data on key ecosystem elements, by the availability of
indicators that incorporate relevant guilds and by the difficulty in establishing cause-
effect relations between pressures and health status, as multiple overlapping pressures
can affect taxonomic elements differently. The present work aims to investigate food
webs assessment under the Marine Strategy Framework Directive (MSFD), revealing
gaps and future research needs in the North Eastern Atlantic. To understand reporting
patterns, information on the criteria employed and the resulting assessment trends of
Descriptor 4—Food webs were surveyed from the MSFD reports. A multivariate analysis
was applied to food webs assessment status and spatially overlapping anthropogenic
pressures to understand if the assessment was detecting pressures, considering fish
elements. Results revealed that reporting strategies varied between Member States.
High reporting effort was exhibited by the United Kingdom in opposition to Ireland
or France. Reporting of other groups other than fish and plankton was limited to the
United Kingdom due to the availability of monitoring programs and data. The analysis
applied to criteria considering fish elements reinforced that reporting strategies and
trends differed between countries, although some similarities were found for the Bay
of Biscay and Iberian coast and the Celtic Seas. Food webs assessment trends for fish
were variable in Spain and were stable or increased in Portugal and the United Kingdom.
Anthropogenic drivers significantly influencing food web trends for fish elements were
fishing, and climate anomalies in the southern Bay of Biscay and Iberian coast, while
eutrophication and chemical contamination had effects on trends in the Celtic Sea and
the North Sea. Results allowed to establish a relation between anthropogenic effects
and food web patterns, however, these were limited since food webs assessment is
incongruent in terms of criteria used and data is still limited at relevant scales. This study
reinforced the necessity to increase Member States harmonization and calibration to
improve our understanding of food webs environmental status.

Keywords: ecosystem-based assessment, trophic webs, anthropogenic pressures, good environmental status,
marine monitoring
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INTRODUCTION

Healthy marine systems depend on monitoring plans and
management measures that consider competing societal interests
such as the sustainability and productivity of the systems,
human well-being, and the development of human activities
(European Commission, 2008, 2020; Korpinen et al., 2021).
Several policies and legal instruments have been developed for
that purpose and, in that scope, the Marine Strategy Framework
Directive (MSFD), published in 2008 and revised in 2017, aims
to implement an Ecosystem Based Approach (EBA) to the
assessment and development of management measures in the
European marine systems (European Commission, 2017a,b). The
directive is structured in 11 ambitious descriptors that are in
different stages of development. Among the descriptors that
target biodiversity, Descriptor 4—Food webs (D4) aims to assess
the status of the food chains, i.e., the network of predator-
prey interactions between coexisting species and populations.
This descriptor represents one of the most complex and
unknown aspects of marine ecosystems, since the identification
of simple indicators able to assess the status of the system with
dynamic species interactions and the identification of underlying
responses to pressures is challenging (Shephard et al., 2015;
Otto et al., 2018). The assessment of the food-web descriptor
includes criteria classified as primary—D4C1 Trophic guild
species diversity and D4C2 Abundance across trophic, and
secondary—D4C3 Trophic guild size distribution and D4C4
Trophic guild productivity (European Commission, 2017a).
Nonetheless, the indicators and the methodology adopted may be
different between Member States (MSs), which, are conditioned
by existing data from national monitoring programs. Legislative
updates have improved reporting consistency, considering the
criteria selected and the spatial scale of the assessment (European
Commission, 2017a,b). However, in the 2018 assessment, more
than 60% of the coastal food webs were considered “not
assessed,” while the shelf ecosystems were either “not assessed” or
“unknown” for 90% of the cases (European Commission, 2020).
The reasons behind low reporting and/or misreporting were
the lack of appropriate metrics, the inexistence of appropriate
datasets (that need to address an extensive number of ecosystem
components), and the lack of knowledge on direct cause-effect
relationships in Europe’s seas (European Commission, 2020).

There has been an attempt to develop fully operational
indicators that can integrate trophic structure and functions,
together with their interactions. But the lack of comparable data
between taxonomic groups has made such integration difficult
(Rombouts et al., 2013; Tam et al., 2017; Machado et al., 2019;
Ministério do Mar, 2020). According to Tam et al. (2017), food
web indexes should be sensitive to the magnitude and direction
of response to underlying attribute/pressure, have a basis in
theory, be specific, be responsive at an appropriate time scale,
and be cost-effective to monitor or to update (Shin et al., 2010;
Rombouts et al., 2013; Otto et al., 2018). The choice of a
specific set of food web indicators can imply that some aspects
of marine food webs are valued more than others. Therefore,
a well-balanced selection process for indicators is required to
encompass all currently known properties of marine food webs

(Tam et al., 2017). As a result, indicators considering ecosystem
components such as fish and Phyto/zooplankton elements have
been further implemented due to long-term stock assessment
programs, implemented by the European Commission (EC)
through the Common Fisheries Policy (CFP) and the Continuous
Plankton Recorder monitoring program in the Celtic Seas (CS)
and Greater North Sea (GNS) (European Commission, 2020;
Machado et al., 2021). Even though these indexes enable the
evaluation of trophic guilds within ecosystem elements, they
do not address the connectivity amidst ecosystem elements,
hindering the assessment. As a result, a set of descriptors is
commonly a recommended practice (Tam et al., 2017) and further
emphasis on spatial and temporal resolutions should be further
added (Machado et al., 2021). When trying to disentangle if
ecosystem status is directly linked to pressures, further difficulties
arise, since the environment is exposed to existing multiple
pressures, and food web indicators lack the establishment of a
clear and direct relation with anthropogenic pressures (pressure-
status relationship) (Henriques et al., 2008; Shin et al., 2010;
Crise et al., 2015; Probst and Stelzenmüller, 2015; Preciado et al.,
2019). As a consequence, some authors have considered them
as surveillance indicators, due to their limited interpretation of
direct effects (ICES, 2015). On the other hand, results of food
web surveillance can provide signals and indications on what
multiple or combinations of pressure may be behind alterations.
As a result, relevant indicators are those identifying emergent
properties of food webs, which can address cumulative impacts,
integrated dynamics, and responses to pressures, detect indirect
and unintended consequences (Lynam et al., 2017; Tam et al.,
2017). These are also often used in the context of evaluating
trade-offs in management and mitigate impacts on food webs. In
the last evaluation, indicators employed were considered short to
show emergent proprieties that reflect the myriad of overlapping
human pressures on food webs. Indices used incorporate a
section of the system (fish elements) and mostly detect pressures
driven by fisheries. In many instances, food webs assessments
were incomplete, associated with high uncertainty, or are simply
impossible due to a lack of suitable data. To overcome these
obstacles, modeling approaches have been considered promising
(Coll et al., 2016), but they also lack the appropriate data sets,
what hinders their implementation. Solutions such as the use
of long-term data series and cross-regional cooperation have
been pointed out to further facilitate improved and consistent
assessments (European Commission, 2020).

This study aim is to systematize D4—Food web assessment
methods and environmental status, reported by MS under
the MSFD framework, to identify existing inconsistencies and
knowledge gaps. The environmental status and trends estimated
by MSs were further used to disentangle if cause-effect relations,
exerted by anthropogenic pressures, are being detected at the sea
basin level. To achieve this purpose, the methodological criteria
adopted to assess food webs in the second MSFD reporting cycle
and their resulting assessment trends were surveyed, analyzed
and statistically compared across MSs to characterize reporting
strategy and congruency across the North Eastern Atlantic
MSs. In a second phase, a multivariate analysis was applied to
food web criteria status, considering fish ecosystem elements
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trends, to understand if these are significantly influenced by
spatially overlapping anthropogenic pressures occurring in the
sea basin. Information of human activities was used as a
proxy of anthropogenic pressures to obtain information about
potential exposure of food webs to anthropogenic pressure. It was
hypothesized that fish food web indicators are detecting effects
of anthropogenic pressure and therefore, they are contributing
toward the assessment of anthropogenic effects on food webs
functioning and structure.

MATERIALS AND METHODS

A literature review was applied to MSFD reports submitted in the
Central Data Repository (CDR) of the European Environment
Information and Observation Network (EIONET) Portal and
the Marine Information System For Europe (WISE Marine)
database (EEA, 2020, 2021) to survey results on the assessment
of food webs criteria obtained within the scope of Descriptor
4—Food webs. The search included all reports submitted until
2020, concerning the 2nd assessment cycle (2012–2018) in the
Northeast Atlantic basin. The survey included the subregions
Macaronesia (MAC), Bay of Biscay and Iberian coast (BBIC),
Celtic Seas (CS) and the United Kingdom (UK) part of the
GNS (Greater North Sea), as defined in Article 4(2) of Directive
2008/56/EC (European Commission, 2008; Figure 1). The list
of ecosystem elements (targets) and human-driven pressures

considered are defined in the MSFD, for Descriptor 4—Food
webs, in the Commission Decision 2017/845 and 2017/848
(European Commission, 2017a,b).

Data Collection
The MSFD national reports included in the present work were
from Ireland (IR), UK, France (FR), Spain (SP), and Portugal
(PT), including the reports from the Autonomous Regions of
the latter two countries. The existing information on food-web
criteria assessed by each MS was retrieved from all reports. This
survey collected the following data from each report: MSFD
subregion, MS, food web criteria, ecosystem elements (target),
human pressures, indicator, spatial scale, temporal scale, resulting
trends: significance (i.e., significant, non-significant), direction
(i.e., increase, decrease) and status of the assessment (i.e., GES,
below GES). All these aspects were listed and counted, to
understand MSs reporting patterns for this descriptor. If results
were only available graphically, an image processing method was
used to extract results from mean and standard error (e.g., Image
J, software GraphClick, etc.). For comprehensive and in-depth
analysis, spatial stratification groups were also devised for each
MS (e.g., divisions and sub-divisions), whenever this information
was available. The assessments were grouped based on the
spatial unit of analysis (MSFD subregions, MSs divisions, and
sub-divisions) available in the reports and regional estimations
were obtained for each geographical scale of assessment. This

FIGURE 1 | Subregions included in the analyze (UK—United Kingdom).
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allowed exploring the local pooled effects by classifying divisions
and sub-divisions within MSFD sub-regions, whenever possible.
Statistical maps were plotted to show the spatial distribution for
the pooled results.

Since the only ecosystem element common to all MSs
was Fish, a subset of the first database was built only
including fish elements. This new dataset included food web
criteria targeting Fish elements that were reported more than
once, by more than one MS, to enable statistical significance
and comparison across assessments. The food webs criteria
fulfilling these thresholds (considering the Fish group) are
identified in Table 1. Geographically referenced data on relevant
anthropogenic pressures occurring in the marine environment
was retrieved for each spatial unit of assessment. The pressures
considered were fisheries, climate anomalies, noise, and input of
nutrients, as these are the source of the most prevailing effects
exerted by human activities in the European seas (Halpern et al.,
2008; Crise et al., 2015; Korpinen et al., 2021). The data collected,
its source and the temporal range are showed in Table 2.

Data Analysis
To compare the food webs assessment made to answer MSFD
requirements for each subregion, MS, ecosystem element (target)
and criterion, the number of reported indicators and the
corresponding assessment trend were estimated for each of
these parameters. Assessment trends for each indicator were
transformed into dummy variables: −1—Decreasing, 0—Stable,
and 1—Increasing. A generalized linear model (GLM), using
negative binomial distribution, was applied to the assessment
trend, to understand if trend patterns were related to the
categorical factors under study: subregion, MS, ecosystem
element and criteria/indicator. Prior to the analysis, data were
tested for normality (Shapiro-Wilk test) and homogeneity of
variance (Cochran test) (Zar, 1999).

Since criteria addressing fish elements were common to
all MSs, these criteria were selected for subsequent analysis.
Multivariate analysis was used to find similarities between food
web assessment trends across MSs units and to understand
if anthropogenic pressures significantly explained variations
observed. To delineate groups with distinct reporting strategy a
hierarchical agglomerative clustering using arithmetic averages
(CLUSTER) was used based on the Bray-Curtis similarity
measure (Clarke, 1993) after the fourth-root transformation of
reporting trends, according to Field et al. (1982). Afterward,
a principal coordinates analysis (PCO) was performed on
anthropogenic pressures normalized data using the Euclidean

TABLE 1 | Food web criteria selected by each MS concerning fish
taxonomic elements.

Food web criteria using fish ecosystem elements MS

Mean Trophic Level (MTL) surveys (and thresholds) SP, PT

Mean Trophic Level (MTL) landings (and thresholds) SP, PT

Large Fish Indicators (LFI) UK, PT

Typical Length (TyL) UK, IR

Mean maximum length (MML) UK, IR

distance to determine if there is a spatial pattern of pressure
variables that were associated with MSs food webs assessment
[pressures data used: fisheries mean, ph, silica, seabed litter,
beach litter, sea surface temperature anomaly, sea surface level,
chlorophyll, phosphates (po4), nitrates (no3), port number,
distance to port, bottom trawl (mean), marine traffic, number
of wind turbines, the average number of wind turbines, CPUE,
zinc, lead, cadmium, copper, and fluor across reported units
(see data description in Table 2)] (Clarke and Warwick,
2001). A permutational multivariate analysis of variance
(PERMANOVA) was used to test the hypothesis for significant
differences among the cluster groups (defined by the Bray-Curtis
measure on fourth root transformed data) (Anderson et al.,
2008). The similarity percentages (SIMPER) routine was applied
to identify which indicators contributed the most to the within-
cluster similarity and the between-cluster dissimilarity (Clarke,
1993). Finally, the BEST (BIOENV) procedure was used to find
the subset of pressure variables that significantly explained the
clusters of food webs assessment trends determined in the cluster
analysis, using the Spearman correlation (Clarke, 1993). All
statistical analysis were developed in R software environment (R
Core Team., 2019) and multivariate analyses were performed in
PRIMER 6.0 software (Clarke and Gorley, 2006).

RESULTS

A total number of 258 food web criteria were reported in the
studied area. The number of criteria implemented per subregion,
MS, ecosystem element and criteria/indicator type is shown in
Supplementary Table 1. Food web criteria were more reported
in the CS subregion (115), followed by GNS (75) (only including
the UK section) and BBIC (65) subregions. The MS with the
highest number of reported criteria was the United Kingdom
(159), followed by PT (38) and SP (35). Ireland and France
showed a very low effort for D4 implementation with 22 and 12
criteria, respectively. The most reported ecosystem elements were
Fish (121), followed by Plankton (100) and Marine Mammals
(25) (Figure 2A). Ecosystem elements targeted varied between
MSs: the UK assessment included a wider number of ecosystem
elements such as Fish, Plankton, Marine Mammals, and Marine
birds), while other MSs only reported Fish and Plankton (IR)
or just Fish (PT, FR, SP). Criteria reported varied between
subregions and MS (Figures 2B,C). The most reported Criteria
was the relative abundance of pairs (RAP), followed by maximum
mean length (MML) and typical length (TyL)—all reported by the
United Kingdom. Several criteria were only reported once across
all studied MSs, i.e., Shannon diversity (kg), Shannon diversity
(n), Species richness, Trophic diversity, Trophic diversity (vol),
Trophic richness.

General linear models showed that factors influencing food
webs average assessment trend were MSs, ecosystem elements
and criteria, explaining 34.1% of existing deviance (p < 0.05;
Table 3). MSs and ecosystem elements explained 3.7 and 3.8% of
existing deviance, respectively. MSs average trends significantly
decreased in FR (−0.46; SE = 0.16), while other MSs presented
stable trends (Figure 3A). Significantly increasing trends were
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TABLE 2 | Anthropogenic data retrieved for the study: type of pressure, data, source, and temporal scale of the dataset.

Pressure Type of data Source of data Temporal range

Fisheries VMS data fisheries EMODNET (EMODnet Human Activities) 2010–2018

VMS bottom trawl fisheries AIS derived high-resolution fishing effort layer for European
trawlers of more than 15 meters long (Vespe et al., 2016)

2014–2015

Number of hour fishing: (VMS data
2012–2016)

Daily Fishing Effort at 10th Degree Resolution by MMSI, version
2.0 (Kroodsma et al., 2018)

(2012–2018)

ICES landings (ICES database) Official Nominal Catches. Catches in FAO area 27 by country,
species, area, and year as provided by the national authorities
(ICES, 2021b)

2006–2018

Nutrients Chemical nutrients Chemical on biota (Mytilus spp.): Zinc, Cadmium, Copper, Fluor,
Lead (ICES, 2021a)

2000–2016

No3, Po4, Chlorophyll Copernicus—Marine Data: (mean data) (EU Copernicus Marine
Service Information, 2021a)

2010–2018

Discharge points EMODnet (2021a) 2010–2018

Beach litter EMODnet (2021a) 2010–2018

Seabed litter EMODnet (2021a) 2010–2018

Climate change SST and sea surface level Calculated as a climate anomaly (mean data from 2010–2018,
subtracted to data from the mean 2000–2010) (EU Copernicus
Marine Service Information, 2021b)

2000–2018

Climate anomaly Air temperature changes (NCAR community, 2012) 2000–2018

Ph, Si Calculated as ph/si anomaly (mean data from 2012–2018,
subtracted to data from the mean 2000–2012) (EU Copernicus
Marine Service Information, 2021a)

2000–2018

Noise Nr of ports EMODnet (2021b) 2018

MRE and Offshore wind installations (nr
of installations)

EMODnet (2021b) 2018

Marine Traffic (VMS): All traffic EMODnet (2021b) 2010–2018

FIGURE 2 | Number of reported criteria per ecosystem element (A), Member state (B) and subregion (C).

found for Marine mammal (0, 16; SE = 0.17), while a decrease
was found for Marine birds (−0.42; SE = 0.19); however,
these two ecosystem groups were only reported by the UK
(Figure 3B). As for criteria, results showed that this factor the
highest percent of existing deviance with 21.22%; Fishing in
Balance (FiB), Primary Production Required (PPR) and Fullness
index (FI) presented significantly higher average trends (with 1;
SE = 0.00), while Trophic Diversity (n), Species richness (n),
Trophic richness and Relative abundance presented the lowest
significant trend (with−1; SE= 0.00) (Figure 3C).

When looking at food webs assessment targeting exclusively
fish ecosystem elements, of the 115 criteria reported, 95 respected

the established thresholds (were implemented more than once
and were common to, at least, two MSs). These were reported
mostly by BBIC (42), followed by the CS (33). As for MSs, UK
was the country with the highest reporting number (42), followed
by PT (30), while IR exhibited the lowest (2). The most reported
criteria were TyL, MML, and Large Fish Indicator (LFI)/Mean
Trophic Level (MTL) (with 19, 18, and 11 criteria, respectively)
(Figure 4A). There was a division between subregions: MSs
reporting for the GNS and CS (UK and IR) subregion used TyL,
MML, and LFI fish criteria, while BBIC and MAC (SP and PT)
used MTL, MTL with thresholds (using survey and landing data)
and LFI (only in PT assessment) (Figure 4A).
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TABLE 3 | Generalized linear models (GLMs) with gamma distribution applied to
the average trend data for Descriptor 4—Food webs, per subregion, Member
State, criteria, ecosystem element, and their corresponding interaction.

Residual Deviance % explained p-value

Subregion 0.14 22.24 0.64 0.534

Member state 0.83 21.56 3.69 0.014

Ecosystem element (Target) 0.85 21.53 3.81 0.005

Criteria 4.75 17.64 21.22 < 0.001

Subregion: Criteria 0.49 21.90 2.20 0.942

Subregion: Target 0.00 22.39 0.00 –

Criteria: MS 0.58 21.81 2.57 0.187

Target: MS 0.00 22.39 0.00 –

Total explained 34.14

The average trend for fish criteria varied between 0 (SE= 0.00)
in MAC and 0.2 (SE= 0.77) in GNS subregions. The MS with the
highest average trend was IR, and PT, with 0.5 (SE= 0.71) and 0.2
(SE= 0.53), while the lowest trends were reported by SP and UK
with a 0.1 average trend (SE = 0.62 and SE = 0.72, respectively).
When analyzing criteria, results showed that the highest trends
were obtained for LFI and MTL_3.25 (0.64; SE = 0.50 and
0.43; SE = 0.53, respectively), while the lowest trends were

exhibited by MTL_3.25_landings and MML (−0.29; SE = 0.76
and −0.11; SE = 0.68, respectively) that exhibited decreasing
patterns (Figure 4B).

In regard to the multivariate assessment, the cluster analysis
revealed three groups (d, e, and g), three separate units (b, c and
f) and one outlier (a) at the distance level of 54.9% (Figure 5A).
When these clusters were superimposed with the spatial areas of
assessment of each MS, a pattern could be observed (Figure 5B).
The first group included eight UK assessment units (cluster d)
and presented an average similarity of ∼86.99% within units.
Two units also reported by the UK were separated from this
cluster (cluster b and c, with 50–55% of similarity to cluster d).
The second cluster included all PT units (including the Azores)
and exhibited 93.24% of within-group similarity (cluster g). This
cluster presented an average similarity of 61.69% to a single
SP assessment unit (Cluster f). The third cluster included two
SP assessment units (Cluster e) and presented 100% of within
similarity (average trends were identical). The cluster plot showed
that PT units had similarities to SP and UK reporting units (with
61.69 and 15.11% of similarity). The similarity between SP and
PT was due to MTL reporting, and the similarity between PT and
UK was due to LFI reporting, while the SP units presented no
similarity (0%) with the UK ones (Figure 5A). In what concerns
the outliers, a single SP assessment unit presented a dissimilarity

FIGURE 3 | Average assessment trend for food web criteria per MS (A), ecosystem element (B) and criteria (C) resulting from the GLM analysis applied to
Descriptor 4—Food webs data in the NE Atlantic.
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FIGURE 4 | Number of fish criteria reported per Member State (A) and average assessment trend for fish food web indicators (B).

of 97.5% from the overall units. Results showed that assessment
for SP units was more heterogeneous, since it was separated in
two cluster groups and one outlier, while PT and UK were more
homogeneous (Figures 5A,B).

The PCO analysis for pressure variables showed a relevant
pattern for sst, ssl, cadmium, mean fishing, Marine Traffic, and
number of ports across Axis 1, which explained 28.1% of the
variation. High values for these variables explained most of the
PT and SP average trend results (clusters e, f, and g). Axis 2
explained 23% of the variation and was associated with a high
amount of chemical nutrients (Lead, Copper, Zinc) and a high
number of offshore wind turbines. This axis explained the UK
units from the GNS and CS (cluster d and b) and SP (North Bay
of Biscay units). Axis 3 explained 13% of variability, including
variables such as no3, po4, port distance, and explained UK trend
estimates (including clusters c and d). Axis 4 and 5, explained
10.1 and 9.1 21% of the variation, respectively. These had a
high influence of CPUE and zinc, respectively. These two axes
explained average trend patterns for partial units from the PT
cluster (Zone B) and SP (North Bay of Biscay units) (Figure 6).

PERMANOVA analysis showed significant differences
between clusters (F = 86.26; P(perm) < 0.001) and the pair-wise
analysis revealed significant differences among UK and SP units
(d, e) and UK and PT units (d–g). Cluster e showed significantly
higher trends (e = 1.00; SE = 0.22 average trend), while cluster
a had significantly lower average trends (a = −1.00; SE = 0.30
average trend), evidencing heterogeneity in the SP reporting.

The SIMPER analysis showed that the within-group similarity
ranged from 85.61 to 100% (groups d and e, respectively) and that
the criteria that mostly contributed to this were MML, and TyL in
group d, and MTL in group e. The between-groups dissimilarity
varied between 39.31 and 100%, and the main discriminating
species are listed in Supplementary Table 2.

The results of the BEST analysis, using anthropogenic data,
revealed that the combination of sst, and mean bottom trawl
provided the best match to explain the average reported
trends. The correlation values were high (r = 0.592) and
their influence was statistically significant (p < 0.01). When
added to the combination, po4, Marine Traffic, and Zinc also

presented a significant correlation with the average reported
trends (r = 0.589).

Anthropogenic pressures identified above have been analyzed
using descriptive (graphical) and statistical (correlation;
spearman test) analysis to determine if they correlate with
food web trends summaries for fish. The analyses showed that,
in BBIC, an increase in sst and CPUE were associated with
decreasing trends for food webs. While in the CS and GNS,
high marine traffic and the number of offshore installations
corresponded to food webs decreasing trends. However, none of
these variables was significant.

DISCUSSION

The new MSFD report was published in 2020, pointing out
broad progresses in relation to the 1st MSFD report, published
in 2012. Improvements were largely driven by the recently
published legal documents that defined aspects such as criteria,
ecosystem components, anthropogenic pressures and spatial
scales for reporting (European Commission, 2017a,b), but were
also motivated by MSs effort, that revealed lessons learned
from the 1st cycle and increased reporting coherence (European
Commission, 2020). However, food webs descriptors are still not
properly assessed, are poorly coordinated within each subregion
and are underreported due to a lack of data and consensus
on the indicators or indexes that should be used. Food webs
(D4) assessment is complex by nature as it needs to measure
energy flow across guilds through simple parameters, that require
detecting changes on energy transfer (ICES, 2015).

This work assessed D4 implementation and assessment results
across the NE Atlantic basin, including four subregions and six
MSs, to disentangle if the current assessment encompassed the
ecological aspects of food webs at subregion scale (European
Commission, 2017a) and if trends detected emergent properties
from single or cumulative anthropogenic pressures.

Results revealed that reporting strategies varied between MSs
since each country supplied a distinct level of information.
Relevant knowledge gaps were identified for IR and FR, which
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FIGURE 5 | Dendrogram resulting from cluster analysis of Food webs transformed average trend, reported by Member States (A) and spatial distribution of the
cluster assemblages (B). Five assemblages and three outliers were identified at the 57% level of similarity.

reported two or one indicators, while MSs such as UK, SP, and
PT developed fit-fo-purpose methods (ICES, 2015; Tam et al.,
2017). As a result, reporting differences were found between
MSs, ecosystem elements and criteria selected, showing a lack
of congruency in D4 implementation. The UK was the only
MS addressing other ecological elements than Fish and Plankton
(i.e., marine mammals, marine birds) using specific data sets and
indicators. This was due to the adoption of long-term monitoring
programs and data availability. Also, the UK has closely followed
OSPAR guidance in the implementation of indicators, what

largely contributed to the choice of criteria (OSPAR., 2017; UK
Marine Monitoring, Assessment Strategy, Uk Monitoring, and
Assessment Reporting Group., 2019). That approach was not
followed by other MSs in the CS, such as IR and FR.

In the BBIC subregion, SP and PT implemented food webs
metrics indicated by ICES (2015) or Tam et al. (2017) and
were coherent to some extent. On the other hand, the FR
assessment reported raw information from stock assessment,
not implementing food webs indicators and revealing lower
reporting level and average trends. In the BBIC subregion,
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FIGURE 6 | Principal coordinates analysis (PCO) for the anthropogenic pressures’ variables identified in Table 2. Clusters as obtained in the cluster analysis
represented in Figure 4A.

no higher-trophic (seabird and megafauna productivity) and
lower-trophic (primary production) ecosystem elements were
addressed. Indicators assessing such groups are needed to reflect
processes viewed from the opposite ends of the food web (e.g.,
PPR, zooplankton index, seabird productivity index, etc.). For
example, PPR is an integrative indicator that represents the
amount of primary productivity to sustain a fishery and enables
the comparison of energy requirements across different fisheries
(Pauly and Christensen, 1995; Chassot et al., 2010; Tam et al.,
2017), while seabird productivity is an indicator of ecosystems
health, through food availability (forage fish), accumulation of
contaminants and environmental pollutants, and physiologic
stress caused by environmental change (Mallory et al., 2010).

According to the Directive, EU Member States can monitor
as many guilds as deemed appropriate (with a minimum of
three), but at least two non-fish guilds should be addressed to
ensure that not only fish are monitored (European Commission,
2017a). Even though indicators based on fish abundance and
biomass can inform on the structural properties of food webs,
they provide only partial information about its functioning,
failing to consider complex trophic interactions and whole-
system energy flow (Rombouts et al., 2013). However, only
the UK evaluated two non-fish guilds. The causes pointed out
to explain this inequality are knowledge gaps in long term
monitoring or the inexistence of minimum quality data that

can support these assessments. Currently, the best data available
comes from commercially exploited fish and shellfish stocks for
which extensive monitoring programs exist and from phyto-
and zooplankton communities obtained through the Continuous
Plankton Recorder; but even these are limited to certain areas
of the North Atlantic Ocean (European Commission, 2020). To
overcome this issue, the EU has identified strategies such as
the use of theoretical and empirical models to identify potential
impacts and key properties that should be monitored and
the necessity of harmonized monitoring programs to generate
proper assessments for trophic levels (and marine regions)
(European Commission, 2020).

The average trends established in the assessments were stable
or improved in the UK, SP, PT and IR, and decreased in the FR
assessment. The UK presented a significantly decreasing trend
for Marine birds, that were considered below GES or at risk
in the CS and GNS. Decreasing patterns are of concern and
direct management actions could be either top-down control
rules aimed at relieving fishing pressure on lower-trophic species
or bottom-up policies directed to improve water quality or
habitat, which may also include improved management at land-
sea interfaces (Mallory et al., 2010; Tam et al., 2017). On the
other hand, marine mammals exhibited the highest average trend,
evidencing increasing populations in the UK and indicating a
recovery of mammal’s populations. For the fish group, the average

Frontiers in Marine Science | www.frontiersin.org 9 October 2021 | Volume 8 | Article 699566367

https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/marine-science#articles


fmars-08-699566 September 29, 2021 Time: 16:39 # 10

Machado et al. Response of Food-Webs to Human Pressures

trend reported varied significantly between the type of metric
employed, which resulted in high reporting heterogeneity.

When analyzing food webs assessment approaches employed,
the multivariate analysis applied to fish criteria revealed three
similar food webs assessment groups including UK units, PT
units, and SP units. Some units from IR and SP were considered
dissimilar from the main groups. Within group similarities were
based on MS and showed that UK, IR, PT, and SP adopted
distinctive reporting metrics and therefore resulting trends.
Although the UK and IR used similar indicators (MML and TyL),
IR data sets did not enable a comprehensive assessment such
as the UK, because the survey time-series from Irish waters is
comparatively shorter (Machado et al., 2019); what has resulted
in a dissimilar assessment for IR (European Commission, 2020).
To some extent, PT and SP used identical indicators (MTL
and MTL with thresholds) increasing similarities. However, the
PT assessment adopted indicators equally across all its spatial
units, while the SP assessment employed indexes heterogeneously
across its territory. The SP assessment reported research findings
obtained by EU funded projects (EcArpha project), and peer-
reviewed publications (Arroyo et al., 2019; Preciado et al., 2019).
These studies included fit for purpose outputs concerning food
webs assessment, but the metrics, and the temporal and spatial
scales were dissimilar between them, what could explain part
of the heterogeneity obtained in the SP assessments and the
significant differences found between the SP clusters’.

When looking at anthropogenic pressures and how they
overlap with food webs assessment trends, results for UK units in
the CS basin were influenced by high input of organic nutrients
(no3, po4) and port distance, while GNS units were influenced
by primary production (chl), chemical nutrients (Lead, Zinc,
Cadmium) and the number of offshore installations. The high
input of nutrients in the UK-CS units evidenced eutrophication
and higher primary productivity, which can increase bottom-up
effects (Cury and Roy, 1989). In the NE Atlantic, eutrophication
has been recorded in the southern parts of the North Sea and
along the North western coast of France. Nevertheless, nutrient
inputs from point sources have significantly decreased; although
inputs from diffuse sources, i.e., losses from agricultural activities,
are still too high (European Commission, 2020). In the GNS,
chemical contamination has been decreasing due to regulations
adopted, however, Cd levels are increasing in the Southern North
Sea and need to be investigated. The assessment of chemical
contaminants under the WFD showed that the worst scenarios
can be been found in the Baltic and the GNS, with 55 and 51% of
the area assessed below GES (European Commission, 2020). As
for offshore installations (e.g., offshore renewable energies), long
term impacts are still relatively unknown: offshore wind farms
are a recently developed sector for which there are no long-term
monitoring data. As a consequence, there is still a high level of
uncertainty on the impacts of offshore wind parks on ecosystem
structures and processes (Alexander et al., 2015). Noise affects
especially marine mammals, but existing studies also show that
habitat change, by adding artificial hard substrate in areas where
mainly soft substrate occurs, can cause food webs shifts. Artificial
reefs, such as offshore wind farms, are used by benthopelagic

and benthic species as feeding grounds for prolonged periods
(Mavraki et al., 2021).

In PT and SP units, anthropogenic pressures such as fishing
(bottom trawl and mean fishing), seabed litter, sst, ssl, ph, and
marine traffic explained food webs trends. Similar results were
found by Korpinen et al. (2021) for this region, identifying global
warming (increasing sst), fisheries and shipping (underwater
noise) as the major challenges that need to be addressed when
considering cumulative anthropogenic effects. This region is
characterized by narrow shelf areas (Korpinen et al., 2021),
were trawling activities occur more intensely (Eigaard et al.,
2017). Studies on the ratio of the trawling footprint over the
landings showed that the highest ratios occurred in the Iberian
Portuguese area, reflecting the higher level of exploitation when
compared with some of the Atlantic management areas where
fishing effort has been reduced (Eigaard et al., 2017). Regarding
marine traffic, this activity is widely distributed in all EU marine
regions and its intensity is highest along shipping corridors
and near ports. Underwater noise from commercial shipping is
considered one of the most pervasive noise sources. Underwater
distribution and noise effects occurring in Europe are still
unknown, however, impacts have been observed on all trophic
levels, from invertebrates to fish, marine mammals, and diving
seabirds (Dekeling et al., 2014; Barnett, 2020; Farcas et al., 2020).
Climate anomalies (i.e., sst, ssl, and ph) also explained food web
average trends in the southern countries. Climate change effects
on latitudes of species transition, such as the Iberian Peninsula,
are expected to have wider degradation effects on food webs as
the cold water species habitat may be contracted, and warmer
species habitat may expand (Serrat et al., 2018), changing food
webs structure and resilience (Lynam et al., 2017). Even minor
temperature changes can have significant effects on the onset
of the spring phytoplankton bloom, the relative abundance of
zooplankton, and the abundance and distribution of commercial
fish species (Alexander et al., 2015).

The resulting matrix showed significantly high correlation
values and as a result, it was possible to establish links between
trends of abundance and distribution of fish elements and human
pressures, such as fishing and climate anomalies and marine
traffic in the southern region of the BBIC or the input of
nutrients and/or chemicals in the UK waters. These findings
indicate a relationship between food webs pressure and state and
highlight the most relevant anthropogenic disturbances across
the marine areas under study. Nevertheless, the methodological
approach applied in this work, presented limitations since
the assessment data set was limited by MSs reporting (only
enabling the comparison of fish elements), it did not account
for spatial and temporal variability and anthropogenic pressures
were difficult to unequivocally distinguish from environmental
variability. Notwithstanding, this work provides relevant insights
on aspects that are hindering the detection of impacts
and need to be considered in future assessments such as
(1) the metrics/indicators and ecosystem elements assessed
should be harmonized across the same subregion, (2) the
improvement of data mining and modeling for well monitored
indicators (status and pressures) (Walmsley et al., 2017;
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Borja et al., 2019), (3) further development of monitoring
networks, (4) improve the spatial coverage and resolution of
the assessment, since not all MSs are adopting similar scales
(Machado et al., 2019, 2020), (5) the methodologies and standards
should account for the specificities of the region and detect
region-specific sensitivity values (European Commission, 2020).

Future work on food webs should use data that are often
automatically recorded (e.g., automatic identification system
(AIS) for shipping, vessel monitoring system (VMS) for fisheries),
stored in permit databases (e.g., marine construction, dredging,
dumping, fish catches), or observed from satellites (e.g., sst, chl,
ph, oil spills, etc.). The use of these data sets could improve the
assessment of single or cumulative effects on food webs, which
in the past have been limited by data availability (Borja et al.,
2019; Korpinen et al., 2021). However, more work is still needed
in food web index implementation and development, to include
non-linear responses and synergistic and antagonistic effects of
pressures on ecosystem elements (Korpinen and Andersen, 2016;
Taherzadeh et al., 2019).

In general, although the EU has surpassed previous
assessments, food web evaluation is still lacking an appropriate
ecological dimension. The present study emphasized the need for
EU MSs to further improve their coordination and calibration
at sea basin level, concerning ecosystems elements, criteria,
indicators, and the spatial and temporal scales used in food
webs assessment and monitoring programmes. Only afterword’s
it will be possible to determine coordinated objectives and targets
and having effective measures tackling the right pressures. The
analysis proposed here allows, as a first step, to define the highest
pressures by which managers can steer toward food web targets
in the studied basins. Insights to this discussion are both timely
and relevant, especially as EU MSs are preparing their program
of measures to fulfill the aims of the MSFD.

CONCLUSION

The present work highlights relevant aspects that need to be
tackled in the assessment of food web in the context of the
MSFD. The criteria and indicators selected need to be further
calibrated, concerning the target element addressed and the
metric employed, at subregion level. Although some advances
have been made in this direction with the legal diploma 848/2017,
the present work showed that food webs assessment is largely
dependent on MS reporting. Only by using a harmonized set
of indicators it will be possible to assess food webs status at
an ecosystem level (at the subregion and sea basin level), to
understand the effects of different human pressures, and to
define effective management decisions. Importantly, the direct

or indirect anthropogenic pressures were detected by trends
assessed in the MSFD. The pressures of concern were fisheries,
and climate change in the Iberian Peninsula, while eutrophication
and chemical contamination affected CS and GNS surveyed
regions. Overall, the MSFD assessment showed that human
activities are not at an environmentally sustainable level and
that pressures exert combined effects on food webs ecosystem
components, i.e., fish. At the moment, the most urgent step
would be to ensure a coherent assessment that foresees ecological
relevant aspects of food webs and considers effects of relevant
and on-going human pressures (Elliott et al., 2020), therefore
promoting sea basin level calibration. A basis for this would
be to continue to promote monitoring programs and data rich
platforms that can support assessments (Korpinen et al., 2021).
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The present work aims to identify changes in the macroinvertebrate community of the
Tagus estuary (Portugal) due to improvements in water quality and to climate change.
Data was collected over a period of 16 years (1998–2014) from different sites located
along the estuarine gradient. The AZTI Marine Biotic Index (AMBI) was used to assess
the ecological quality status based on benthic invertebrate communities and identify
possible variations associated with changes in water quality. The overall distribution of
each species was examined to detect possible changes associated with climate, based
on species’ affinity for more temperate or subtropical climates. Results demonstrate
that there was an overall improvement of AMBI scores during the assessment period.
The analysis of the geographical distribution of benthic species seems to indicate that
there has been an increase of species which prefer subtropical climates in the shallower
waters of the estuary, whereas in the deeper estuarine sections the propensity is for
species that prefer temperate climates.

Keywords: AMBI, ecological status, Portugal, long term data analysis, temporal change, species distribution,
global change

INTRODUCTION

By straddling the transitional point between rivers and the oceans, estuaries play an essential
role in nature and provide a wide variety of essential ecosystem services (Savage et al., 2012;
Layman et al., 2014; Gittman et al., 2016). Due to these ecosystem services and sheltered nature,
estuaries have attracted human settlements since prehistoric times (López-Romero et al., 2021).
Nowadays, these settlements have evolved into great metropolises where millions of people live
and work. This rapid urban development in conjunction with the accompanying agricultural and
industrial advances puts enormous pressure on estuaries (Lemley et al., 2017). However, due to
their naturally high variability in environmental conditions which fluctuate daily, seasonally, and
annually, it is very difficult to truly understand the origin of changes within these systems (Yin,
2002; Maes et al., 2004; Cloern and Jassby, 2010; Caffrey et al., 2014; Lanari et al., 2021). Benthic
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invertebrates are frequently used to assess these changes since
they play an essential role in the productivity of the food webs
and are also a crucial part of the process of nutrient cycling
(van Oevelen et al., 2006). Since species included in this group
have low mobility and a close relationship with sediments, they
can incorporate biotic responses to a variety of contaminants,
such as metals and organic matter, making them excellent
indicators for assessing the environmental status of a water body
(Nunes et al., 2008).

The AMBI-AZTI Marine Biotic Index (Borja et al., 2000) was
developed to assess the ecological status of marine environments
in accordance with the Water Framework Directive (WFD). This
index has also been used to assess the environmental status and
seabed integrity in the Marine Strategy Framework Directive
(MSFD), and in general, to determine the status of soft-bottom
marine benthic communities based on the sensitivity/tolerance
of species to organic pollution. It classifies water bodies into
five categories: Undisturbed, Slightly disturbed, Moderately
disturbed, Heavily disturbed, and Extremely disturbed. It has
been applied under different impact sources, demonstrating its
usefulness in detecting specific localized impacts as well as
“diffuse pollution.” This index has been used broadly all over
the world, as a tool to assess many different types of pressures
(Borja et al., 2003, 2019; Carvalho et al., 2006; Belhaouari et al.,
2019) in very different geographical locations such as the Baltic
sea (Muxika et al., 2005), Persian gulf (Hoveizavy et al., 2012),
and the Nandgoan coastal waters of India (Sivaraj et al., 2014).
Furthermore, it has been adapted for use in United States coastal
waters (US AMBI) (Pelletier et al., 2018) and the Arctic (Azovsky
and Kokarev, 2019). This worldwide adoption is largely due
to its suitability for the assessment of environments such as
estuaries (Tweedley et al., 2014; Zhou et al., 2018), coastal lagoons
(Carvalho et al., 2006; Reizopoulou et al., 2014), and fjords
(Quiroga et al., 2013; Alve et al., 2016).

The soft bottom invertebrates that live in estuaries, are not
only affected by human pressures, but also by natural changes
such as seasonal and daily (e.g., tidal cycles) variations in the
environmental conditions or even the occurrence of extreme
stressful events, such as floods and droughts (Chainho et al.,
2006). These extreme events have been more frequent because of
climate change, a common problem for the planet (Jennerjahn
and Mitchell, 2013; Robins et al., 2016). The change of average
surface temperature, increased rainfall, acidification, and shifts
in marine currents are some examples of the components which
may bring on changes in estuarine communities and it is difficult
to predict when these changes will occur and on what scale.
However, the impact of increased temperature has been proven to
be linked to low dissolved oxygen levels and a higher possibility
of eutrophication. Increased rainfall has been linked to decreases
in salinity which can affect species with a different osmotic
regulation capability, while a decreased pH has negative effects
on the metabolism of crustaceans and bivalves (Roessig et al.,
2004; Pörtner et al., 2008; Bernardino et al., 2016; Goulding
et al., 2017; Szalaj et al., 2017; Scanes et al., 2020). Scanes et al.
(2020) concluded that effects due to climate change occur at a
faster rate in estuaries due to lower depths, which enhances the
influence of temperature increase. In a changing world it is of

the utmost importance to be able to provide decision makers
with the most accurate and up to date information on which to
make policy decisions that will affect the lives of their fellow man
(Wackernagel et al., 2004). The implementation of conservation
and management decisions for ecosystems requires an in-depth
knowledge of their biodiversity to inform essential policy (Dubois
et al., 2016). Essentially, the longer the time series the clearer
the picture, allowing shifts to be analyzed in a historical context
by providing a comparative analysis of change of taxa, biomes,
and geographic regions while also providing insights into the
mechanisms involved (Dornelas et al., 2014; Cloern et al., 2016).

The Tagus estuary is the largest in Portugal, with an area
of 325 km2 and is situated in a biogeographic transition area
whose border is located between the Carvoeiro cape in the
North and the Tagus estuary in the South (Hayden et al.,
1984). This means that this region is already associated with
a mixture of flora and fauna from both Atlantic temperate
regions and subtropical Mediterranean and Atlantic ones. This
makes the Tagus estuary an ideal estuarine ecosystem to study
the potential changes in biota resulting from climate change,
especially because it exhibits many bays, channels and recesses
providing a wide diversity of habitats that favor the colonization
by species with different ecological characteristics. However,
due to its location in the greater metropolitan area of Lisbon,
which has approximately 2.5 million inhabitants, it is under
considerable pressure from not only a variety of industrial
operations and port facilities but also agricultural operations
in the upper reaches (Vasconcelos et al., 2007). The inner
reaches of the estuary present an almost delta-like morphology
with low salinity (between 0 and 15), extensive mudflats and
saltmarsh areas. The intermediary area is mostly subtidal and
more saline (10–30), while the mouth of the estuary is under
a high marine influence during most of the year (salinity 30–
35) and is much deeper, reaching 40 m (Costa et al., 2007;
Gaudêncio and Cabral, 2007; Vaz et al., 2011). Vasconcelos
et al. (2007) found that the Tagus estuary was the most
anthropologically pressured in the country by aggregating a
multi-metric index which quantitatively evaluates influences
from key components: dams, population, industry, port activities,
and resource exploitation. Cabral et al. (2012) used the Estuarine
Fish Assessment Index (EFAI), to evaluate the ecological integrity
of the Tagus estuary’s fish communities and ascertains that it
had a good Ecological Quality Ratio (EQR) for this element
in 2006 and 2010. Chainho et al. (2008) used different benthic
assessment tools to understand its robustness in evaluating the
benthic ecological status as a response to different levels of
human pressure and concluded that most indices and metrics
were not sensitive enough to accurately distinguish between all
ecological quality classes and to separate between natural and
human pressures. Research on the effects of climate change
to the biota of the Tagus estuary has been conducted for fish
communities (Cabral et al., 2001; Vinagre et al., 2007) however
similiar studies for the benthic macrofauna community are
non-existent. On the contrary, the use of AMBI index is well
documented and has been used to assess the integrity of the
ecosystem based on benthic macroinvertebrates (Chainho et al.,
2008, 2010; Azeda et al., 2013).
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Due to their geographical characteristics, we can find a much
wider range of physicochemical parameters in estuaries than,
for example, the open ocean. Therefore, in this environment
of extremes we can expect to see faster changes due to
climate change. The aim of this paper is to analyze spatial
and temporal changes in the composition and structure of the
benthic macroinvertebrate community in the Tagus estuary and
to identify possible associations between those changes and
improvements in water quality as well as influence of climate
change on species distribution. Considering that over the last
20 years there have been a variety of interventions within
the Tagus estuary to improve water quality, specifically the
construction of several Wastewater Treatment Plants (WWTPs),
the initial step of this study was to assess the ecological status of
the studied sites over time using the AMBI index. The possible
influence of climate change was based on Cabral et al. (2001)
where they found that there had been an average increase of 1◦C
in the Tagus estuary. This was assessed by investigating changes
in the community composition based on their native distribution
being from either North or South of the ecoregion in which the
estuary is located.

MATERIALS AND METHODS

This research was based on data collected from various projects
carried out at MARE—Marine and Environmental Science
Centre, Lisbon University Campus. Datasets used in this study
were selected to address temporal changes in the benthic
macrofauna community along different timescales and spatial
gradients of the Tagus estuary and relate it to changes associated
to (i) improvements on the ecological status of the system and
(ii) climate change. Only data from the summer was used to
discount seasonal variation and because this is the time of year
when the benthic macroinvertebrate communities better reflect
the impacts of anthropogenic pressures (Chainho et al., 2007).
These samples were collected over 16 years (1998–2014) and
covered the whole extent of the estuary with a total of 50 sampling
stations. From these sampling locations, two types of data were
obtained: time series that correspond to yearly samplings in
Porto Buxo (PB); Portinho da Costa (PC); Parque das Nações
Subtidal (PNS); and Parque das Nações Intertidal (PNI) but are
spatially restricted; and spatial series which is restricted to two
years (2003 and 2014) but whose sampling stations span the
estuary consisting of Estuary Middle (EM), Estuary Bays (EB),
and Estuary Lower (EL) (Figure 1).

Yearly samples were taken between 2002 and 2010 at PB and
PC sites, using a Day grab with an area of 0.1 m2 (1 replicate).
The samples at PB were collected from 9 sampling stations
radiating from the shore. At PC there were 12 sampling stations
organized in circular transects approximately 50 m from the
shoreline (Figure 1). This area is most like a marine environment,
located in the deepest part of the estuary and consists of sandy
sediments, with a coarser fraction present at PB and salinity in
both sites is usually above 30 (Rodrigues et al., 2016). These
samples were collected with the aim of monitoring the effects of
the implementation of a municipal WWTP at PC which began

operations in 2003, and the discontinuation of discharges of
non-treated effluent at PB in the same year (Costa et al., 2018).

The samples from the north bank in the intermediate shallow
area of the Tagus estuary were taken yearly, with the aid of
a van Veen grab (0.05 m2) (1 replicate) from the PNI (nine
stations) and PNS (three stations) sites (Figure 1) between 1998
and 2013. Due to externalities, both sites were not sampled in
the year 1999 and neither was PNS in 2002. The sediment is
characterized by silts and the salinity varies daily and seasonally
between 26 and 31 (Chainho et al., 2010). Monitoring was carried
out to assess the effectiveness of the rehabilitation (conducted
until 1998) of the surrounding area at the old docks for the
EXPO’98 exhibition carried out in the area currently known
as Parque das Nações. Long term spatial changes across the
estuarine gradient were assessed based on samples collected at
14 stations distributed randomly in the estuarine area in 2003
and 2014 using a van Veen grab (0.05 m2) (1 replicate). These
sampling stations were grouped into three sites according to
their location in the estuary: EM (seven stations); EB (four
stations); and EL (three stations) (Figure 1). The salinity for
these sites can vary between 15 and 30 and as a general rule
the sediments range from medium to fine sand in the upstream
sites (EM) to silt and clay further downstream (EB and EL)
(Chainho et al., 2008).

As mentioned previously, the salinity and temperature within
the estuary vary considerably. For the sampling stations located
within or closer to the mouth of the estuary (PB, PC, EL) and
Estuary Bays (EB), the salinity varies between 32 and 35, while
the temperature in PB, PC, and EL has a range around 17–19◦C,
the Estuary Bays ranged between 17 and 23◦C. As for locations
within the intermediate section of the estuary (PNS, PNI, EM),
the salinity would vary between 25 and 32, and the temperature
ranged between 18 and 21◦C. As a rule, the sediments range from
fine sand (0.0250–0.0063 mm) to silt and clay (<0.063 mm) in
the sampling locations located in the intermediate section of the
estuary (PNS, PNI, and EM), to mostly fine sands and silt and
clay further downstream (PB, PC, EB, EL). The percentage of
organic matter across the estuary varies between 4 and 12%. The
oxygen saturation in the water is between 81 and 113% for the
intermediary section of the estuary (PNS, PNI, and EM), and 91
and 107% for the locations within or closer to the mouth of the
estuary (PB, PC, EB, EL).

All sediment samples were fixed and preserved with 4%
buffered formalin then sieved using a 0.5 mm mesh, preserved
in 70% ethanol and stained with Rose Bengal in the laboratory.
The specimens were identified to the lowest possible taxonomic
level and then counted to determine the number of taxa and
their respective abundance. Hayward and Ryland (1995) was used
to identify most taxa, along with other scientific publications
on specific taxonomic groups. Taxonomic classification followed
WORMS (World Register of Marine Species) (available at
www.marinespecies.org) online guidelines.

The AMBI index follows a model (Glémarec and Hily,
1981; Grall and Glémarec, 1997) which categorizes benthic
invertebrates into five ecological groups (EGs), depending on
their dominance along a gradient of organic enrichment and
oxygen depletion. These groups include sensitive species (EG
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FIGURE 1 | Location of the sampling stations in the Tagus estuary: Porto do Buxo (PB); Portinho da Costa (PC); Parque das Nações Intertidal (PNI); Parque das
Nações Subtidal (PNS); Estuary Middle (EM); Estuary Bays (EB) and Estuary Lower (EL). Ocean realms: I (variable westwarard current); II (weak and variable current);
IIIw (westward currents); IIIe (strong equatorial currents). Coastal zones: A (subpolar); F (western temperate); G (western subtropical); according to Hayden et al.
(1984).

I), indifferent species (EG II), tolerant species (EG III), 2nd
order opportunists (EG IV) and 1st order opportunists (EG
V) (Supplementary Annexe 1). The AMBI value of each
sampling station was calculated as proposed by Borja et al.
(2000) and a yearly median value for each study site (PB;
PC, PNS; PNI; EM; EB; EL) was obtained to understand if
there were changes in the benthic ecological status associated
with changes in anthropogenic pressures. The AMBI index
was calculated using AMBI version 5.0 software, available from
https://ambi.azti.es/.

To test the hypothesis that there is a change occurring in
the benthic macroinvertebrate community of the Tagus estuary
due to climate change, the global distribution of the species
located at each study area was ascertained for every year
that data was available. Spalding et al. (2007) definition of
ecoregions was used, situating the Tagus estuary in the South
European Atlantic Shelf Eco Region (SEASER). A classification
of 0, 1, or 2 was attributed to each species, based on whether
they were a native species to the ecoregions North of the
SEASER (type 0), a native species to SEASER (type 1), or a
native species to the ecoregions South of SEASER (type 2)
(Supplementary Annexe 1). Following this the mean value
of the replicates from each area and their deviation from 1
was used to assess whether there was a change in the benthic
macroinvertebrate communities and whether this change was
influenced by either southern or northern species. Furthermore,
it was identified when some of these species started to occur in

the estuary and whether their numbers seemed to increase or
decrease over time.

A Principal Coordinate Analysis (PCoA) (Clarke and Gorley,
2006; Anderson et al., 2008) was conducted to assess the
spatial and temporal patterns of benthic communities at each
studied location. The software Primer 6 was used to conduct
the ordinations on the triangular matrices of Bray–Curtis
similarity coefficients for each sampling station and year. Datasets
were previously square root transformed. Furthermore, to
identify which species and factors were related to anthropogenic
pressures and climate change, only vectors with a Pearson’s
correlation of at least r < 0.05 with the ordination axes were
overlaid on the graphs.

To assess significant temporal differences, a PERMANOVA
(Permutational Analysis of Variance) (Anderson et al., 2008)
was performed, using a normalized dataset to build a similarity
matrix based on Euclidean distances. This test ascertained
whether there were significant temporal differences for the
AMBI and geographic distribution of species present over the
study period. Year and estuarine areas were used as fixed
factors in the spatial and temporal gradient of the case study.
If significant differences (r < 0.05) were found a paired
t-test was performed. Furthermore, G-tests of independence
(Sokal and Rohlf, 1995) were run using BIOMstat, version
3.0 (available from appliedbiostat.com) to determine whether
distribution of the species (0 or 2) was independent of
the sampling year.
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RESULTS

A total of 67,188 specimens were identified. Most of the
specimens (45,154) were collected in PB (21,557) and PC (23,597)
(Table 1). The dominant taxonomic group at all locations,
except for PNI, was Polychaeta in both abundance and richness.
At PNI the most abundant taxonomic group was Clitellata,
while Polychaeta was the group with the highest richness.
Bivalves were the 2nd most dominant taxonomic group in
PB and PC. At LE and EB the class Malacostraca was the
2nd most representative taxa (Table 1). The dominant taxa
at PB and PC were Mediomastus fragilis (Rasmussen, 1973)
(26 and 23.1% respectively), Pomatoceros sp. (11.4 and 20%
respectively), and Oligochaeta (9.5 and 4,8% respectively). At
PNS the dominant taxa were Oligochaeta (25%), Streblospio
shrubsolii (Buchanan, 1890) (23.9%), and Tharyx sp. (22.8%),
while at PNI, Oligochaeta (35%), Peringia ulvae (Pennant,
1777) (28.8%), and S. shrubsolii (16.7%) were dominant. Within
the spatial estuarine gradient the taxa differed depending
on the location, with most dominant taxa being: at EM
Tubificoides sp. (20.1%), S. shrubsolii (10.1%) and Chaetozone
setosa (Malmgren, 1867) (7.8%); at EB, C. setosa (50.3%),
S. shrubsolii (8.4%), and Polydora cornuta (Bosc, 1802) (5.2%);
and at EL, C. setosa (47%), S. shrubsolii (8.4%), and Melita
palmata (Grube, 1860) (7.7%).

Mean annual AMBI index values calculated for PB
(Figure 2A) and PC (Figure 2B) have fluctuated over the
study period ranging between 1.30 and 3.43 in PB and 1.90
and 2.71 in PC. Even considering these fluctuations, these
values have always been within the range for slightly disturbed
(SD) communities, except for the year 2002 in PB where the
index value of 3.49 equates with moderately disturbed (MD).
Moreover, in PB there was a general improvement in AMBI
values when compared to the first sample taken in 2002 (before
the non-treated effluent removal in 2003).

The AMBI scores for PNS (Figure 2C) and PNI (Figure 2D)
do not reveal a change in disturbance levels during the study
period and fluctuated between 2.78 and 3.00 in PNI, and 1.47 and
3.01 in PNS. Both reflect SD communities. The AMBI values for
EM, EB, and EL (Figure 2E) demonstrated clear improvements
from MD to SD communities between 2003 and 2014. EL went
from 3.69 to 3.07, EB from 3.74 to 2.19 and EM from 4.00 to 2.19.
The whole estuary data for 2003 and 2014 indicated that there
was an improvement in the ecological status over that period with
AMBI values decreasing in different estuarine habitats (EM, EB,
and EL). This corroborates with the general trend in all the sites
during this study demonstrated by the fact that, when compared,
the AMBI index is always lower in the last year of sampling
compared to the first, with the only exception being PC, where
the values remain similar.

The PERMANOVA test for the AMBI values in PB
indicates significant differences among years [Pseudo-F = 7.58;
P(perm) = 0.001]. Pairwise tests showed that these differences
were always observed when considering the years 2002 and 2008,
as these were the years with the lowest and highest AMBI scores.
PC also had significant differences for the AMBI values among
years [Pseudo-F = 7.68; P(perm) = 0.001], especially between
the highest scored year (2009) and the lowest (2007) scored.
For PNS there were no significant differences (p < 0.05) among
years, contrary to PNI, which revealed significant differences
[Pseudo-F = 2.597; P(perm) = 0.009], mostly for the years 2009
and 2012. For all sites throughout the estuary (EL; EB; EM)
significant differences between the two years [Pseudo-F = 14.99;
P(perm) = 0.001] were found.

SEASER native species (type 1) were dominant in all sampled
areas and years. However, there was a clear representation in
the composition of the benthic macroinvertebrate community of
type 0 (North SEASER) and type 2 (South SEASER) specimens
in all sampling sites. In PB and PC (Figures 3A,B) there seems
to be no change in the prominence of specimens of any type

TABLE 1 | Main taxa groups of benthic macroinvertebrates, number of taxa (Sp), and number of individuals (Ind) collected in the summer season at: Porto do Buxo (PB)
and Portinho da Costa (PC) during the sampling period (2002–2010); Parque das Nações subtidal (PNS) and Parque das Nações Intertidal (PNI) during the sampling
period (1998–2003); and Estuary Middle (EM); Estuary Bays (EB); and Estuary Lower (EL) during the sampling period (2003 and 2014).

Taxa PB PC PNS PNI EM EB EL

Sp Ind Sp Ind Sp Ind Sp Ind Sp Ind Sp Ind Sp Ind

Anthozoa 16 167 19 364 1 138 1 5 – – – – – –

Bivalvia 34 3071 35 2814 12 84 9 1001 16 158 9 99 10 39

Clitellata 1 2228 1 1248 – – – – 3 428 2 19 2 11

Echinoidea 3 24 3 15 – – – – – – – – – –

Gastropoda 33 575 31 532 2 17 4 7081 2 64 2 9 3 2

Maxillopoda 6 794 3 93 – – – – 1 34 1 31 – –

Malacostraca 49 1561 45 1546 19 218 13 710 11 231 10 354 8 64

Ophiuroidea 3 65 4 159 – – – – – – – – – –

Polychaeta 128 12989 125 16762 29 1771 33 7087 38 486 24 140 23 456

Polyplacophora 1 9 2 7 – – – – – – – – – –

Pycnogonida 4 26 7 46 – – – – – – – – – –

Rhabtitophora 4 48 3 11 – – – – – – – – – –

Total 282 21557 278 23597 64 2231 62 15889 71 1401 48 1922 46 591
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FIGURE 2 | Annual AMBI index results (mean and standard error) for (A) Porto Buxo (PB); (B) Portinho da Costa (PC); (C) Parque das Nações Subtidal (PNS);
(D) Parque das Nações Intertidal (PNI), and (E) Estuary Lower (EL), Estuary Bays (EB), and Estuary Middle (EM). UD, undisturbed; SD, slightly disturbed; MD,
moderately disturbed; HD, heavily disturbed, and ED, extremely disturbed.

from the beginning to the end of the sampling period, having a
constant dominance by type 0 specimens (North SEASER). In
PNI (Figure 3D) there appears to be a near total dominance of
type 1 specimens (SEASER native species) during the sampling
period. The same cannot be said for PNS (Figure 3C) which
clearly demonstrated a steady increase of type 2 specimens (South
SEASER) from the beginning to the end of the sampling period,
except for 2007 and 2010, when the balance fluctuated back to

type 1. In EM and EL (Figure 3E) there was an increase in
abundance of type 2 individuals from 2003 to 2014. However, in
EB there was a decrease of the number of specimens of type 2 in
the same period.

For PB, the pairwise PERMANOVA performed to ascertain
potential differences among years in the geographic distribution
of the species found it was significant [Pseudo-F = 2.12;
P(perm) = 0.045].
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FIGURE 3 | Species distribution calculated for (A) Porto Buxo (PB); (B) Portinho da Costa (PC); (C) Parque das Nações Subtidal (PNS); (D) Parque das Nações
Intertidal (PNI), and (E) Estuary—Estuary Lower (EL); Estuarine Bays (EB), Estuary Med (EM); Median distribution of abundance of individuals sampled during the
timescale of the study. 1. Abundance of individuals native to the South European Atlantic Shelf Eco Region (SEASER); 0. Abundance of individuals native to the
ecoregions North of the SEASER; 2. Abundance of individuals Native to the ecoregions South of SEASER. Deviation from 1 indicates whether there is a bigger
influence from northern or southern fauna in the benthic assemblages.

For the other sites the trends referred before were not
significant (p > 0.05).

Individuals (Types 0 and 2)
G-Independence Test Results for
Dependency Among Sampling Years
The G-test of independence was run in order to ascertain if the
abundance of type 0 and type 2 individuals was independent of
sample year for PB, PC, PNS (Table 2), EB, and EM.

For PNI and EL the G-test for independence demonstrated
no significant difference (p > 0.05) in abundance of
both type 0 (G = 7.58/df = 14 and G = 1.87/df = 1
respectively) and type 2 (G = 8.651/df = 14 and
G = 0.39/df = 1 respectively) being independent of
sample year (Table 2).

For EM and EB independence was found between the two
sample years (2003–2014) for individuals type 0 (p < 0.05) and
for individuals type 2 (p < 0.05).
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TABLE 2 | PB, PC, and PNS, abundance of type 0 and type 2 individuals in sampled years.

Type 0
individuals
(PB)

G = 696.32; df = 7; p < 0.001
2002 2008 2010 2004 2006 2007 2005 2009
----------------------------

------------

--------------

Type 2
individuals
(PB)

G = 117.31;df = 7; p < 0.001
2002 2010 2009 2008 2007 2004 2006 2005
–------------------------

–------------------

–-------------

–------------

Type 0
individuals
(PC)

G = 180.44; df = 7; p < 0.001
2009 2002 2010 2006 2007 2008 2004 2005
--------------------

------------------------------------

---------------------

--------------

Type 2
individuals
(PC)

G = 46.08; df = 7; p < 0.001
2002 2009 2010 2006 2007 2008 2004 2005
------------------------------------------

-------------------------

Type 2
individuals
(PNS)

G = 117.31; df = 7; p < 0.001
2012 2013 2009 2011 1998 2000 2001 2002 2003 2004 2005 2006 2007 2008 2010
---------------------

--------------------

-------------------------------------------------------------------------------------------

Lines join independent sets. (G-test of independence).

Spatial and Temporal Patterns
The first two axes of the PCoA for PB (Figure 4A) explained
30% of the data variation. It appears that the years 2005,
2006, 2009, and 2010 are separated from the remaining
years along the first axis, with these years being positively
associated with PCO1. The earlier years (2002 and 2004) were
associated to the negative PCO2 axis and AMBI and D were
negatively correlated with PCO2, while the earlier years (2002
and 2004) are separated from the others across PCO2. All
represented species and AMBI index are positively correlated
with PCO1 while geographic distribution (D) is negatively
correlated. Similarly, most species are positively correlated with
PCO2 excluding Oligochaeta and M. fragilis. On the other
hand, AMBI and D are negatively correlated with PCO2.
The species vectors are all limited to species which had a
Pearsons correlation of r > 0.5. All species represented by the
vectors are type 1.

The first two axes in the PCoA for PC (Figure 4B) account
for 27.9% of the data variation. There appears to be a clear
separation from the first two sampling years to the last two
years along the first axis, with 2002 and 2004 being negatively
associated to PCO1 and 2009 and 2010 being positively associated
with it. The species vectors are all limited to species which
had a Pearson correlation of r > 0.5 with the ordination axes.
For PB, the species vectors were all limited to species which
had a Pearsons correlation of at least r > 0.5. All the species
vectors represented in Figure 4 are positively correlated with

PCO1 and associated with the later years of the study (2009
and 2010) except for Nephtys cirrosa (Ehlers, 1868) which
is negatively correlated with them. All species and AMBI
are negatively correlated with PCO2 and D has a negligible
association to both axes.

The first two axes in the PCoA for PNS (Figure 5A) account
for 36.5% of the data variability. Years from 1998 to 2009 were
gradually separated along the first axis. The later years (2011,
2012, and 2013) were associated to the negative PCO2 and AMBI
and D were negatively correlated with this axis. The species
vectors are limited to species which had a Pearson correlation of
r > 0.4 with the ordination axes. Most of the species represented
in Figure 5A and D are positively correlated with PCO1 with
the exception of Corophium sp., S. shrubsolii and AMBI which
are negatively correlated. All species as well as AMBI and D are
negatively correlated with PCO2.

The first two axes in the PCoA for PNI (Figure 5B) explain
48.5% of the data variation (31.5 for PCO1 and 17% for PCO2).
According to the PCoA, earlier years (negatively associated with
PCO1) seemed to be separated from the later years (positively
associated with PCO1). The years 2000 and 2008 were negatively
associated with PCO2. The species vectors are all limited to
species which had a Pearsons correlation of r > 0.3 with the
ordination axes. All the species in Figure 5B are positively
correlated with PCO1 and PCO2. AMBI is negatively correlated
with PCO2, while D is positively correlated, and both are
negatively correlated with PCO1.
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FIGURE 4 | (A) Principal Coordinates Analysis (PCoA) of soft bottom
macrobenthic communities within Porto Buxo (PB). Correlations with AZTI’s
Marine Biotic Index (AMBI) and Geographic Distribution (D) are represented as
overlaid vectors as well as species with Pearson correlation > 0.5 with both
axes. (B) PCoA of soft bottom macrobenthic communities within Portinho da
Costa (PC). Correlation with AZTI’s Marine Biotic Index (AMBI) and Distribution
(D) are shown as well as species which have a Pearson correlation of at least
0.5 with PCO1 or PCO2.

The first two axes in the PCoA for Estuary—EM, EB,
and EL (Figure 6) account for 29.6% of the data variation.
A separation between 2003, which is negatively associated with
PCO1, and 2014, which is positively associated, seemed to
occur. The species vectors are all limited to species which
had a Pearsons correlation of r > 0.4 with the ordination
axes. From the species shown in the Figure 6, S. shrubsoli,
Cyatura carinata (Krøyer, 1847), C. setosa, and Boccardiella
ligerica (Ferronnière, 1898) and AMBI are negatively correlated
with PCO1, while D and Nephtys sp., Parvicardium pinnulatum
(Conrad, 1831), N. cirrosa, Heteromastus filiformis (Claparède,

FIGURE 5 | (A) Principal coordinates analysis (PCoA) of soft bottom
macrobenthic communities within Parque das Nações Subtidal (PNS).
Correlation with AZTI’s Marine Biotic Index (AMBI) and Distribution (D) are
shown as well as species which have a Pearson correlation of at least 0.4 with
PCO1 or PCO2. (B) PCoA of soft bottom macrobenthic communities within
Parque das Nações Intertidal (PNI). Correlation with AZTI’s Marine Biotic Index
(AMBI) and Distribution (D) are shown as well as species which have a
Pearson correlation of at least 0.3 with PCO1 or PCO2.

1864), and Nephtys caeca (Fabricius, 1780) are positively
correlated with PCO1.

DISCUSSION

The results of the long-term assessment of the benthic
communities in the Tagus estuary seem to indicate two main
findings:

1. There was an overall improvement in the ecological status
over the study period, with AMBI values decreasing in
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FIGURE 6 | Principal coordinates analysis (PCoA) of soft bottom macrobenthic communities within estuary (EM; EB;EL) Correlation with AZTI’s Marine Biotic Index
(AMBI) and Distribution (D) are shown as well as species which have a Pearson correlation of at least 0.4 with PCO1 or PCO2.

different estuarine habitats (EM, EB, EL, and PB) from MD
to SD during the study period.

2. There appears to be a propensity for species which prefer
northern climates in the deeper waters at the mouth of the
estuary (PB and PC), more southerly distributed species in
the mid depths (EM; EL; and PNS) and an absence of either
in the shallower more extreme environments (PNI and EB)

Studies on this sort of timescale (16 years) regarding
benthic macroinvertebrate communities in estuaries are limited
(Dauvin, 2000; Frid et al., 2009; Wildsmith et al., 2011) and
this can be due to a variety of factors, not least the time
required to process samples and the cost involved. Although
some other studies using AMBI and MAMBI show that seasonal
variability does not influence trends in the data (Borja and
Tunberg, 2011), others have demonstrated that there is in fact
an effect in estuarine systems where extreme events, such as
floods and droughts, are frequent (Reiss and Kröncke, 2005;
Chainho et al., 2010). Therefore, it is important to choose
seasons in which benthic communities reflect the impacts of
anthropogenic pressure on the system rather than natural
variability (e.g., seasonal) (Chainho et al., 2007). Another
factor which makes the temporal change difficult to measure
is the variability of benthic communities along the estuarine
gradient (spatial variability) (Chainho et al., 2008; Teixeira et al.,
2009). The current study attempts to identify temporal changes
in the benthic macroinvertebrate community along different
timescales and spatial gradients of the Tagus estuary using data

collected for the environmental monitoring of the estuary. This
approach identified spatial variations of benthic communities
throughout the study area.

At the mouth of the estuary (PB and PC), even though
there was a general improvement of the AMBI at PB after the
elimination of the non-treated effluent in 2003, no significant
changes were noted in the make up of the benthic community
during the study period (2002–2010). This feature probably
results from the fact that these sites are in the main estuarine
channel, with a strong tidal influence, where strong water
flows are responsible for the dispersion of pollutants. In fact,
even before the elimination of the untreated effluent in PB
and construction of the WWTP in PC, the PB area was only
moderately polluted and after that it became slightly polluted.
There were no significant changes for the AMBI score at
the Parque das Nações (PNI and PNS) for the period 1998–
2013, mostly because the major improvements in the area had
occurred before this time series began (Chainho et al., 2008).
The AMBI results for Parque das Nações seemed to indicate
that there is a dominance of EG III species which equates to
organisms which are more tolerant toward organic enrichment
(Grall and Glémarec, 1997). With regards to the spatial series
(EM; EB; EL) the results clearly show an improvement in
the ecological quality between the two sampling years. Other
studies which indicate there has been an improvement of
the ecological quality in the Tagus estuary by using other
ecological assessment tools (Chainho et al., 2010) further
confirm these results.
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The use of benthic indices to measure the state of an ecosystem
is fraught with challenges which require the adaptation of existing
tools (Chainho et al., 2008) and the use of indicators which
integrate a great variety of metrics (Dauvin, 2000; Quintino
et al., 2006; Borja et al., 2009; Pinto et al., 2009). The response
of these species to variable and unpredictable conditions in
transition systems makes it even more difficult to separate
the natural and anthropogenic origins of stress on the biota
(Elliott and Quintino, 2007). Furthermore, in the current study,
the robustness of the AMBI results could be questioned in
the Parque das Nações area due to the reduced number of
collected specimens, mainly in the intertidal zone, which was
predictable due to the poor biological richness that these areas
have when compared to subtidal environments. The benthic
assemblage of estuaries can change quite quickly due to a variety
of environmental factors as well as the potential colonization
of alien species. This can severely affect the distribution and
abundance of species in an ecosystem (Holt, 1990). For example,
between 1930 and 1950, there was a reduction in the abundance
of cirripedes on the British coast, because of an increase in water
temperature of 0.5◦C (Southward and Crisp, 1954). According to
Austin et al. (2001), the number of invasive species in estuaries
has increased in the last 20 years due to climate change. These
small variations in temperature seem to be enough to affect
the abundance of species, especially in systems like estuaries
which suffer these effects at a faster rate than the open sea
as well as when the organisms are living at the limit of their
geographical distribution (Scanes et al., 2020). In the case of
the Tagus estuary, the water temperature increased by 1◦C in
a 15 year period between 1980 and the mid 90s (Cabral et al.,
2001) and this trend is predicted to continue well into the 21st
century. In addition, this estuary is located on the border of two
biogeographic zones (Hayden et al., 1984), and therefore it would
be expected that a change in the macrobenthos community due
to these increased temperatures would be reflected in a change
of abundances of local species, by increasing the number of
species from southern latitudes and reducing the abundance of
northern species.

The differences found in species origin and subsequent
distribution in the estuary seem to indicate that their
geographical distribution is dependent on the depth of different
areas within the system. It appears that within this systems
shallower areas such as EB and PNI, where the influence of the
air temperature is more of a factor, it is too cold in the winter
and too warm in the summer for either group of southern
or northerly distributed species to successfully colonize these
areas and thus allow native fauna to proliferate. In contrast
the deeper areas within the estuary such as PNS and EM
seem to be more susceptible to an increase in abundance of
southerly species, as a gradual water temperature increase
and absence of the extremes found in shallower areas (such
as PNI) allow some of these southerly distributed species to
thrive. Corophium orientale (Schellenberg, 1928) is a good
indicator of this kind of pattern. This species was sampled
in Parque das Nações during several years between 2005 and
2013, and only in some of the sampling locations that took
place in 2003 and 2014 across the whole estuary. C. orientale

lives in brackish or estuarine waters, and is found mostly in
fine muddy sediments, and occasionally in sandy bottoms
(Diviacco and Bianchi, 1987). It is commonly found in the
Mediterranean, Black, and Azov Seas (Bousfield and Hoover,
1997), but in recent years, this species has expanded its
distribution. It was registered in the Guadalquivir Estuary,
in the South of Spain, between 1991 and 1994 (Cuesta et al.,
1996), as well as in southern Portugal (Rodrigues and Dauvin,
1987). More recently was registered in 2003 in the Mira estuary
(Chainho et al., 2008). The current distribution of C. orientale
may be related to the increase of water temperature within
its past range due to climate change, creating the conditions
for a natural change of its distribution. This species is very
sensitive to variations in temperature, with its mortality
increasing at higher temperatures (Bigongiari et al., 2004).
This species also seems to adapt well to extreme events
associated to climate change, such as floods and droughts, as
shown by Gamito et al. (2010), who modeled the evolution
of C. orientale populations in the Mira estuary, showing that,
these amphipods recover and resume their previous situation
shortly after an extreme climatic event, contributing to the
resilience of the system.

At the mouth of the estuary where the depth can exceed
40 m the propensity is for the occurrence of more northerly
distributed species, and this has not changed since the beginning
of the study period. This is in line with the rest of our findings
as change in temperature will occur at a much slower rate at
these depths, therefore further monitoring over a longer time
period would be necessary to see any significant change in species
composition in the future. Although there were no significant
differences between species with predominantly southerly or
northerly distributions over the time series, the latter was always
dominant over the former. However, a group of three species
that belong to the genus Medicorophium are worth mentioning:
Medicorophium aculeatum (Chevreux, 1908), Medicorophium
annulatum (Chevreux, 1908), and Medicorophium minimum
(Schiecke, 1978). The reason for this is that species belonging to
this genus are native to Mediterranean waters, and only in recent
years were reported to be found outside of the Mediterranean
and Black Seas (Myers and Riera, 2013). M. aculeatum was
registered at PB in 2011, 2015, 2016, and 2017 as well as at the
Parque das Nações area in 2011 and 2012 (unpublished data).
However, it is worth noting that the number of individuals found
in PB each year was always one. Endemic to the Mediterranean
Sea, this species was registered in 2000-2004 in the Odiel–
Tinto estuary (Sánchez-Moyano and García-Asencio, 2010b)
in Spain, and near the coastal area of the Guadiana estuary
in 2000 on the south-eastern Portuguese border with Spain
(Sánchez-Moyano and García-Asencio, 2010a). M. annulatum
was registered in the Tagus estuary only at PB and PC sites.
This species was found at PB in 2005, 2006 and 2014, and
at PC in 2004, 2005, 2006, and 2013 (unpublished data).
According to Myers (1982), this species is usually found in
deeper waters, which could explain why the species was only
found at the mouth of the estuary. Although endemic to
the Mediterranean Sea, details on its distribution are scarce
due to the low number of records. The species was also

Frontiers in Marine Science | www.frontiersin.org 11 November 2021 | Volume 8 | Article 698576382

https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/marine-science#articles


fmars-08-698576 November 13, 2021 Time: 13:29 # 12

Goulding et al. Macroinvertebrate Water Quality Climate Change

registered at the Sado estuary in 1999 (Carvalho et al., 2001).
M. minimum was registered in the Tagus estuary at PB
in 2006, 2009 and 2012, and at PC in 2010, 2012, 2013,
2015, 2017, and 2018 (unpublished data). Outside of the
Mediterranean Sea, this species has been registered in 2011
in the Canary Islands (Tuya et al., 2014), and in the Algarve
(Sampaio et al., 2016).

The change in the distribution of a species is not only
conditioned on temperature as there are a plethora of variables
that influence a species distribution such as, pH, water quality,
dispersion mechanisms, life cycle, biotic interactions, and
physical barriers to name just a few (Clark and Frid, 2001;
Hiscock et al., 2004; Thuiller, 2004). This is further reinforced
due to the demonstration by the G-tests of independence that
even though there are significant differences in the number of
type 2 individuals in some points of the estuary the same cannot
be said for the number of species. This appears to have been the
case of the polychaete Cossura coasta (Kitamori, 1960) registered
in Parque das Nações in 2005, 2009, and 2012, and in PB in
2009. This species was also found in the samples collected in
2003 and 2014. However, except for the sampling that took place
in 2003 where C. coasta was found in considerable numbers in
some stations, the number of individuals found across all other
locations (Parque das Nações and PB) or years (2014) was always
one. C. coasta lives in brackish or estuarine waters and can be
found in depths up to 200 m (Jayaraj et al., 2007). This polychaete
is native to Indo-Pacific waters, where it can be found from Japan
to India. The species was first registered in the Mediterranean
in 1983 (Bogdanos and Fredj, 1983), although some claim the
identification is questionable (Read, 2000; Zenetos et al., 2005).
However, the species was also registered by Chainho et al. (2008)
in the Mira and Tagus estuaries, Portugal in 2003.

Changes in climate occur on long time scales and are
sometimes hard to truly perceive. Therefore, with a time series
of 16 years it is difficult to make any concrete conclusions as
the results in the distribution of the species were overall not
significant. In Barry et al. (1995) the time series, ranging between
1932 and 1993, revealed significant differences in macrobenthos
communities with a shift to more southerly species in Monterey
Bay in California with a temperature increase of 0.75◦C. Even
with a relatively small time series the same sort of shift could be
occurring in the Tagus estuary as the system is also experiencing
an increase in temperature (Cabral et al., 2001) and a change
in the makeup of benthic biota due to the recent occurrence of
non-native species (Moura et al., 2017).

These results show that there has been a change within the
benthic macroinvertebrate community in the Tagus estuary. This
appears to be related to an increase in water quality and with a
shift in species geographic range with an increase in the presence
of southernly distributed species in the mid depths of the estuary,
the shallower areas being too extreme for the proliferation of
either northern or southern distributed species, and no change
in the predominantly northerly distributed species in the deeper
waters at the mouth of the system. However, a longer time series
is necessary to confirm these results, and future studies (from a
distribution perspective), should include the winter months as
well as summer to ascertain the impact of seasonal variability.
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INTRODUCTION

The Portuguese Coastal Monitoring Network (CoastNet) is a Research Infrastructure (RI)
that is part of the Portuguese Roadmap of RIs of Strategic Relevance (FCT, 2020). It was
designed to improve the understanding of Portuguese coastal ecosystems functioning through
the development of a remote coastal monitoring system. One of the key features of CoastNet
lies in the possibility to aggregate data from different sources (e.g. historical data, in-situ
buoys, satellite) and to make them publicly available at CoastNet’s Geoportal (http://geoportal.
coastnet.pt), where all users can explore, visualize and download all datasets. CoastNet has
four main lines of action: (i) Coastal Remote Sensing System, constituted by a satellite data
center, providing higher-level products, such as sea-surface temperature, sea surface height and
ocean color remote sensing data; (ii) Environmental and Biological Monitoring System, including
the deployment of a set of sensors to collect real-time measurements of environmental and
biological in-situ data at the Mondego, Tejo and Mira estuaries (Figure 1); (iii) Portuguese
Coastal Tracking Network, involving the deployment of several lines of biotelemetry acoustic
receivers, located at strategic locations, to detect tagged marine animal; and (iv) a web-based
platform (Geoportal), which integrates the data from different sources and provides open access
to the information. This interface allows users to do simple operations, such as to visualize
time-series for a selected period, superimpose data of different parameters, create transects
and animations. Currently, CoastNet provides a crucial contribution for the improvement of
the permanent monitoring programs on transitional and coastal waters. The unique nature
of CoastNet’s Environmental and Biological Monitoring System (EBMS) is highlighted by its
capacity to provide continuous in-situ data collected in an autonomous mode and constitutes a
fundamental tool to comply with the European Union (EU) Policy regulations on water quality
(e.g. Water Framework Directive, Marine Strategy Framework Directive). Such Directives require
a detailed assessment of the state of the environment, a definition of “good environmental
status” at a regional level and the establishment of clear environmental targets and monitoring
programs by each EU Member State. The CoastNet’s monitoring capacity also contributes to fulfill
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https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org/journals/marine-science#editorial-board
https://www.frontiersin.org/journals/marine-science#editorial-board
https://www.frontiersin.org/journals/marine-science#editorial-board
https://www.frontiersin.org/journals/marine-science#editorial-board
https://doi.org/10.3389/fmars.2021.707089
http://crossmark.crossref.org/dialog/?doi=10.3389/fmars.2021.707089&domain=pdf&date_stamp=2021-12-02
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/marine-science#articles
https://creativecommons.org/licenses/by/4.0/
mailto:pcossa@fc.ul.pt
https://doi.org/10.3389/fmars.2021.707089
https://www.frontiersin.org/articles/10.3389/fmars.2021.707089/full
http://geoportal.coastnet.pt
http://geoportal.coastnet.pt


Castellanos et al. CoastNet Dataset: Multiparametric Measurements 2020

FIGURE 1 | Location of the three estuaries and the three sondes in each of them (left). Intraday means of Temperature, Salinity, pH and Oxygen (saat%) at buoys 1 to

3 (blue, black and redlines, respectively).

the urgent need identified by the Portuguese Strategy for the
Sea for an automatic collection of biological and environmental
data in the marine environment, which is also key for licensing
purposes and to develop local ecosystem models. The present
work aims to: (i) release the continuous in-situ measurements
for public use; (ii) describe the content of this dataset; and iii)
provide an overview of the temporal (daily and seasonal) and
spatial variation of the physico-chemical parameters.

METHODS

The CoastNet in-situ monitoring system is composed of eight
buoys and one immovable structure, three in each of the three
above-mentioned estuaries, with the locations being specifically
designed in order to cover the estuarine longitudinal gradient
(Figure 1). Their IDs and location coordinates are displayed
in Table 1 (Supplementary Material). The immovable structure
was placed in the Mondego estuary (Mondego#2). Each of these
buoys initiated the process of collecting data at different starting
dates, which depended on the mooring deployment (Table 1).
The datasets presented herein were collected during the whole
year of 2020, from January 1st to December 31th, although the
system is still continuously collecting data. Nevertheless, data

from June 2019 onwards is also available at the geoportal (see
Table 1).

Eight YSI/EXO2 multisensor sondes for estuary and ocean
monitoring (www.ysi.com/exo) were installed in each location,
except in Mondego#3, which is equipped with a Hobo
conductivity sensor and data logger. This sonde is a cost-effective
logger for measuring salinity, conductivity and temperature
in saltwater environments (www.onsetcomp.com). Multisensor
sondes are registering the following parameters: Temperature
(◦C), Salinity, pH and Dissolved Oxygen (%sat and mg/l).
The specifications for these sondes and sensors are available
in the “In-situ Sensors Technical Documentation” (see http://
geoportal.coastnet.pt/). This monitoring system is carrying out
measurements just below the surface every 15min. All collected
data are locally stored in data loggers and transmitted to the
geoportal through the local mobile phone network four times
per day (∼6 h) for Near Real-Time data. It is worthwhile
mentioning that the stand-alone sonde at Mondego#3 is
not capable of transmitting near real-time data but data
is regularly downloaded from the logger and uploaded to
the geoportal.

Alterations in the electrochemical sensors installed in the
multisensor sondes may result from the composition of the
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TABLE 1 | Coordinates of the nine locations and their respective starting dates.

Name Longitude Latitude Start Date

Mondego#1 −8.8358◦ 40.1448◦ 2019-10-17

Mondego#2 −8.7718◦ 40.1242◦ 2019-10-31

Mondego#3 −8.7110◦ 40.1438◦ 2019-10-18

Tejo#1 −9.2333◦ 38.6937◦ 2019-09-17

Tejo#2 −9.0869◦ 38.7624◦ 2019-10-01

Tejo#3 −9.0210◦ 38.8766◦ 2019-10-01

Mira#1 −8.7692◦ 37.7269◦ 2019-06-20

Mira#2 −8.7209◦ 37.6671◦ 2019-06-19

Mira#3 −8.6821◦ 37.6125◦ 2019-06-19

water, changes in the environmental conditions or device
characteristics. These slowly varying changes in instrument
background or sensitivity are often called sensor drifts. Like
any other analytical instrument, these sensors require regular
calibration to account for these changes and to ensure their
correct functioning.

The design of the CoastNet in-situ monitoring system
compensates for these drifts with two complementary strategies.
First, sensors are frequently recalibrated using standard solutions
during periodic maintenance of the buoys, sondes and sensors,
which occur every two to three months. This interval was
specifically calculated to ensure that the signals exceeded by
far the drift of the sensors, allowing a maximum drift of
5%, while typically lower than that. It is also reasonable in
terms of costs and logistics. Second strategy is through drift
compensation (or correction), where the basic idea is to eliminate
the variation in the sensor signal ascribed to sensor drift. This
drift compensation method is based on the following criteria:
the sensor drift follows an approximately linear course with
time, where each sensor has a unique drift characterization and
the drift should be modeled and compensated by means of
a simple computational approach (Haugen et al., 2000). It is
also of utmost importance to allow this drift correction without
information loss.

When accessing the Geoportal, the user will find the “in-
situ Sensor” folder on the left-hand side of the screen with
both options: Near Real-Time and Time-Series data. The data
presented in this Report are part of the Time-Series data, which
is considered the most accurate dataset. Data were extracted
directly from the data loggers during the calibrations in the
field to recover the complete sets of data, since mobile network
coverage failures do not always allow data transmission at the
established frequency. The drifts in the recorded data were
also corrected based on the differences found during sensor
calibrations. These differences are divided by the number of data
in the period, giving the slope for the measurement interval.
Subtle changes in the sensors or the standards conditions
might also lead to an offset addition (Equation 1). The final
drift correction is then performed by subtracting (or adding)
the drift component from the raw data for the period in
analysis, from zero in the moment of the former calibration
to the entire difference at the end of the period, following the

equation below:

Dcorr = Draw +

(

offset + slope× I
)

(1)

where Dcorr is the new value after correction, I is the
index of the data within the series and Draw the raw
value as obtained from the loggers. The slope of the drift
curve is also included. It is assumed that the drift is
additive and that the magnitude of the perturbation is
independent of the signal level. Every individual sensor
data is provided with a unique time-dependent drift curve.
See works of Panchuk et al. (2016), Rudnitskaya (2018),
and Kovacs et al. (2020) for a thorough discussion about
drift corrections.

Moreover, Data Quality Control was also ensured by
independent in-situ measurements. This monitoring system
has now finished its first phase of implementation. Correction
and validation procedures are still under development, which
should be acknowledged when using these data. In the future,
datasets will be reanalyzed at an annual basis to correct
for any inconsistencies, ensuring confidence in measurements.
Gaps in the dataset occur as a consequence of incrustations
or mud accumulation over the sensors (sending incoherent
data, which are then excluded), during periods of sonde
or buoy displacement and also during approximately 45min
periods every two or three months for the maintenance
and calibration procedures. Outliers in the data are also
excluded. Exceptions are (i) the period between 14/11/2019
and 20/02/2020 in the Tejo#2 buoy, when the sonde was
removed for inland maintenance; (ii) the period between
23/06/2020 and 12/08/2020 in the Tejo#1 buoy, when the
buoy and mooring infrastructure were removed due to bottom
dredging activities at the surrounding areas; and (iii) the period
between 09/07/2020 and 06/12/2020 in the Mondego#3 buoy,
when an internal battery problem induced the sonde to stop
registering data.

DATA DESCRIPTION

The dataset presented in this article include the following
parameters: Temperature (◦C), Salinity, pH and Dissolved
Oxygen (% of air saturation and concentration in mg/l).
It is important to keep in mind that the Mondego#3 buoy
withholds a different sonde, which is only registering
Temperature and Salinity. The figures included herein
present the overall intraday variation of these physico-
chemical water parameters (Figure 1), as well as the
time-series obtained from the nine sondes deployed in the
Tejo (Figure 2), Mondego (Supplementary Figure 1) and
Mira (Supplementary Figure 2). The within-day values were
computed as running-means with a 24 h regular window,
considering the whole dataset.

Regarding the intraday variation, there are two clear patterns
observed. First, the night-day effect is visible, especially in the
two physico-chemical parameters that are strongly dependent
on the irradiance intensity, i.e. Temperature and Dissolved
Oxygen (Figure 1). Generally, Temperature increases from 6 AM
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FIGURE 2 | Time-series of Temperature (◦C), Salinity, pH and Dissolved Oxygen (sat% and mg/l) at the Tejo Estuary (gray lines) and its 24h running-mean (black lines).

onwards, reaching a peak between 1 and 2 PM, following the
natural daily variation of irradiance in a specific location, caused
by the rotation of the planet. Dissolved Oxygen increases during
daytime, also from 6 AM onwards, reaching a peak at around
6 PM. This is likely to be caused by increased photosynthesis
that releases oxygen to the environment. However, the effect of
Temperature increase on oxygen concentrations should not be
neglected. Second, tidal range has a key role in the variation
of the other physico-chemical parameters, namely Salinity and
pH. These parameters strongly depend and follow the intrusion
of seawater and its mixing with freshwater. Moreover, the
Portuguese coast is usually presenting two daily peaks defined
by the semidiurnal tidal range. In the Mondego estuary, the
most stable Salinity values are observed at the upstream buoy,
where the freshwater influence is high. On the opposite, in the
Mira estuary, the most stable salinity values are observed in the
most coastal buoy, where offshore waters have a strong influence.
Nevertheless, both effects interact, affecting the variation of
all physic-chemical parameters. The datasets of the continuous
monitoring also highlight the effects of the river flow and volume
of the water body mass on the resilience of the environmental
conditions in estuarine water bodies, showing lower daily and

seasonal fluctuations in the Tejo estuary when compared to
the others.

Annual datasets show the seasonal variability such as
the marked annual variability on Temperature, with summer
maxima and winter minima. During 2020 temperature ranged
from 8.82◦C in Mondego#1 during winter (January) to 28.76◦C
in Mira#3 during summer (July). The maxima are higher on the
buoys #2 and #3 in all estuaries, in opposition to the buoys #1,
which are nearer to the sea and therefore under higher influence
of the upwelling process in the coastal waters. Theminima, on the
other hand, are lower in the northernmost estuary (Mondego).
The time-series of temperature also show a higher variability
within tidal frequencies in the buoys #1 and #2 in the Tejo
and Mondego estuaries, while only in buoy #1 in the Mira.
This phenomenon is centered around summertime, when the
horizontal gradients intensify due to the difference between the
warmwaters of the shallow upper-estuaries and the cold upwelled
waters near the coast.

The Salinity data also showed seasonality and horizontal
gradients. The observed values ranged from near-zero several
times along the year in Tejo#3 and most of the time in
Mondego#3, both in the upper-estuary, to the maxima of 37.31
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in Mondego#1, observed in June. While the drier period attains
the peak in October, the moment of greater river discharges
occurred at the end of December when a marked decrease in the
salinity values was observed in all three estuaries. The variability
within tidal frequencies in these time-series are different from the
previous temperature case, attesting for differences in the salinity
gradients of the three estuaries. In the Mira estuary, the data
from Mira#1 buoy showed a marine predominance and lower
variability while higher and similar was observed in the other two
buoys. In the Tejo, although Tejo#1 buoy data also presented a
relatively lower variability, the variability increased from buoy
#2 to #3. On the other hand, in Mondego the buoys #1 and
#2 presented a high variability in those frequencies, while the
Mondego#3 buoy recorded mostly freshwater.

The pH data showed distinct patterns in relation to
temperature and salinity data. Typically, the values vary more
along the estuary, with values around 8 near the sea and a
decrease toward the uppermost locations. The observed values of
pH range from 6.62 inMira#2 (December) to 8.43 inMondego#1
(July). Both values, however, occurred in isolated events. A higher
variability was seen in lower frequencies as a direct response
to variations in river discharges and the ocurrence of lower pH
values in freshwaters. As expected, these intense value oscillations
were more commonly seen in the buoys of the upper-estuary.

As it also occurred with the pH, the dissolved oxygen data
had a higher variability in the subtidal (low) frequencies in the
upper-estuary, rather than in the tidal frequencies. Nonetheless,
when considering the concentrations in mg/l, a clear seasonal
pattern arises with a larger content of dissolved oxygen in the
water during winter, due to the greater solubility in colder waters,
and with the opposite occurring during summer. The dissolved
oxygen data during the measurement period, in terms of %
of air saturation, ranged from 26.68% (November) to 183.29%
(May), both in Mira#3. Dissolved oxygen concentrations ranged
from 2.16 mg/l, measured in November at Mira#3 to 13.55 mg/l,
measured in July in Mondego#1.

In general, this dataset allows the description of spatial and
temporal variations of physical-chemical water parameters in
three Portuguese estuaries. These data provide an overview
on time scales from hours to months and cover the salinity
gradient in each estuarine system. Given its unique nature at
the national level, the dataset presented herein, which is publicly
available at CoastNet’s Geoportal, is a valuable contribution
toward understanding the ecosystem functioning in estuaries.

DATA AVAILABILITY STATEMENT

Publicly available datasets were analyzed in this study. This data
can be found here: http://geoportal.coastnet.pt.

AUTHOR CONTRIBUTIONS

PCa is the leader of the article, responsible for the compilation
of the data. AB was the one who verified the quality of the data.
PCh and LC responsible for the frequency of sensor calibration.
BQ and SF were responsible for the installation of the all
sensors. HC and JC are the principal investigators of the Coast
Net infrastructure. All authors contributed to the article and
approved the submitted version.

FUNDING

This publication was financed by Portuguese national
funds through FCT - Fundação IP under project reference
UIDB/04292/2020, and by the European Union’s Horizon
2020 Research and Innovation Programme under grant
agreement N810139: Project Portugal Twinning for Innovation
and Excellence in Marine Science and Earth Observation -
PORTWIMS. The CoastNet Research Infrastructure (http://
coastnet.pt) was funded by the Foundation for Science and
Technology (FCT) and the European Regional Development
Fund (FEDER), through LISBOA2020 and ALENTEJO2020
regional operational programmes, in the framework of the
National Roadmap of Research Infrastructures of strategic
relevance (PINFRA/22128/2016). This study also received
further support from FCT through MARE’s strategic programme
(UID/MAR/04292/2019). AB, SF, PC, and BQ were funded
by FCT through the Scientific Employment Stimulus
Programme: CEECIND/00095/2017, CEECIND/02907/2017,
2020.01797.CEECIND, and 2020.02413.CEECIND, respectively.

ACKNOWLEDGMENTS

We would like to thank for all the support provided by the
Lisbon Port Administration (Administração do Porto de Lisboa),
Figueira da Foz Port Administration (Administração do Porto
da Figueira da Foz) and the INCD - National Distributed
Computing Infrastructure.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fmars.
2021.707089/full#supplementary-material

Supplementary Figure 1 | Time-series of Temperature (◦C), Salinity, pH, Oxygen

(sat% and mg/l) at the Mondego Estuary (gray lines) and its 24h

running-mean (black lines).

Supplementary Figure 2 | Time-series of Temperature (◦C), Salinity, pH, Oxygen

(sat% and mg/l) at the Mira Estuary (gray lines) and its 24h

running-mean (black lines).

REFERENCES

FCT (2020). Portuguese Roadmap of Research Infrastructures- 2020 Update.

Fundação para a Ciência e a Tecnologia, 110pp. ISBN: 978-972-667-357-

6. Available online at: https://www.fct.pt/media/docs/Portuguese_Roadmap_

Infrastructures2020.pdf

Haugen, J., Tomic, O., and Kvaal, K. (2000). A calibration method

for handling the temporal drift of solid state gas-sensors.

Analytica Chimica Acta 407, 23–39. doi: 10.1016/S0003-2670(99)

00784-9

Kovacs, Z., Szöllosi, D., Zaukuu, J. Z., Bodor, Z., Vitális, F., Aouadi, B.,

et al. (2020). Factors influencing the long-term stability of electronic tongue

Frontiers in Marine Science | www.frontiersin.org 5 December 2021 | Volume 8 | Article 707089391

http://geoportal.coastnet.pt
http://coastnet.pt
http://coastnet.pt
https://www.frontiersin.org/articles/10.3389/fmars.2021.707089/full#supplementary-material
https://www.fct.pt/media/docs/Portuguese_Roadmap_Infrastructures2020.pdf
https://www.fct.pt/media/docs/Portuguese_Roadmap_Infrastructures2020.pdf
https://doi.org/10.1016/S0003-2670(99)00784-9
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/marine-science#articles


Castellanos et al. CoastNet Dataset: Multiparametric Measurements 2020

and application of improved drift correction methods. Biosensors. 10, 74.

doi: 10.3390/bios10070074

Panchuk, V., Lvova, L., Dmitry Kirsanov, D., Gonçalves, C. G., Natale,

D., i., et al. (2016). A extending electronic tongue calibration lifetime

through mathematical drift correction: case study of microcystin

toxicity analysis in waters. Sensor Actu Chem. doi: 10.1016/j.snb.

07,045

Rudnitskaya, A. (2018). Calibration update and drift correction for electronic

noses and tongues. Front Chem. 6, 433. doi: 10.3389/fchem.2018.

00433

Conflict of Interest: The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could be construed as a

potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors

and do not necessarily represent those of their affiliated organizations, or those of

the publisher, the editors and the reviewers. Any product that may be evaluated in

this article, or claim that may be made by its manufacturer, is not guaranteed or

endorsed by the publisher.

Copyright © 2021 Castellanos, Brito, Chainho, Quintella, da Costa, França, Cabral

and Costa. This is an open-access article distributed under the terms of the Creative

Commons Attribution License (CC BY). The use, distribution or reproduction in

other forums is permitted, provided the original author(s) and the copyright owner(s)

are credited and that the original publication in this journal is cited, in accordance

with accepted academic practice. No use, distribution or reproduction is permitted

which does not comply with these terms.

Frontiers in Marine Science | www.frontiersin.org 6 December 2021 | Volume 8 | Article 707089392

https://doi.org/10.3390/bios10070074
https://doi.org/10.1016/j.snb.07,045
https://doi.org/10.3389/fchem.2018.00433
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/marine-science#articles


fmars-08-721692 December 1, 2021 Time: 17:52 # 1

ORIGINAL RESEARCH
published: 07 December 2021

doi: 10.3389/fmars.2021.721692

Edited by:
Janine Barbara Adams,

Nelson Mandela University,
South Africa

Reviewed by:
Marina Dolbeth,

University of Porto, Portugal
Isaac Okyere,

University of Cape Coast, Ghana

*Correspondence:
Mariana Cravo

marianamartinscravo@gmail.com

Specialty section:
This article was submitted to
Marine Ecosystem Ecology,

a section of the journal
Frontiers in Marine Science

Received: 07 June 2021
Accepted: 09 November 2021
Published: 07 December 2021

Citation:
Cravo M, Almeida AJ, Lima H,
Azevedo e Silva J, Bandeira S,

Machava-António V and Paula J
(2021) Fish Assemblages in a Small

Mangrove System on Príncipe Island,
Gulf of Guinea.

Front. Mar. Sci. 8:721692.
doi: 10.3389/fmars.2021.721692

Fish Assemblages in a Small
Mangrove System on Príncipe Island,
Gulf of Guinea
Mariana Cravo1* , Armando J. Almeida1,2, Hamilton Lima3, João Azevedo e Silva1,
Salomão Bandeira4, Vilma Machava-António4 and José Paula1,5

1 Department of Animal Biology, Faculty of Sciences, University of Lisbon, Lisbon, Portugal, 2 Maritime Laboratory of Guia,
Faculty of Sciences, Marine and Environmental Sciences Centre, University of Lisbon, Lisbon, Portugal, 3 Príncipe Island
UNESCO Biosphere Reserve, Autonomous Region of Príncipe, Santo António, São Tomé and Príncipe, 4 Department
of Biological Sciences, Eduardo Mondlane University, Maputo, Mozambique, 5 Faculty of Sciences, Marine
and Environmental Sciences Centre, University of Lisbon, Lisbon, Portugal

Mangroves are highly productive ecosystems with complex adaptations to the transition
between freshwater and sea. Mangroves function as nursery habitats for many
organisms, providing protection and food sources for early developmental stages
of crustaceans and fish, helping to maintain adjacent marine stocks. Mangroves in
São Tomé and Príncipe remain poorly studied. This study addresses the importance
of a small mangrove stand to ichthyofauna. The main goal of the study was to
describe the fish assemblages of the Praia Salgada mangrove stand on Príncipe
Island, and assess if variations in the season, tide, and mangrove zone affected fish
distribution. Fish assemblages were sampled with mosquito nets during the rainy and
dry seasons, and neap and spring tides, while environmental parameters such as water
depth, temperature, pH, and salinity measurements were taken. The characteristics
of the water column were affected by a sandbank that developed between sampling
seasons, impacting on the dynamics of the water and biological exchanges between
the mangrove stand and the adjacent marine environment. The study identified 14
fish species occurring in the Praia Salgada mangrove stand from a total of 772
specimens caught. Five species were recorded for the first time as occurring in the
country’s mangrove areas, namely Caranx latus, Ethmalosa fimbriata, Mugil curema,
Gobioides cf. africanus, and Citharus cf. linguatula. Most of the reported species are of
commercial interest, and were predominantly juveniles, suggesting that the mangrove
ecosystem provides a nursery function for several species. Some species revealed
preferences for either the upper or lower part of the mangrove forest. The size of
fish sampled tended to be bigger during the dry season, especially for the Mugilidae,
Aplocheilichthys spilauchen and Gobiidae groups. E. fimbriata and Eucinostomus
melanopterus displayed similar sizes between seasons. The average quantity of fish
caught per day in the rainy season was three times higher than in the dry season.
The fish species distribution in the mangrove stand varied significantly according to
the season and mangrove zone. The overall results suggest that the Praia Salgada
mangrove stand provides a nursery function for several of the studied fish species.

Keywords: fish checklist, brackish system, season, São Tomé and Príncipe, West Africa
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INTRODUCTION

Mangroves are defined as tropical trees restricted to intertidal
and adjacent ecosystems or subjected to indirect tidal influence
(Tomlinson, 2016). Mangrove environments have unique
characteristics, both environmental and biological, attracting
high biodiversity and providing important ecological services.

These aquatic forests benefit coastal resources by supporting
the early stages of commercial and non-commercial fauna such as
crustaceans, mollusks, and fishes (Tomlinson, 2016). Mangroves
provide food sources mainly via the detritus chain (Tomlinson,
2016) and provide shelter through the complex tangling of
roots and associated water turbidity. Young stages of fish take
advantage of these conditions that provide a favorable and
safe environment for their development. The density of several
fish species on coral reefs appear to be related to nearby bays
containing mangroves that function as nurseries (Nagelkerken
et al., 2002). In addition, declines in local fish catches result when
mangrove forests are destroyed (FAO, 2007).

Besides the nursery, breeding, and feeding areas that
mangroves provide for juvenile fishes, other ecosystem services
such as shoreline protection, provisioning of wood and non-
wood products, climate regulation, water purification, cultural
services, and several ecosystem supporting benefits such as
nutrient cycling, soil formation, and primary production are
provided by these forests (MEA, 2005).

São Tomé and Príncipe is an insular African country
composed of two main islands and several islets. The islands are
of volcanic origin and are part of the volcanic chain known as
the Cameroon line, which extends for 1600 km from the ocean
in the Gulf of Guinea to the African continent. The islands
were never connected to the mainland, resulting in significant
differentiation of fauna and flora and a high degree of endemism
(Bonfim and Carvalho, 2009).

São Tomé has at least four mangrove forests while Príncipe
supports three small mangrove stands (Praia Salgada, Praia
Grande, and Praia Caixão). These aquatic forests in São Tomé
are made of two families of mangrove trees; black mangroves
Avicennia germinans (Linnaeus, 1764), and red mangroves of
the genus Rhizophora (Afonso, 2019). Mangrove stands on
Príncipe Island are composed of monostands of Rhizophora
harrisonii individuals.

In the past years, more than 20% of the mangrove area
worldwide has been lost (FAO, 2007). Even though mangrove
forests have been proved to be essential to the well-being of
human populations and coastal fish stocks (FAO, 2007; UNEP,
2010), there is still much to describe and monitor so that
sustainable management of these environments is achieved,
particularly for insular tropical systems. São Tomé and Príncipe
has almost no records relating to its mangroves. The only
published work on the mangroves of Príncipe Island is the report
by Herrero-Barrencua et al. (2017), describing the mangrove
ecosystems with faunal lists and flora characterization, but with
little emphasis on the ichthyofauna.

The present study aimed to describe the mangrove
environment of Praia Salgada on Príncipe Island, including
the hydrodynamic aspects and fish assemblages. The

specific objectives were to describe the abundance, species
richness and diversity of the fish fauna, correlate the fish
abundance and size with environmental variables, and
assess the potential nursery role of the mangrove stands for
the fish community.

The present work is the first in the country to compare
mangrove fish abundance between the seasons. It has also
determined the exact tree coverage of R. harrisonii, allowing
future comparisons of mangrove cover and detect possible
regressions or growth. This study covered two seasons between
October 2019 and February 2020, and determined the influence
of seasonality on water column characteristics, species richness
and abundance of fish. Variations in temperature, salinity, pH,
and depth between the tides (spring and neap) and seasons
(rainy and dry) in the upper and lower mangrove zones were
also measured and related to fish catches in order to assess
if the distribution of fish in the mangrove stand was related
to these factors.

MATERIALS AND METHODS

Study Area
This study is focused on a small mangrove system in Príncipe
Island, São Tomé and Príncipe (Gulf of Guinea). The Praia
Salgada mangrove stand (Figure 1), located in Abade Bay on
the east coast of the island, is a small brackish water system
receiving freshwater from the Água Grande River and salt water
from the Atlantic Ocean. Four sampling sites were established,
the first three being within the main mangrove creek (upper,
middle, and lower mangrove) surrounded by R. harrisonii trees,
and the fourth between the end of the mangrove vegetation and
the mouth of the estuary.

The country has a humid tropical climate with four seasons
alternating between rainier and dryer phases of different
intensities. The less pronounced dry season falls between January
and March, followed by the less pronounced rainy season in
April–June with (Chou et al., 2020). The main dry season from
July to September is called “gravana” (Pisoni et al., 2015; Chou
et al., 2020), followed by the most intense rainy season from
October–December (Chou et al., 2020). The average annual
rainfall ranges from 2000 to 3000 mm, reaching 7000 mm in the
cloud forests (NBSAP II, 2015; Chou et al., 2020). Temperatures
range from 18–21◦C minimum to 30–35◦C maximum (Herrero-
Barrencua et al., 2017) and with an annual average of 26◦C
(NBSAP II, 2015). The relative humidity of the air is very high,
reaching more than 90% at higher altitudes (NBSAP II, 2015).

Water Column Characterization
To characterize the water column, sampling was performed
with a multimeter probe (YSI Multi 350i multimeter) measuring
temperature and salinity. The water column depth was measured
with a measuring tape or a depth probe, depending on the
sampling method (by foot or by boat, respectively). During high
tide, the measurements were taken twice, at the top and bottom
of the water column, and during low tide only once at mid-depth
due to the reduced water column height.
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FIGURE 1 | Map of the Praia Salgada mangrove stand (on the right) and respective location in Príncipe Island and African continent (on the left). Black perimeter in
the mangrove indicates the distribution of the mangrove tree Rhizophora harrisonii. Sampling sites: A – upper; B – middle; C – lower; and D – outer. Points A–D
represent the sampling points for the water column characterization, and points A and C correspond to the fishing points. I – location where the sandbank was
formed. The map of Praia Salgada mangrove stand (on the right) was constructed with aerial photography obtained with a drone.

The sampling took place in the seasons: rainy (October,
November, and December) and dry (January and February), with
6 days of sampling in each season. These 6 days were evenly
distributed between neap and spring tides, with fieldwork during
low and high tide on each day. Four working stations (see
Figure 1A–D) were established in the mangrove stand. The water
column was characterized (temperature, salinity, and depth) for
each day in non-successive triplicates for each of the four points.

A sandbank at the river mouth (see Figure 1I) developed
between December and January and increased until February,
obstructing water circulation and the mobility of organisms
across the estuarine boundary. This different topography was
due to the transport and deposition of sediments originating
upstream, together with the transport of sand by sea waves.
This accumulation of sediments that concentrated at the river
mouth significantly reduced the width and depth of the river
channel at this narrowest point. During the rainy season the
strength of the estuarine discharge precludes the formation
of these deposits.

Assessment of Fish Assemblages
Sampling to assess the species richness and abundance of the
community took place in the same months as the water column
characterization. Sampling was performed at low tide (the only
time possible due to the width and depth of the water column) at
upper and lower mangrove sites (Figure 1A,C), with two fishing
attempts during the same low tide at each site per day.

The sampling was carried out with mosquito nets (1.5 mm
mesh size, 2.0 m wide, and 1.2 m high, with a sack shape)
and operations involved at least four people. Two people held

the net open, with the other two splashing water from a
starting point about 10 m upstream to chase organisms into
the net. After capture the fish were photographed on-site with
a reference scale to later determine the total length (TL) of
each individual using the software ImageJTM. The procedure
was undertaken as rapidly as possible so that the individuals
could be returned to the environment without jeopardizing
their survival. Fish sub-samples for identification purposes were
retained and transported to the Biosphere Reserve and fixed in a
6% formaldehyde solution, and transferred to a new solution of
80% alcohol after about 24 h.

The fish were identified to species level when possible, except
when the lack of adequate descriptions prevented an accurate
identification, such as in the case of late larval and juvenile stages.
The fish guides by Oren (1981), Lévêque et al. (1990a), Guatier
and Hussenot (2005), and FAO (2016a,b), and complemented
with the consultation of FishBase (Froese and Pauly, 2019)
were used for identification purposes. The lists of fish taxa are
presented in taxonomic order according to Nelson (2006).

This study did not require ethics approval or specific consent
procedures. The work did not involve animal experimentation
and did not compromise animal welfare. The field work involving
fish was simple and returned the vast majority of individuals to
the environment without harming them, given that the procedure
was quick and simple.

Data Analysis
The water column parameters data were normalized, and
a resemblance matrix constructed using Euclidean distance.
Water column parameters were then compared using principal
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coordinates analysis (PCO), equivalent do principal component
analysis (PCA), considering three factors: season (rainy and dry),
tide (neap and spring) and mangrove zone (upper and lower).

Diversity of the fish community between seasons was
ascertained by the Shannon–Wiener index (H′) given as H =∑s

i=1 Pi(lnPi), where s is the number of species in the community
and Pi is the proportion of individuals belonging to species i
in the community (Krebs, 1999). The evenness or equitability
component of diversity was calculated from Pielou’s index
(Pielou, 1966) given as J′ = H′/Hmax where Hmax = ln s.

Fish assemblage data were logarithmized, and a resemblance
matrix was constructed using the “zero-adjusted” Bray–Curtis
similarity coefficient (Clarke et al., 2006). Fish assemblages
were also compared with the three factors using PCO and
PERMANOVA with crossed design. In this PCO, the vectors of
fish species correlated >0.4 were overlapped for comparison.

PERMANOVA analysis with crossed design, based on
Euclidean distances was applied to the data on fish captures per
day, after the assumptions of homogeneity of variances were not
fulfilled even with logarithmic transformation.

The non-parametric Mann–Whitney test was used to assess
the differences in the size of the taxa between seasons, as some of
the data groups were not homoscedastic (even with logarithmic
transformation).

All analyses were performed using the software PRIMER-
ETM v. 6.1.11, PERMANOVA+ v. 1.0.1 and IBM SPSSTM

Statistics v. 26.0.

RESULTS

Water Column Characterization
The water column depth in the mangrove stand ranged between
0.22 and 1.90 m. As expected, the amplitude between low and
high tide for spring tides was larger than that of neap tides
(Supplementary Figure 1). The sandbank that emerged during
the dry season affected the water column parameters, as the
average low tide depth (0.63 m) was not as low as in rainy season
(0.47 m). In fact, the opposite was expected, where the depth
of the water column would be lower in the dry season. The
water column depth reached the lowest values in the rainy season
during spring tide event when there was no obstruction of water
flow to the sea (by the sandbank) resulting in a very low tide with
only a few centimeters of water in the lower part of the mangrove
stand. The spring tide in the dry season did not reach this low
water level due to the presence of the sandbank.

The salinity of the mangrove creek (0.0–30.0 PSU) increased
closer to the sea. The stratification of the water column,
interpreted by the difference between the high tide top and
bottom values, confirmed the expectation that salinity would be
higher at the bottom (Supplementary Figure 2). The observed
temperature (21.8–32.2◦C) generally increased with proximity
to the sea and the patterns observed were similar to those of
salinity, mainly because lower salinities are associated with lower
temperatures of water descending from upstream.

The intrusion of saltwater is more intense during spring tides,
explaining the higher temperatures registered in this situation

at the upper and middle sites (Supplementary Figure 3). In
terms of water column stratification, the expected tendency of
lower temperature and salinity in the upper layer, and higher
temperature and salinity in the bottom layers was evident.
Temperature was generally higher during the dry season.

The PCO of the environmental data (Figure 2) presents
the distribution of points according to the similarity of the
environmental parameters. This graph segregates three major
groups of points: (1) rainy season; (2) dry season, upper zone;
and (3) dry season lower zone. The group (1), rainy season,
is characterized by the lowest values of depth, salinity, and
temperature, and within this group, the spring tide differs from
the neap tide by having the lowest values. The group (3), dry
season, lower zone, presents the highest values of depth, salinity,
and temperature. Lastly, the group (2) is characterized by being
in the middle of the gradient in the x axis of the PCO and by
the low pH values, compared with the other two groups. The
points of the rainy season are separated in the same group by
tide (neap or spring). On the other hand, the points of the dry
season are not separated by tide, but by zone, forming distinct
groups in the PCO.

Fish Communities
A total of 772 individuals of at least 14 species were collected
in the Praia Salgada mangrove stand (Table 1). The Atlantic
Mudskipper Periophthalmus barbarus was very abundant on the
banks and margins of the mangrove, however, they were never
caught during the sampling due to their ability to avoid the nets.

During this field survey, two species of mullets (Mugil curema
and Parachelon grandisquamis) were caught in the Praia Salgada
mangrove stand. The designation “Mugilidae n.d.” was used
when the size of the individual was too small to determine
the species. This occurred during one sampling event (26th
November 2019), when 113 individuals of this family were caught
simultaneously with an average length of only 1.48 cm.

Two species from the family Gobiidae were identified
(Porogobius cf. schlegelii and Gobioides cf. africanus). When
“Gobiidae n.d.” designation was used, these individuals may be
one of these two species, or another. The diversity of this family
and the lack of adequate descriptions for the area made it difficult
to accurately identify some individuals. The probability of these
individuals included as “Mugilidae n.d.” and “Gobiidae n.d.”
belonging to the recorded species led to them being excluded for
species richness calculations.

The diversity of the fish community was slightly higher in dry
season (rainy season H′ = 1.86; dry season H′ = 1.96). Distribution
of the individuals among the various species was more even in dry
season (J′ = 0.82) than in rainy season (J′ = 0.72).

A total of seven fishing days occurred in the rainy season and
eight in the dry season. The average number of fish caught per
day was 80.0 for the rainy season and 26.5 for the dry season.
The dry season included two fishing attempts where no catches
were made. The average number of fish caught per day was higher
in the rainy season and lower but more stable in the dry season
(Figure 3). These results may be influenced by the shoaling
behavior of some taxa such as the Mugilidae, Aplocheilichthys
spilauchen and Ethmalosa fimbriata. However, these groups
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FIGURE 2 | Principal coordinates ordination (PCO) plot of the environmental data with differentiated points according to season (rainy and dry), tide (spring and
neap), and mangrove zone (upper and lower). Environmental vectors inside the circle represent the gradients that characterize the points distribution.

represented more than half of the catches, and performing this
analysis excluding them was not deemed to be justified. To test
the significance of differences in the catches between the seasons,
tides, and mangrove zones, a three-factor PERMANOVA was
performed. The results (Table 2) show a significant difference
between season, and non-significance between zone and tide. The
interactions of the factors were not significant.

The sizes of individuals tended to be higher during the dry
season (Figure 4). Mann–Whitney U tests (at 95% confidence)
were performed to assess the significance of the differences.
Significant differences (U = 761.000, p < 0.001) were found
for the Mugilidae as well as for A. spilauchen (U = 2612.000,
p < 0.001) and the Gobiidae (U = 337.000, p < 0.001). Even
though the graphical results for Caranx latus (Figure 4) show a
tendency for larger individuals during the dry season, the Mann–
Whitney U test results did not reveal significant differences
(U = 36.000, p = 0.219) due to the variable distribution of
the data from the rainy season. E. fimbriata and Eucinostomus
melanopterus did not reveal a tendency for larger individuals
in the dry season, and the Mann–Whitney U results indicate
non-significant differences between the seasons (E. fimbriata:
U = 955.000, p = 0.514; E. melanopterus: U = 47.000, p = 0.335).

The other fish species (Lutjanus agennes, Lutjanus goreensis,
Microphis aculeatus, Citharus linguatula, Clupeiforme larva, and
Megalops atlanticus) were not analyzed for length according to
season because their abundance was considered too low (14).
The average length of individuals of Mugilidae, considering
the separate groups of P. grandisquamis (rainy = 2.966 cm;
dry = 12.515 cm), M. curema (rainy = 3.406 cm; dry = 6.603 cm),
and Mugilidae n.d. (rainy = 1.484 cm; dry = NA) shows the
same pattern of higher lengths in the rainy season. The Mugilidae

boxplot is therefore presented with the lengths combined for all
groups to synthesize the results. The same situation was apparent
for the Gobiidae, where the pattern of higher average length in
the dry season was present (Gobiidae n.d.: rainy = 2.196 cm,
dry = 2.239 cm; P. cf. schlegelii: rainy = 3.706 cm, dry = 5.064 cm;
and G. cf. africanus: rainy = 5.692 cm, dry = NA). However, when
looking at the average length of Gobiidae n.d., similar lengths are
apparent due to the difficulty in determining the species in these
smaller individuals (until approximately 2.2 cm); a situation that
occurred in the rainy and dry season with this family.

The Lutjanidae family were present on 14 occasions by
specimens of L. agennes and 4 by L. goreensis. L. agennes were
of an average length of 14.5 cm with minimum and maximum
values of 2.01 and 43.7 cm, respectively. L. goreensis showed less
variability values with an average of 13.3 cm and minimum and
maximum values of 11.3 and 16.5 cm, respectively.

The distribution of the fish community in relation to
location within the mangrove stand (Figure 5) reveals that the
preference of the species does not varied between the studied
seasons. The Mugilidae species, C. latus, and E. melanopterus,
showed no significant preference between the upper and lower
locations in the mangrove creek. Gobiidae and A. spilauchen
populations seemed to prefer the upper, and E. fimbriata the
lower mangrove creek.

The PERMANOVA results (Table 3) showed statistical
differences in the fish community composition between season
and zone, which are visible in the PCO plot (Figure 6), separating
samples from rainy and dry season and upper and lower location.
The results also showed a significant interaction between tide
and zone, suggesting that the differences in the zone depend on
the tide. Samples from each season clustered according to their
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TABLE 1 | Fish taxa, respective number of specimens caught, and species
richness (number of species) according to the season.

Family Taxa Rainy
season

Dry
season

Total

Clupeidae Ethmalosa fimbriata (Bowdich,
1825)

42 42 84

Clupeiform (larval stage) 1* – 1*

Megalopidae Megalops cf. atlanticus
(Valenciennes, 1847) (larval
stage)

– 1 1

Mugilidae Mugilidae n.d. 113* – 113*

Parachelon grandisquamis
(Valenciennes, 1836)

187 16 203

Mugil curema (Valenciennes,
1836)

18 25 43

Poeciliidae Aplocheilichthys spilauchen
(Duméril, 1861)

122 64 186

Syngnathidae Microphis aculeatus (Kaup,
1856)

6 – 6

Carangidae Caranx latus (Agassiz, 1831) 12 9 21

Lutjanidae Lutjanus agennes (Bleeker,
1863)

10 4 14

Lutjanus goreensis
(Valenciennes, 1830)

1 3 4

Gerreidae Eucinostomus melanopterus
(Bleeker, 1863)

6 12 18

Gobiidae Gobiidae n.d. 27* 5* 32*

Porogobius cf. schlegelii
(Günther, 1861)

13 31 44

Gobioides cf. africanus (Giltay,
1935)

1 – 1

Periophthalmus barbarus NA NA NA

Citharidae Citharus cf. linguatula
(Linnaeus, 1758)

1 – 1

TOTAL catches 560 212 772

Species richness 13 11 14

NA – fish recorded in that season but with no specimens caught in the nets.
*Not considered for species richness.

species composition, where P. grandisquamis and M. aculeatus
were associated with the rainy season samples (Figure 6),
characterized by lower salinity, depth and temperature. On the
other hand, E. fimbriata was associated with the lower zone of
the mangrove stand (Figure 6), occurring only from 1.6 PSU
or higher salinities in this study. M. aculeatus was recorded six
times and only in the rainy season under low salinity conditions,
with an average length and standard error of 9.55 and 1.67 cm,
respectively. P. schlegelii and A. spilauchen were associated with
the upper mangrove zone samples (Figure 6).

DISCUSSION

Water Mass Characterization
The water mass parameters found in this study were as to be
expected with regards to patterns of the gradients with proximity
to the sea, the influence of irradiation, rains, and interaction
between fresh and saltwater. The more intense water column

FIGURE 3 | Average abundance of fish caught per day according to the
season, tide, and zone. Error bars: ±SE.

TABLE 2 | PERMANOVA of the total fish catches per day (abundance) according
to season, tide, and zone, based on non-transformed data.

Source of
variation

df SS MS Pseudo-Fs p Unique
permutations

Season 1 6255.2 6255.2 8.69 0.001 998

Tide 1 1915.2 1915.2 2.66 0.081 997

Zone 1 445.9 445.9 0.62 0.484 999

Season × tide 1 2097.7 2097.7 2.91 0.080 997

Season × zone 1 67.4 67.4 0.09 0.821 996

Tide × zone 1 36.7 36.7 0.05 0.849 995

Season × tide
× zone

1 36.7 36.7 0.05 0.853 995

Error 22 15849.0 720.41

SS, sum of squares; MS, mean square; df, degrees of freedom; Pseudo-Fs,
pesudo-F test value; p, probability level; Unique permutations, number of unique
random permutations used to calculate the pseudo-F distribution. Significant
results are shown in bold.

stratification observed in the dry season could be explained
by the increase in radiation at this time due to less cloudy
skies, less precipitation, more stagnation of water due to the
sandbank, and less flow from the river upstream. There are two
published works with water mass parameter measurements for
São Tomé and Príncipe, respectively (Pisoni et al., 2015; Herrero-
Barrencua et al., 2017). They were developed in September–
December of different years, including only the rainy season.
The characteristics of the top and bottom layers of the water
column were different. However, limited comparison is possible
since the water mass characteristics of a given estuary are mainly
related to the specific geomorphology and characteristics of
the basin. Moreover, these studies did not distinguish between
measurements taken at high, low, neap, and spring tide. Despite
these differences, the values reported previously are within the
same range as those reported in this study, and the variation
patterns are similar.

The saline wedge is the result of the lack of mixing between
saltwater from the ocean and fresh water from the river that
creates a line between the two and represents the limit of saltwater
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FIGURE 4 | Fish lengths (TL), during the rainy and dry seasons. The boxplots represent the four quartiles of the data and the “X” the mean. The outliers represent a
data point that exceeds 1.5 times the interquartile range (IQR) from the top or bottom of the box.

FIGURE 5 | Distribution of the fish taxa (%) according to mangrove location (upper or lower) in the rainy and dry season.
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TABLE 3 | PERMANOVA of the fish community composition according to season,
tide, and zone, based on logarithmically transformed data.

Source of
variation

df SS MS Pseudo-Fs p Unique
permutations

Season 1 5908.2 5908.2 4.26 0.001 999

Tide 1 3073.0 3073.0 2.22 0.037 999

Zone 1 13746.0 13746.0 9.92 0.001 999

Season × tide 1 2008.2 2008.2 1.45 0.179 999

Season × zone 1 2057.3 2057.3 1.49 0.202 998

Tide × zone 1 4504.1 4504.1 3.25 0.005 999

Season × tide
× zone

1 2084.4 2084.7 1.50 0.181 998

Error 36 49876.0 1385.4

SS, sum of squares; MS, mean square; df, degrees of freedom; Pseudo-Fs,
pesudo-F test value; p, probability level; Unique permutations, number of unique
random permutations used to calculate the pseudo-F distribution. Significant
results are shown in bold.

intrusion. This happens due to the differences in density and
temperature of the waters that do not mix due to low tidal motion.
This situation was detected during the rainy season neap tide,
where the salinity wedge is between the middle and lower points
of the mangrove stand. In all other situations the salinity wedge
was above the sampling points.

The water column depth results show the expected influence
of the tide on the water dynamics in the mangrove system,
with increasing and decreasing water level with tidal changes.
However, during the dry season, the presence of the sand
bank affected these water exchanges and, consequently, the
biological communities of the mangrove system. The dry
season did not reveal differences between tides, as the tidal
effect was heavily reduced by the sand bank at the entrance
of the mangrove creek. On the other hand, the points
of the dry season were strongly separated by zone, also
explained by the sandbank that blocked the exchanges of water
between the creek and the sea and created a more lagoon-
like environment.

The obstruction of the sand bank raised the water level inside
the mangrove stand during the dry season, decreased the water
exchange, and enlarged the mangrove creek. The depth was
always greater for the three lowest sampling points (middle,
lower, and outer) during the dry season at low spring tides, with
tidal differences of approximately 19 cm in the middle site and
43 cm in lower and outer sites. These differences could have led
to variations in the effectiveness of sampling and explain why the
average number of fish caught per day was 80 for the rainy season
and only 26.5 for the dry season.

The water column depth seemed to influence fish catches, with
the shallowest depth associated with the greatest abundance of
fish (spring tide during the rainy season). In the dry season, when
the low tides were identical between spring and neap tides, the
abundance of fish caught was the same. The abundance of fish
during neap tides in the rainy season had intermediate abundance
values, being coincident with also intermediate values for the
water column depth. However, the data obtained are not strong
enough to assess with certainty the factors that most contribute to

the variation in fish abundance, especially in view of the effects of
the variable environmental conditions on sampling effectiveness.

Fish Composition and Abundance
The total of 772 individuals of fish caught in the Praia Salgada
mangrove stand comprised at least 14 different species. The
majority of these species have already been reported from the
country’s mangrove systems (Pisoni et al., 2015; Félix et al.,
2017; Herrero-Barrencua et al., 2017; Hauron et al., 2018), except
for E. fimbriata, M. curema, G. cf. africanus, and Citharus cf.
linguatula. The genus Caranx had already been reported for São
Tomé Island (Pisoni et al., 2015; Félix et al., 2017), however, the
present study is the first to identify a species of this genus in a
mangrove system.

The recorded species richness is similar to previous works
to other small mangroves of the country: 13 in Praia das
Conchas, São Tomé (Félix et al., 2017); 13 in Praia Salgada
(Herrero-Barrencua et al., 2017); 11 in Praia Caixão (Herrero-
Barrencua et al., 2017); and 10 in Praia Grande (Herrero-
Barrencua et al., 2017). However, the species richness recorded
in this work is smaller compared to Malanza, the most extensive
mangrove system in the country, where were recorded 21 species
(Félix et al., 2017).

The species richness was slightly lower in the dry season
than the rainy season, which may be related to the abundance
of fish caught being lower in the dry season. From the 14
different species reported, four are new records for the island
mangrove system (E. fimbriata, M. curema, Gobioides africanus,
and C. linguatula). The abundance of E. fimbriata and M. curema
was significant, with total captures of 11 and 6%, respectively,
revealing the common use of the mangrove system by this species.
C. linguatula, caught only once, has been reported for the country
(Krakstad et al., 2010) and can occur widely in tropical estuaries
(Munroe, 2016).

Despite the species richness being similar to the other studies,
this is not based on precisely the same species assemblages. For
example, Elops senegalensis, Plectorhinchus macrolepis, Galeoides
decadactylus, Monodactylus sebae, and Bostrychus africanus were
all reported in the other two works (Félix et al., 2017; Herrero-
Barrencua et al., 2017) but not in this survey.

Although Praia Salgada constitutes a small mangrove, the
diversity and evenness of the fish community revealed to be
relatively similar to other studies in more extensive mangroves
the Gulf of Guinea (Aheto et al., 2014; Okyere, 2018).

The distribution of the fish species according to the different
factors was shown to be statistically significant between season
and zone. The non-significant effect of the factor tide alone is
probably influenced by presence of the sand bank that modified
the water dynamics of the mangrove system between the two
seasons and attenuated the tide effect inside the mangrove creek.
However, the interaction between tide and zone was significant,
indicating that the effect of the tide might be relevant to fish
distribution depending on the mangrove zone.

The lack of connectivity imposed by the sand bank during
the dry season restricted the entry and exit of fish with the sea.
In a small mangrove such as Praia Salgada, the connection to
the sea probably has major importance to the fish community
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FIGURE 6 | Principal coordinates ordination (PCO) plot of the fish assemblages data with differentiated points according to season (rainy and dry), tide (spring and
neap), and mangrove zone (upper and lower). Vectors inside the circles represent the species that characterize the distribution of the points.

and the emergence of this barrier presumably affected the
fish diversity and abundace. Season was the factor with more
statistical significance on the captures per day with lower captures
in dry season, and the sand bank occurred in the dry season,
highlighting this possible effect.

All the reported species are found in brackish systems, some
living in these environments permanently (Lévêque et al., 1990b)
while others come to feed or seek refuge in their juvenile stages
(FAO, 2016b; Ferraris and Smith, 2016). Although some of the
species recorded in very low salinity situations are marine, the
majority are juveniles. Juvenile fish tend to be more tolerant to
low salinity waters (Bæuf and Payan, 2001).

The most important factor affecting the fish population in
a mangrove swamp is often salinity (Wright, 1986). Salinity
affects the distribution patterns and survival of fishes in estuaries,
but may even affect metabolic processes (Nagelkerken et al.,
2008). The species most commonly ascribed to freshwater, like
A. spilauchen and the Gobiidae, preferred the upper part of

the mangrove creek, while E. fimbriata preferred the lower
location near the sea and more salty waters. The species that
were found to be more common on the upper part of the
mangrove creek could be classified as residents (Wright, 1986;
Félix et al., 2017).

Most of the fish caught in the Praia Salgada mangrove system
are of commercial importance. E. fimbriata, P. grandisquamis,
M. curema, C. latus, L. agennes, L. goreensis, and E. melanopterus
have all been reported as food fish resources for the country
(Horemans et al., 1994; Afonso et al., 1999; Wirtz et al., 2007;
Krakstad et al., 2010; Direção das Pescas, 2015; OMALI, 2019).
This list excludes some species of freshwater fish and those
species that are too small to be important for consumption such
as A. spilauchen, M. aculeatus, P. schlegelii, and G. africanus.
C. linguatula and M. atlanticus are reported as fish resources in
the Eastern Central Atlantic (Ferraris and Smith, 2016; Munroe,
2016), but are not explicitly found in references for São Tomé
and Príncipe.
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A single M. atlanticus leptocephalus larva was captured
in the Praia Salgada mangrove system. This amphi-Atlantic
species is classified as vulnerable in the IUCN Red List (Adams
et al., 2016) and existing records from mangrove systems
only include adults in Malanza, São Tomé (Pisoni et al.,
2015; Félix et al., 2017). This species spawns offshore and the
leptocephalus larva, when ready, migrate to shallow coastal
waters and lagoons to undergo metamorphosis (Taylor et al.,
2011). The turbid low-oxygen waters in mangrove marshes
offer protection to the young. The occurrence of this larval
phase within the mangrove systems has been reported by others
(e.g., Harrington, 1966), although these are most commonly
juveniles, leading to the conclusion that this record from
the current study was an isolated individual about to begin
metamorphosis. Nevertheless, is an important record because
the species has not yet been identified from the mangroves of
Príncipe Island.

Fish Size and Life Stage
The Bonga shad E. fimbriata matures at 22.0 cm in Ghanaian
waters according to Blay and Eyeson (1982). Two other works
indicate that size at maturity is between 12.0 and 17.5 cm, with
larger sizes for females (Facade and Olaniyan, 1972; Faye et al.,
2014). Although the values in the literature vary, the individuals
caught in this study all belong to the juvenile phase, with sizes
from 3.8 to 8.2 cm.

The size at maturity for the mugilid P. grandisquamis is
15.0 cm, and of M. curema 19.7 cm, according to FishBase (Froese
and Pauly, 2019), and 18–20.8 cm according to Aguirre and
Gallardo-Cabello (2004). The sizes of specimens from the current
study averaged between 2.5 and 8.9 cm, with standard deviations
of 8.9 and 4.9 cm for the rainy and dry season, respectively.
All captured individuals of the family Mugilidae were juveniles,
except for a few outliers.

Caranx latus was recorded in this study with a maximum
length of 11.5 cm. The species becomes mature at a length of
37.0 cm (Froese and Pauly, 2019), indicating that all recorded
individuals were juveniles. The same applied to E. melanopterus,
with a maximum length recorded of 7.4 cm and a size at
maturity of 7.5 cm (Ramos et al., 2012), and for C. linguatuta,
which the only specimen captured being 6.5 cm in length while
the size at maturity of this species is reported at 14.5 cm
(Cengiz et al., 2014).

Lutjanus agennes was recorded on 14 occasions in this study.
The size at first maturity from literature is uncertain. However,
the variability in the length recorded ranging from 2.0 to 43.7 cm
with the average of 14.5 cm, indicate that the specimens caught
were mainly juveniles, with few adults. L. goreensis occurred four
times, and all were juveniles with an average length of 13.3 cm.
This species is recorded with mean size at first sexual maturity at
around 34.4 cm (Fakoya and Anetekha, 2019).

Aplocheilichthys spilauchen is a non-migratory brackish water
species, occurring in swamps, river mouths, lagoons, and
mangrove swamps (Wildekamp et al., 1986; Lévêque et al.,
1990b). The length distribution of the specimens collected is
similar to that reported by Okyere (2012), suggesting that the
sampling included juveniles and adults. Immature individuals

made up 9.2% of the total population in the study by Okyere
(2012).

After analyzing the size at first maturity of the species
with commercial interest, it was determined that they were
all recorded exclusively as juvenile stages within the mangrove
system, except for some adults of L. agennes and the larva of
M. atlanticus. This strongly suggests a nursery role for the Praia
Salgada mangrove system, where early stages of marine species
can find food and shelter from predators.

CONCLUSION

The present study of the fish assemblages of the Praia Salgada
mangrove system provides a fish species list for this brackish
system, a description of water column parameters, and patterns of
distribution of the fish community along the mangrove creek, in
the context of variation in season between October and February,
tides and mangrove zone.

Although Praia Salgada is a small mangrove system, its
importance to fish recruitment is clearly suggested by the
results of this study. After analyzing the size at first maturity
of the species with commercial interest, it was observed
that the majority of fish collected in the system were
juveniles. This suggests a nursery role for the Praia Salgada
mangrove system, where early stages of marine species can
find food, and shelter from predators. The accumulation of
sediments forming a sandbank in different sampling seasons
constrained the water exchange between the creek and the
sea at certain times of the year, consequently affecting fish
movements. With this constraint, a decrease in fish catches
was observed. The distribution of fish in the mangrove creek
varied significantly according to the season and mangrove
zone. The preservation of this habitat is vital to maintain its
benefits to local fisheries, as well as the other environmental
services it provides.
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Supplementary Figure 1 | Average water column depth at the four sampling

sites in the mangrove system (upper, middle, lower, and outer) during the rainy

and dry seasons and spring or neap tides. The points represent the average

depth over the 3 days measured for each tidal situation and

respective standard error.

Supplementary Figure 2 | Salinity at the four study sites in the mangrove system

(upper, middle, lower, and outer) during the rainy and dry seasons and spring or

neap tides. The points represent the average salinity over the 3 days measured for
each tidal situation and respective standard error.

Supplementary Figure 3 | Water temperature at the four study points in the

mangrove system (upper, middle, lower, and outer) during the rainy and dry

seasons and spring or neap tides. The points represent the average temperature
over the 3 days measured for each tidal situation and respective standard error.
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Sea urchins possess specialized adhesive organs, tube feet. Although initially believed
to function as suckers, it is currently accepted that they rely on adhesive and de-
adhesive secretions to attach and detach repeatedly from the substrate. Given the
biotechnological potential of their strong reversible adhesive, sea urchins are under
investigation to identify the protein and glycan molecules responsible for its surface
coupling, cohesion and polymerization properties. However, this characterization has
only focused on a single species, Paracentrotus lividus. To provide a broader insight into
sea urchins adhesion, a comparative study was performed using four species belonging
to different taxa and habitats: Diadema africanum, Arbacia lixula, Paracentrotus lividus
and Sphaerechinus granularis. Their tube feet external morphology and histology
was studied, together with the ultrastructure of their adhesive secretory granules. In
addition, one antibody and five lectins were used on tube foot histological sections
and extracts, and on adhesive footprints to detect the presence of adhesion-related
(glyco)proteins like those present in P. lividus in other species. Results confirmed that
the antibody raised against P. lividus Nectin labels the adhesive organs and footprints in
all species. This result was further confirmed by a bioinformatic analysis of Nectin-like
sequences in ten additional species, increasing the comparison to seven families and
three orders. The five tested lectins (GSL II, WGA, STL, LEL, and SBA) demonstrated
that there is high interspecific variability of the glycans involved in sea urchin adhesion.
However, there seems to be more conservation among taxonomically closer species,
like P. lividus and S. granularis. In these species, lectin histochemistry and lectin blots
indicated the presence of high molecular weight putative adhesive glycoproteins bearing
N-acetylglucosamine residues in the form of chitobiose in the adhesive epidermis
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and footprints. Our results emphasize a high selective pressure for conservation of
functional domains in large putative cohesive proteins and highlight the importance of
glycosylation in sea urchin adhesion with indications of taxonomy-related conservation
of the conjugated glycans.

Keywords: sea urchins, Echinoidea, tube feet, footprint, temporary adhesion, proteins, glycans

INTRODUCTION

Echinoderms produce strong reversible adhesives secreted
by unique hydraulic adhesive organs called tube feet. The
comprehension of this temporary adhesion has motivated several
morphological, biomechanical, and biochemical studies in the
last decades (Davey et al., 2021).

Adoral tube feet, in particular, are well adapted for locomotion
and attachment. They possess a mobile extensible stem,
topped by an adhesive viscoelastic disc (Santos and Flammang,
2005; Santos et al., 2005). In sea stars (Asteroidea), three
tube foot morphotypes have been described (simple disc-
ending, reinforced disc-ending and knob-ending) based on the
histological structure of their disc (Santos et al., 2005). In
regular sea urchins (Echinoidea), all tube feet are reinforced-
disc ending, but they have been subcategorized based on the size
of their disc and thickness of their stem connective tissue and
retractor muscle (type 4 > 3 > 2 > 1) (Smith, 1978). These
morphological differences were pointed as essential for tube feet
attachment strength and consequently, for species distribution
(Smith, 1978).

However, more recent biomechanical studies with three
Mediterranean sea urchin species, Arbacia lixula (Linnaeus,
1758), Paracentrotus lividus (Lamark, 1816) and Sphaerechinus
granularis (Lamark, 1816), and four Indian Ocean species,
Colobocentrotus atratus (Linnaeus, 1758), Echinometra mathaei
(Blainville, 1825), Heterocentrotus trigonarius (Lamarck, 1816)
and Stomopneustes variolaris (Lamarck, 1816), belonging to three
orders and five families of the Class Echinoidea, found no
correlation between interspecific variations in disc tenacity (force
per unit area) and the disc adhesive area (Santos and Flammang,
2006, 2008). In addition, when a tensile force is exerted on a tube
foot stem, it is the connective tissue that bears the load, and not
the muscle (Santos and Flammang, 2005, 2008).

Furthermore, in the three Mediterranean species significant
variations in the ultrastructure of the adhesive secretory granules
were reported, suggesting that there might be molecular
differences in the composition of their adhesive secretions
(Santos and Flammang, 2006). To test this hypothesis an antibody
raised against S. granularis adhesive material was tested for
cross-reactivity on tube foot histological sections from the above-
mentioned species, plus Tripneustes gratilla (Linnaeus, 1776)
(Santos and Flammang, 2012). This approach was used to bypass
the need for complete characterization of echinoid adhesives and
because it successfully evidenced the compositional similarity of
sea star adhesive footprints at the class level (Santos et al., 2005).
Surprisingly, in sea urchins no cross-reactivity was observed in
any species tested, not even in T. gratilla that belongs to the same
family as S. granularis (Santos and Flammang, 2012).

After these findings, several biochemical studies attempted to
fully characterize the adhesive material but focused exclusively
on Paracentrotus lividus. The analysis of adhesive footprints
showed that they consisted of a honeycomb-like meshwork of
aggregated globular nanostructures (Viana and Santos, 2018)
composed of proteins, neutral sugars, lipids and inorganic
residues (Santos et al., 2009). The adhesive material proteome
revealed a prevalence of five protein groups (actins, tubulins,
myosins, ribosomal proteins and histones) and only one cell-
adhesion protein, P. lividus Nectin (Lebesgue et al., 2016).
A recent re-analysis of this proteome using a tube foot specific
transcriptome, combined with a quantitative proteome analysis
of the adhesive disc versus the non-adhesive stem, and a
validation of gene expression using in situ hybridization (ISH),
drastically increased the mapped proteins and highlighted sixteen
transcripts potentially involved in bioadhesion (Pjeta et al., 2020).
Of these, six transcripts (Nectin, alpha-tectorin, uncharacterized
protein, Myeloperoxidase, neurogenic locus notch homolog
protein and alpha-macroglobulin) presented a ISH expression
pattern consistent with the location of the adhesive secretory
cell bodies, and simultaneously possessed an ortholog adhesion-
related transcript in the sea star Asterias rubens (Linnaeus, 1758)
(Lengerer et al., 2019; Pjeta et al., 2020).

P. lividus-Nectin is a 210-kDa homodimer glycoprotein
consisting of two polypeptides with an equal mass of 105 kDa
each, joining covalently by S–S bridges (Zito et al., 1998). It
contains 6 tandemly repeated discoidin-like (or F5/8 type C)
domains predicted to bind molecules bearing galactose and
N-acetylglucosamine carbohydrate moieties (Costa et al., 2010),
and a LDT motif predicted to be the binding site to an α4/β7
integrin receptor (Zito et al., 2010). It was first discovered in the
extracellular matrix (ECM) of P. lividus embryos. It is also present
in the unfertilized egg cytoplasm, stored in granules, and is
released into the ECM surrounding the embryo after fertilization.
In later developmental stages, it polarizes on the apical surface
of ectodermal and endodermal cells. Thus, P. lividus-Nectin is
involved in cell adhesion processes as an integrin ligand and
its contact to ectodermal cells is essential for correct larval
skeletogenesis (Zito et al., 2000, 2010; Costa et al., 2010).

Nectin was first related to adult P. lividus adhesion when it
was identified both in tube feet and adhesive footprints using
antibodies raised against embryonic Nectin (Lebesgue et al.,
2016). Although present in both the tube foot disc and stem, it
was shown to be highly overexpressed at the mRNA and protein
level in the adhesive discs, being regulated by the degree of
hydrodynamism to which the sea urchin is exposed (Lebesgue
et al., 2016; Toubarro et al., 2016). So far, in adult P. lividus
tube feet, three Nectin variants, the embryonic Nectin (variant
1 – Uniprot Q70JA0) plus two others (variant 2 – Uniprot
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A0A182BBB6; variant 3 – tube foot transcriptome), differing
in only a few amino acid substitutions, have been reported
(Lebesgue et al., 2016; Toubarro et al., 2016; Pjeta et al., 2020). In
addition, several Nectin isoforms have been observed in 2DE gels,
presenting different degrees of phosphorylation and glycosylation
(Santos et al., 2013).

The remaining five P. lividus transcripts potentially involved
in bioadhesion (Pjeta et al., 2020) possess domains that are
recurrent in other marine adhesive and cohesive proteins (Davey
et al., 2021) but require further investigation. P. lividus alpha-
tectorin shares domains present in adhesive proteins from sea
stars (Sfp1; Hennebert et al., 2014), flatworms (Mlig-ap1 and
−2, Mile-ap1 and Mile-ap2a/b; Pjeta et al., 2019; Wunderer
et al., 2019), cnidarians (Rodrigues et al., 2016) and a terrestrial
slug (Smith et al., 2017). The identification of Myeloperoxidase
in P. lividus (Lebesgue et al., 2016; Pjeta et al., 2020) agrees
with reports of peroxidase-like proteins being present in the
adhesive secretions of sea star (Hennebert et al., 2015), cnidarians
(Rodrigues et al., 2016), caddisfly larvae (Wang et al., 2014), and
adult barnacles (So et al., 2017). Peroxidases are believed to act
as catalyzers of protein crosslinking within the adhesive, thus,
contributing to its high cohesive strength (Pjeta et al., 2020).
P. lividus neurogenic locus notch homolog protein contains
trypsin inhibitor-like cysteine-rich domains, also present in sea
star Sfp1 (Hennebert et al., 2014), that can form disulfide bonds
and possibly contribute to echinoderm adhesive insolubility
attributed to the presence of proteins with significant amounts
of cysteines (Santos et al., 2009; Pjeta et al., 2020). Finally,
P. lividus alpha-macroglobulin share common domains with
several proteins present in the adhesive secretions of sea stars
(Hennebert et al., 2015; Lengerer et al., 2019), limpets (Kang et al.,
2020), tunicates (Li et al., 2019) and barnacle larvae (Dreanno
et al., 2006; Ferrier et al., 2016).

The glycosidic fraction of the adhesive material has also been
studied in P. lividus, demonstrating the involvement of high
molecular weight glycoproteins containing N-acetyl glucosamine
residues. Five lectins (GSL II, WGA, STL, LEL, and SBA) out of 22
specifically labeled the disc adhesive epidermis and the adhesive
footprints and detected several disc specific glycoproteins (Simão
et al., 2020). Of these, LEL, that recognizes N-acetyl glucosamine
in a chitobiose arrangement [GlcNAc β(1,4)GlcNAc], specifically
labeled the adhesive secretory granules within the characteristic
sea urchin ‘apical tuft’ secretory cells and produced an intense
labeling of the footprint, indicating that a glycoprotein containing
chitobiose is most likely a main component of P. lividus adhesive
secretion (Simão et al., 2020). This agrees with growing evidence
showing the importance of glycoproteins in marine adhesives,
from permanent (mussels, barnacles, algal spores) to non-
permanent ones, such as transitory (limpets, marsh periwinkle)
or temporary (sea stars, flatworms, ascidian larvae) adhesives
(Dreanno et al., 2006; Hennebert et al., 2011; Ferrier et al.,
2016; Pjeta et al., 2019; Wunderer et al., 2019; Zeng et al., 2019;
Kang et al., 2020).

In this context, the present study aims at unraveling the
evolutionary history of adhesion among echinoids by comparing,
in terms of the adhesive composition, P. lividus with three
sympatric species occurring in Madeira Island (NE Atlantic)

that belong to different taxa and bear tube feet with different
morphologies. P. lividus Nectin sequence was used to identify
homologous sequences in publicly available echinoid proteomes
and transcriptomes. In addition, an immunohistochemical
analysis using antibodies against Nectin was performed on
tube foot histological sections and adhesive footprints. These
antibodies were also used on western blots to detect these proteins
in tube foot disc and stem extracts. The conservation of the
glycosidic fraction was also approached using the five lectins that
detected adhesion-specific glycoproteins in P. lividus, by looking
for cross-reactivity on histological sections and in blotting assays
with the remaining species.

MATERIALS AND METHODS

Nectin Sequences Collection and
Alignments
To date, three Nectin protein sequences have been found in the
tube feet of individuals of P. lividus: Q70JA0 (Costa et al., 2010),
A0A182BBB6 (Toubarro et al., 2016) and TR60905_c1_g1_i1_5
(Pjeta et al., 2020). They were used to retrieve homologous
sea urchin sequences by performing BLAST (Basic Local
Alignment Search Tool) searches (using the default settings)
in four publicly available databases: UniprotKB,1 Transcriptome
Shotgun Assembly Sequence Database,2 EchinoBase,3 and
HpBase.4 A multiple alignment was performed with COBALT,5

and a tree from given distances between sequences (maximum
sequence distance of 0.85) was produced using the algorithm Fast
Minimum Evolution (Desper and Gascuel, 2004).

Sample Collection and Maintenance
Adult sea urchins of the species Arbacia lixula (Linnaeus,
1758) and Paracentrotus lividus (Lamark, 1816) were
collected intertidally at Madeira Island, whereas individuals
of Sphaerechinus granularis (Lamark, 1816) and Diadema
africanum Rodríguez et al. 2013 were collected by scuba diving.
All sea urchins were kept in open flow aquaria (50 L) or
individual containers (10 L) with aeration at room temperature
between 20 and 22◦C and 35 PSU, respectively at the mesocosm
system in the laboratory facilities of the Madeira research unit of
MARE, located at Quinta do Lorde Marina or at the laboratory
facilities of Calheta Mariculture Center.

Sea urchins were placed upside down in containers filled with
seawater and their adoral tube feet sectioned at the base of the
stem close to the test. Tube feet were then either stored in 70%
ethanol, preserved in RNAlater at 4◦C, or fixed by immersion in
non-acetic Bouin’s fluid or 3% glutaraldehyde in cacodylate buffer
(0.1 M. pH 7.8, with 1.55% NaCl).

To collect adhesive footprints, clean microscope glass slides
were presented to adoral tube feet to induce attachment. After

1https://www.uniprot.org
2https://www.ncbi.nlm.nih.gov/genbank/tsa/
3http://legacy.echinobase.org/Echinobase/About
4http://cell-innovation.nig.ac.jp/Hpul/
5https://www.ncbi.nlm.nih.gov/tools/cobalt/re_cobalt.cgi
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tube foot detachment, glass slides were abundantly washed with
distilled water, allowed to dry, and stored at 4◦C until usage.

Scanning and Transmission Electron
Microscopy
For SEM, samples were prepared as described by Santos and
Flammang (2006). Bouin’s fluid-fixed tube feet were dehydrated

in graded ethanol, dried by the critical point method, mounted
on aluminum stubs, coated with gold in a sputter coater
and observed with a JEOL JSM-7200F field emission scanning
electron microscope.

For TEM, glutaraldehyde-fixed tube feet were rinsed in
cacodylate buffer (0.2 M. pH7.8, with 1.84% NaCl) and then
post-fixed in 1% osmium tetroxide in cacodylate buffer (0.1 M.
pH7.8, with 2.3% NaCl). After rinsing in cacodylate buffer, they

FIGURE 1 | Echinoids used in this study: Diadema africanum (A,E,I,M), Arbacia lixula (B,F,J,N), Paracentrotus lividus (C,G,K,O) and Sphaerechinus granularis
(D,H,L,P). Lateral view of whole sea urchins with spines (A–D). External morphology (SEM) of non-attached adoral tube feet (E–H). General view of the ultrastructure
(TEM) of longitudinal sections through the disc of adoral tube feet (I–L) and a more detailed view of secretory cells containing adhesive granules (M–P). AC, adhesive
secretory cell; AE, adhesive epidermis; AG, adhesive granule; D, disc; MV, microvillar-like cell projection; NE, non-adhesive epidermis; S, stem; SC, support cell; SP,
spine; T, test.
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were de-hydrated in graded ethanol and embedded in Spurr
resin. Ultrathin sections (80 nm) were cut with a Leica Ultracut
UCT ultramicrotome equipped with a diamond knife. They were
contrasted with uranyl acetate and lead citrate and observed with
a Zeiss LEO 906E transmission electron microscope.

Histological Staining and Histochemistry
Bouin’s fluid-fixed tube feet were rinsed in 70% ethanol, then
decalcified with a 1:1 solution of 2% ascorbic acid and 0.3 M
NaCl for 24 h at RT with constant rotation. Next, they were
dehydrated in graded ethanol, embedded in paraffin wax and cut
longitudinally into 7 µm thick sections with a microtome (Leica
RM 2155). After dewaxing and rehydration, two histological
stains (Masson’s trichrome and Alcian Blue pH 2.5) and two
histochemical techniques (immuno- and lectin-histochemistry)
were performed on tube foot sections and footprints. Due to
strong tube foot pigmentation, the sections from D. africanum
and A. lixula had to be incubated in 10% (v/v) hydrogen
peroxide in phosphate-buffered saline (PBS) for 30 min at 65◦C
before experiments.

For immunohistochemistry, the protocol of Santos and
Flammang (2012) was followed with some adaptations. Briefly,
tube foot sections were incubated in 50 mM NH4Cl for
15 min to block free aldehyde groups from the fixative,
followed by permeabilization in PBS with 0.25% Triton-X-
100 for 1 h, and by preincubation for 30 min with 10%
normal donkey serum. Sections were incubated overnight at
4◦C with polyclonal anti-Paracentrotus lividus Nectin polyclonal
antibody (kindly provided by Dr. Francesca Zito) diluted 1:400
in PBS-T-BSA [PBS, 1% (v/v) Tween-20, 1% (w/v) BSA]. Alexa
Fluor 568-conjugated donkey-anti-rabbit IgG (Invitrogen) were
diluted 1:1000 in PBS-T-BSA and applied for 1 h at room
temperature. Then, sections were incubated for 5 min with
TrueVIEW (Vector), followed by 1 min with DAPI (4’,6-diamino-
2-phenylindole, Invitrogen), mounted in Vibrance Mounting
Medium (Vector) and analyzed with an Olympus BX60
epifluorescence microscope. Footprints were first rehydrated in
ultrapure water and the procedure described above applied from
the incubation with 10% normal donkey serum onward.

Lectin-histochemistry was performed according to Simão
et al. (2020). Footprints and sections were blocked with
TBS-T-BSA [10 mM Tris-HCl, 150 mM NaCl (w/v), pH 8,
0,05% (v/v) Tween-20, 3% (w/v) BSA] for 2 h at room
temperature. Afterward, the five biotinylated lectins (GSL II,
WGA, STL, LEL and SBA, see Supplementary Table 1),
diluted in TBS-T-BSA supplemented with ions (1 mM CaCl2,
1 mM MnCl2), were applied to the samples and incubated for
2 h at room temperature. This was followed by incubation
for 1 h at RT with Alexa Fluor 488-conjugated streptavidin
(Invitrogen, United States) in TBS-T-BSA (see Supplementary
Table 1). Incubation with DAPI, mounting and visualization were
performed as described above.

Control reactions were performed replacing antibodies and
lectins with PBS-T-BSA or TBS-T-BSA, respectively.

Since footprints fluorescence is dependent on the amount
of adhesive material deposited by each echinoid, the obtained
fluorescence microscopy images were used to calculate the

footprint total corrected fluorescence (FTCF) using the software
Fiji ImageJ. This calculation allows subtracting the background
from the fluorescence observed in the footprint area, providing
an actual fluorescence value per unit area [FTCF = (Area of
selected footprint × Mean fluorescence of footprint) – (Area
of selected footprint × Mean fluorescence of background)].
The statistical significance of interspecific differences was
determined by 1-way ANOVA, with a p-value <0.05 indicating
a statistically significant difference. Normality was checked
using Shapiro Wilks, as well as homoscedasticity using the
Levene’s test.

Protein Extraction, Separation, and
Blotting
These procedures were performed as reported by Simão et al.
(2020). Succinctly, proteins were extracted from RNAlater-
preserved disc and stem samples by combining chemical
lysis, using RIPA buffer (150 mM NaCl, 1.0% Triton X-100,
0.5% sodium deoxycholate, 0.1% SDS, 50 mM Tris, pH 8.0)
supplemented with a protease and phosphatase inhibitor cocktail
at a dilution of 1:10,000 (Sigma), and mechanical lysis using in
a ball mill (Retsch MM400, Germany) for 10 min. Afterward,
samples were centrifuged at 14,000 rpm for 10 min at 4◦C
and the supernatant collected and kept at −20◦C until further
use. The samples’ total protein concentration was determined
using the Bradford colorimetric microplate assay (Bio-Rad,
United States) and absorbances were obtained at a wavelength
of 595 nm. Next, protein separation was performed by SDS-
PAGE, followed by protein transfer to a polyvinylidene fluoride
(PVDF) membrane. The membrane was blocked overnight TBS-
T with 5% skimmed milk (for antibodies) or TBS-T-BSA (for
lectins) at 4◦C with constant agitation and then incubated for
1 h 30 min with the antibody diluted 1:1000 in TBS-T with
1% skimmed milk or with one of the five biotinylated lectins
diluted to a concentration of 1µg/ml in TBS-T-BSA-ions. After
rinsing, the membrane was incubated for 1 h with horseradish
peroxidase-conjugated anti-rabbit IgG antibody (ThermoFisher)
or -streptavidin (Vector Laboratories) diluted 1:5000 in TBS-T-
BSA. (Glyco)proteins were visualized using an ECL immunoblot
detection system (Amersham GE Healthcare, United Kingdom)
and a CCD Imager 680 RGB (Amersham GE Healthcare,
United Kingdom).

RESULTS

Echinoids From Different Habitats Show
Variable Tube Foot Morphology and
Ultrastructure
The four sympatric species under analysis possess tests and
spines with very different dimensions. A. lixula and P. lividus,
that are typical of the intertidal, are smaller and have more
flattened tests. In contrast, D. africanum and S. granularis,
typical from the subtidal, present larger and rounder tests and,
in D. africanum, characteristic long spines (Figures 1A–D).
The external morphology of their tube feet is quite similar,
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being composed of discs that are wider than the stems. SEM
observations confirmed that all the species presented a disc
with two distinct parts, a peripheral area and a central area
showing a depression in non-attached tube feet (Figures 1E–H),
corresponding to the non-adhesive and adhesive epidermis,
respectively. Internally, the histological structure of the tube
feet of all the species was quite constant, being composed of
a myomesothelium surrounding the water-vascular lumen, a
connective tissue layer, a nerve plexus and an outer epidermis
covered externally by a cuticle (Figures 2A–D). However, the
degree of development of these tissue layers is not identical
in the tube feet of all species. The myomesothelium (both
levator and retractor muscle) is thinner in D. africanum and
S. granularis, thicker in A. lixula, and intermediate in P. lividus.

The connective tissue, is less developed in D. africanum,
moderately developed in S. granularis and P. lividus, and well
developed in A. lixula, with visible collagen fibers that maneuver
themselves between the skeletal structures, the epidermis, up
to the cuticle (Figures 2A–D). TEM observations of the disc
adhesive epidermis show that all the species possess clusters of
four cell types: support cells, sensory cells, adhesive secretory
cells, and de-adhesive secretory cells (Figures 1I–L). However,
a closer look at the ultrastructure of the adhesive granules
highlights a considerable variability in terms of size and
internal organization. D. africanum (Figure 1M) and P. lividus
(Figure 1O) have granules with a small electron dense core,
surrounded by a large electron lucent rim, while A. lixula
(Figure 1N) and S. granularis (Figure 1P) have granules with

FIGURE 2 | Histological structure and immunohistochemistry of longitudinal section through adoral tube feet and of footprints from Diadema africanum (A,E,I,M),
Arbacia lixula (B,F,J,N), Paracentrotus lividus (C,G,K,O) and Sphaerechinus granularis (D,H,L,P). Staining with Masson’s Trichrome (A–D). Labeling (in red) with
anti-P. lividus Nectin antibody of longitudinal section through adoral tube feet (E–H) and of footprints (I–L). Negative controls (M–P) in which the primary antibody
has been replaced by buffer. AE, adhesive epidermis; CT, connective tissue; L, lumen; M, myomesothelium; NE, non-adhesive epidermis; NP, nerve plexus, P,
pigment cells.
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a highly organized core with electron-dense parallel plates,
surrounded by an electron-lucent material. In terms of size,
D. africanum and S. granularis presented the smallest granules
(200–350 and 300–400 nm in diameter, respectively), while
P. lividus and A. lixula possess larger granules (300–500 and
400–700 nm in diameter, respectively).

Occurrence of Nectin in Sea Urchins
From Different Echinoid Orders and
Families
P. lividus Nectin sequences (UniprotKB, Transcriptome Shotgun
Assembly Sequence Database, and protein translated from tube
foot mRNA TR60905_c1_g1_i1_5, Pjeta et al., 2020) were used to
identify homologous sequences from other echinoids in publicly
available datasets. Nectin-like sequences were retrieved for nine
other echinoid species belonging to six families and three orders:
Arbacia punctulata, Eucidaris tribuloides, Evechinus chloroticus,
Hemicentrotus pulcherrimus, Loxechinus albus, Lytechinus
variegatus, Mesocentrotus franciscanus, Sphaerechinus granularis
and Strongylocentrotus purpuratus.

The obtained sequence alignment (Supplementary
Figure 1 and Supplementary Table 2) and summary tree
(Figure 3) demonstrates that Nectin-like proteins are present
in all the analyzed species, representative of three orders

(Cidaroida, Arbacioida, Camarodonta) and six families
(Cidaridae, Arbaciidae, Toxopneustidae, Strongylocentrotidae,
Echinometridae and Echinidae). Interestingly, the protein
sequence grouping in Figure 3 matches the phylogenetic tree
for these echinoids (Koch and Thompson, 2020), revealing
that closely related species such as the Echinidae P. lividus and
L. albus (78–80% identity), the Toxopneustidae S. granularis and
L. variegatus (86–89% identity), and the Strongylocentrotidae
M. fransciscanus, S. purpuratus and H. pulcherimmus (84–
94% identity), have Nectins with higher sequence homology.
There is also clustering of the species belonging to the order
Camarodonta, which share higher sequence homologies
within the order (44–80% identity) than with A. punctulata
49–67% identity) or E. tribuloides (62–68% identity) that
belong respectively to the order Arbacioida and Cidaroida
(Supplementary Table 2). However, it should be noted that most
of these sequences correspond to embryonic Nectins as tube foot
transcriptomes are rarely available.

These results were complemented with immunohistochemical
and western blot analyses using an antibody produced against
P. lividus Nectin. Tube foot sections of the four Madeira
echinoids probed with anti-P. lividus Nectin antibody exhibited
small immunoreactive dots along the disc adhesive epidermis but
also the stem non-adhesive epidermis in A. lixula (Figures 2F,J),
P. lividus (Figures 2G,K) and S. granularis (Figures 2H,L).

FIGURE 3 | Amino acid similarity between Paracentrotus lividus Nectin and homologous proteins from ten other sea urchin species. A tree from given distances
between sequences was produced using the algorithm Fast Minimum Evolution (Desper and Gascuel, 2004) available at COBALT. The scale bar indicates an
evolutionary distance of 0.2 aa substitutions per position in the sequence. Sea urchin phylogeny according to Koch and Thompson (2020) is presented next to the
tree (see also Figure 9), indicated by the corresponding orders and families of the analyzed species: Arbacia punctulata, Eucidaris tribuloides, Evechinus chloroticus,
Hemicentrotus pulcherrimus, Loxechinus albus, Lytechinus variegatus, Mesocentrotus franciscanus, Sphaerechinus granularis and Strongylocentrotus purpuratus.
Sequences were retrieved at UniprotKB, Transcriptome Shotgun Assembly Sequence Database, EchinoBase, HpBase and Pjeta et al. (2020).
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In D. africanum, the antibody only cross-reacted with an area
containing pigment cells (Figures 2E,I). As for the labeling of the
adhesive footprints, it was stronger in P. lividus and S. granularis
than in A. lixula and D. africanum (Figures 2M–P), however,
differences in total corrected fluorescence were only significant
relatively to D. africanum (p-valueANOVA = 0.014) (Figure 4 and
Supplementary Table 3). In terms of protein labeling in western
blots, many protein bands were detected by the anti-P. lividus
Nectin antibody both in the disc and stem extracts in the four
echinoids, but some high molecular weight bands (>100 kDa)
were only present in the disc extracts in A. lixula, P. lividus and
S. granularis (Figure 5A).

Glycans Associated With
Adhesion-Related Proteins Vary Among
Echinoid Species
Tube foot sections from the four echinoids from Madeira
Island were stained with Alcian blue pH 2.5 to detect sulfated
and carboxylated acidic mucopolysaccharides and sialomucins
(i.e., mucins and glycoproteins with carboxyl group-containing
sugars such as sialic, uronic and hyaluronic acids). The disc
adhesive epidermis of A. lixula was strongly stained (Figure 6B),
contrasting with moderate staining observed in D. africanum and
P. lividus (Figures 6A,C), the weakest staining being exhibited by
S. granularis (Figure 6D).

Through lectin histochemistry and lectin-blotting, we
localized specific glycans in tube foot sections, footprints, and
disc and stem extracts of these same species. GSL II which detects
α- and β-linked N-acetylglucosamine residues (Figures 7A–D,
8A–D, Supplementary Table 1) labeled strongly and specifically
the cuticle covering the adhesive epidermis in S. granularis
(Figures 7D,Z), and moderately labeled the adhesive epidermis

of P. lividus (Figures 7C,X). In footprints, GSL II produced
a significantly stronger labeling in S. granularis compared to
the remaining three species (PANOVA = 0.0112) (Figures 8A–D,
9A and Supplementary Table 3). This lectin labeled two
glycoproteins around 75 and 135 kDa in both the disc and
stem extracts from the four species, but in S. granularis a few
additional disc-specific glycoproteins were strongly labeled
at 35, 63 and > 100 kDa (Figure 5B). WGA, STL and LEL
detect N-acetylglucosamine (GlcNac) in a specific chitobiose
arrangement, i.e., a dimer of β-1,4-linked glucosamine units
(Figures 7E–P, 8E–P Supplementary Table 3). WGA, which
detects up to two units GlcNacβ(1,4)GlcNac, produced results
very similar to GSL II. It strongly labeled the adhesive epidermis
of P. lividus (Figures 7G,X) and the cuticle covering the disc
adhesive epidermis in S. granularis (Figures 7H,Z). Footprint
labeling was also more intense in S. granularis (PANOVA = 0.0212)
(Figures 8E–H, 9B and Supplementary Table 3). In the
lectin-blots, the same 75 and 135 kDa glycoproteins were
detected in both the disc and stem extracts from the four
species, but S. granularis disc-specific glycoproteins were more
intensely labeled, together with a 35kDa band in P. lividus
discs (Figure 5C). Between STL and LEL, which detect a
higher number of GlcNacβ(1,4)GlcNac units (Supplementary
Table 1), LEL was the one that produced the most relevant
data (Figures 7K–O,L–P). It strongly labeled P. lividus disc
epidermis (Figures 7O,X), its footprints (PANOVA = 0.0033)
(Figures 8M, 9D and Supplementary Table 3), and disc-specific
glycoproteins at 35 and >135 kDa (Figures 5D–E). As for SBA,
which detects terminal α- and β-linked N-acetylgalactosamine
(Figures 7Q–T, 8Q–T), it labeled the disc adhesive epidermis
of D. africanum (Figures 7Q,U) and slightly labeled the disc-
specific glycoproteins mentioned above for S. granularis and
P. lividus (Figure 5F).

FIGURE 4 | Total corrected fluorescence (TCF) of footprints deposited by the adoral tube feet of Diadema africanum, Arbacia lixula, Paracentrotus lividus, and
Sphaerechinus granularis, labeled with anti-P. lividus Nectin. TCF units are arbitrary. Data are expressed as means ± SD in each species. Significant interspecific
differences between means for a given antibody are indicated by letters in superscript; means sharing at least one letter are not significantly different (P > 0.05,
multiple comparison test of Tukey).
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FIGURE 5 | Protein and glycoproteins detected in tube foot disc and stem extracts from Diadema africanum, Arbacia lixula, Paracentrotus lividus and
Sphaerechinus granularis using P. lividus Nectin antibody (A) and five lectins (B–F) respectively, GSL II, WGA, STL, LEL, and SBA. GSL II was used to detect
proteins conjugated with N-acetylglucosamine; WGA, STL and LEL to detect chitobiose and SBA to detect N-acetylgalactosamine. Al, Arbacia lixula; D, disc; Da,
Diadema africanum; GSL II, Griffonia simplicifolia lectin II; LEL, Lycopersicon esculentum lectin; MW, molecular weight markers; Pl, Paracentrotus lividus; S, stem;
SBA, Soybean agglutinin; Sg, Sphaerechinus granularis; STL, Solanum tuberosum lectin; WGA, wheat germ agglutinin.

DISCUSSION

Increasing interest in biological adhesives has been partly
driven by the demand for novel biomimetic adhesives with

capabilities beyond the synthetic glues currently available to
consumers (Davey et al., 2021). However, the precise mechanisms
responsible for the superiority of natural bioadhesives remain
largely unknown. Adhesives secreted by aquatic invertebrates
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FIGURE 6 | Histological structure of adoral tube feet from Diadema africanum (A), Arbacia lixula (B), Paracentrotus lividus (C) and Sphaerechinus granularis (D)
stained with Alcian Blue pH 2.5 (longitudinal sections). AE, adhesive epidermis; CT, connective tissue; CU, cuticle; L, lumen; M, myomesothelium; NE, non-adhesive
epidermis; NP, nerve plexus, P, pigment cells.

contain proteins, glycans and lipids in varying proportions, as
well as metals involved in crosslinking (Richter et al., 2018).
Although adhesives from a growing number of organisms
belonging to different taxa have been characterized, these studies
are often based on a single species (Lengerer et al., 2019).
More interspecific comparisons between closely related and
unrelated species are needed to identify shared features, such as
biased amino acid distribution, repetitive regions, and recurrent
functional domains in putative adhesive and cohesive proteins.
This information can provide clues on the key components of
future biomimetic adhesives based on a particular amino acid
(e.g., catechol-containing polymers inspired by DOPA in mussels;
North et al., 2017), or on protein sequence repetitive regions
and recurrent functional domains (e.g., functional domain-
containing recombinant proteins based on the sequence of sea
star Sfp1, Lefevre et al., 2020).

Recent comparative inter-phylum analyses of adhesive
proteins revealed conserved blocks of different domains
indicative of common evolutionary origin (Davey et al., 2021).
It is currently known that the association of the domains vWD–
C8–TIL, typical of vertebrate gel-forming secreted proteins
like mucins, is recurrent in aquatic putative adhesive and
cohesive protein such as sea urchin alpha-tectorin like protein
(TR63383_c2_g1_i1), sea star Sfp1 (echinoderm), flatworm Mlig-
ap1 and −2 (platyhelminth), and limpet P-vulgata_3 (mollusc)
(Hennebert et al., 2014; Wunderer et al., 2019; Kang et al., 2020;
Pjeta et al., 2020). This might indicate that these proteins evolved
from a common mucin-like ancestor (Davey et al., 2021).

To find sequence conservation at the amino acid level,
interspecific comparisons within the same phylum or lower
taxonomic levels must be performed. In sea stars, Sfp1-like
sequences were found in 17 species, representative of 10 families
from four orders (Lengerer et al., 2019). However, high sequence
variability between the species, prevented the use of an antibody
directed against a specific peptide of Sfp1, thus restricting cross-
immunoreactivity within the disc adhesive epidermis to two out
of the 24 tested species (Lengerer et al., 2019). In sea urchins, no
cross-reactivity was found in the adhesive disc epidermis of seven

species belonging to three orders and five families of the Class
Echinoidea using an antibody raised against the bulk adhesive of
one species (Santos and Flammang, 2012).

In the present study, we demonstrated that an antibody against
P. lividus Nectin whole protein produces cross-immunoreactivity
in the tube foot epidermis and/or in the adhesive footprints of
the four tested species belonging to four families (Diadematidae,
Arbaciidae, Toxopneustidae, and Echinidae) and three orders
(Diadematoida, Arbacioida, and Camarodonta) (Figure 10).
More intense labeling, possibly indicative of a higher protein
sequence homology and consequently higher antibody affinity,
was observed in S. granularis which is phylogenetically
closer to P. lividus (both belong to order Camarodonta).
A similar result was obtained when we compared Nectin-like
protein sequences from ten species belonging to six families
(Cidaridae, Arbaciidae, Toxopneustidae, Strongylocentrotidae,
Echinometridae, and Echinidae) and three orders (Cidaroida,
Arbacioida, and Camarodonta). Closely related species belonging
to the same family have Nectins with higher sequence homology
(Supplementary Table 2).

Our immunohistochemical assays show that Nectin-like
proteins are present both in the non-adhesive stem and in
the adhesive disc of P. lividus, D. africanum, A. lixula and
S. granularis, indicating that, in adult sea urchins, it might
maintain an important cell adhesion role. However, a role
in tube foot adhesion cannot be discarded because Nectin is
consistently present in adhesive footprints. Moreover, like sea
star Sfp1, it possesses several tandemly repeated discoidin-like
(or F5/8 type C) domains, which allow protein-carbohydrate
interactions. However, Sfp1 is more clearly associated with sea
star tube foot adhesion because it is present exclusively in the
adhesive granules of all the species studied (Hennebert et al.,
2014; Lengerer et al., 2019).

The use of five lectins to detect N-acetylglucosamine (GSL
II), chitobiose (WGA, STL, LEL) and N-acetylgalactosamine
(SBA), confirmed that LEL produces a strong specific labeling of
P. lividus tube foot adhesive epidermis and footprints indicating
that the adhesive in this species contains N-acetyl-D-glucosamine
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FIGURE 7 | Lectin histochemistry on longitudinal sections through adoral tube feet from Diadema africanum (A,E,I,M,Q,U), Arbacia lixula (B,F,J,N,R,V),
Paracentrotus lividus (C,G,K,O,S,W) and Sphaerechinus granularis (D,H,L,P,T,X). Labeling (in green) of N-acetylglucosamine using GSL II (E–H); chitobiose using
WGA (I–L), STL (M-P) and LEL (Q–T), and N-acetylgalactosamine using SBA (U–X). Negative controls (U–Z) in which the lectin has been replaced by buffer. AE,
adhesive epidermis; CU, cuticle; GSL II, Griffonia simplicifolia lectin II; LEL, Lycopersicon esculentum lectin; SBA, Soybean agglutinin; STL, Solanum tuberosum
lectin; WGA, wheat germ agglutinin.
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FIGURE 8 | Lectin histochemistry of footprints deposited by adoral tube feet from Diadema africanum (A,E,I,M,Q), Arbacia lixula (B,F,J,N,R), Paracentrotus lividus
(C,G,K,O,S) and Sphaerechinus granularis (D,H,L,P,T) using GSL II to detect N-acetylglucosamine (A–D); WGA (E–H), STL (I–L) and LEL (M–P) to detect
chitobiose; and SBA (Q–T) do detect N-acetylgalactosamine. GSL II, Griffonia simplicifolia lectin II; LEL, Lycopersicon esculentum lectin; SBA, Soybean agglutinin;
STL, Solanum tuberosum lectin; WGA, wheat germ agglutinin.

β (1,4)N-acetyl-D-glucosamine oligomers with up to 4
carbohydrate units (Simão et al., 2020). Interestingly, in
S. granularis, also from the order Camarodonta, it was WGA
(and GSL II to a minor extent) which produced an intense
labeling of the footprints and the cuticle covering the adhesive
epidermis. This indicates that the adhesive in S. granularis also
contains chitobiose but with a lower number of units than in
P. lividus. These glycans seem to be conjugated to proteins
since LEL in P. lividus and WGA in S. granularis pinpointed
strongly labeled bands at 35 and > 100kDa (Figure 10). Whether

these glycoproteins are homologous remains unanswered,
but similar glycans in phylogenetically related species are
demonstrated here. For A. lixula, no specific labeling was
obtained with the tested lectins. The tube foot adhesive
epidermis in D. africanum was stained with SBA, suggesting
the presence of N-acetylgalactosamine, but lectin-blots did not
corroborate this. The lectin-blots also revealed the presence
of two glycoproteins (around 75 and 135 kDa) containing
N-acetylglucosamine and N-acetylgalactosamine residues that
are conserved in all the species, being present both in disc and
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FIGURE 9 | Total corrected fluorescence (TCF) of footprints deposited by the adoral tube feet of Diadema africanum, Arbacia lixula, Paracentrotus lividus and
Sphaerechinus granularis, and labelled with GSLII (A), WGA (B), STL (C), LEL (D) and SBA (E). TCF units are arbitrary. Data are expressed as means ± SD in each
species. Significant interspecific differences between means for a given lectin are indicated by letters in superscript; means sharing at least one letter are not
significantly different (P > 0.05, multiple comparison test of Tukey).

stem extracts. These two proteins had been previously reported
in P. lividus, being present in the cytoplasm and microvilli of
epidermal support cells (Simão et al., 2020). Torn microvilli
might explain the fluorescent labeling observed in the footprints
of all the species with the five tested lectins.

Future studies should perform a full lectin screening for each
sea urchin since the composition of the glycosidic fraction of their
adhesives seems to be quite variable between species. It should
also be stressed that lectins produced much higher corrected
fluorescence of the footprints (Figures 4, 9) and a more precise
detection of disc-specific proteins (Figure 5) than antibodies.
One explanation could be that Nectin detected by the antibody

used, is not so relevant for sea urchin adhesion, compared
to other glycoproteins detected by the lectins. Glycoproteins
are ubiquitous in aquatic adhesives (see Introduction) and
glycosylation is pointed to increase conformational stability,
enhance protein-binding ability, and make proteins more
resistant to degradation (Rzepecki and Waite, 1993; Smith et al.,
1999; Smith and Morin, 2002; Ohkawa et al., 2004; Urushida et al.,
2007; Zhao et al., 2009; Hennebert et al., 2011, 2014; Pagett et al.,
2012; Roth et al., 2012; Wunderer et al., 2019).

Our study demonstrates that although the external
morphology of sea urchin tube feet is quite alike, their histology
and secretory granule ultrastructure vary between species.
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FIGURE 10 | Taxonomy, habitat, and adhesive composition of the analyzed echinoid species. Phylogeny according to Koch and Thompson (2020). Habitat
information provided by https://www.sealifebase.ca and http://www.marinespecies.org/echinoidea/. IHC, immunohistochemistry.

As hypothesized by Santos and Flammang (2006), species
inhabiting hard substrata in areas with high hydrodynamic
forces possess more robust tube foot discs (with denser skeletal
elements and thicker muscle and connective tissue layers) than
species typical of soft substrata in less exposed habitats. Disc
morphology appears independent of tube foot tenacity, since
the adhesive force per unit area of individual sea urchins from
species with contrasted morphology, taxonomy and ecology
is not markedly different (Santos and Flammang, 2006, 2008).
What seems to be a significant selective pressure to determine
habitat distribution, is the size and shape of the sea urchins.
D. africanum with its long thin spines and S. granularis with
its big, rounded test are morphologically less adapted to cope
with hydrodynamism, being dislodged at lower water velocities
than A. lixula and P. lividus (Santos and Flammang, 2007;
Tuya et al., 2007). Thus, interspecific tenacity differences seem
to be related to dissimilarities in the adhesive composition.
A considerable variation in the internal organization of adhesive
secretory granules has been observed, but no correlation could
be established with taxonomy, habitat, or tube foot morphology
(Santos and Flammang, 2006; present study). Although we
analyzed tube feet from at least three animals with different
test size per species, no influence of age on secretory granule
ultrastructure was found either. However, accurate estimation of
sea urchin age is still a subject that remains open to discussion
(Russell and Meredith, 2000; Narvaez et al., 2016). The present
study revealed conservation of Nectin-like proteins among the
eleven studied species, but a significant variation of the glycan
residues that compose their footprints. However, taxonomically
closer species, like P. lividus and S. granularis, seem to possess
putative adhesive glycoproteins with similar molecular weights
(35 and > 100kDa) and glycans (chitobiose - disaccharides of β-
1,4-linked glucosamine units) although with a different number
of repetitive oligomers. Nectin, via its discoidin domains, can
bind the N-acetylglucosamine carbohydrate moieties (Costa
et al., 2010) present in the adhesive glycoproteins, contributing
to connect the disc epidermis to the adhesive secretion and thus
increasing the cohesion of this interface. The adhesive footprint
interspecific glycan variability might also have implications
for the enzymatic de-adhesion of temporary attaching marine

animals (Lengerer and Ladurner, 2018). Indeed, proteases and
glycosidases have been detected in the footprint proteome of the
sea star A. rubens (Hennebert et al., 2015), and are also highly
over-expressed in sea urchin P. lividus adhesive discs relatively
to non-adhesive stems (Lebesgue et al., 2016). Provided that
a de-adhesive enzyme-based secretion would cleave the bond
between the tube foot cuticle and the adhesive material (Lengerer
and Ladurner, 2018), it should be specific to the protein and
glycan composition of each species. This hypothesis should be
investigated in future studies.

Finally, our findings support data reported on sea stars and
barnacles showing that in large structural proteins (like Sfp1
in sea stars, cp-100 k in barnacles and Nectin in sea urchin),
the selection pressure is high for the conservation of functional
domains (He et al., 2018; Lengerer et al., 2019). The same authors
suggested that in small surface-binding proteins, the relative
amino acid composition is more variable, being potentially
more influenced by adaptations to the habitat and mode of
living. More genomic data and tube foot-specific transcriptomes
would be required for sea urchins to allow further comparisons
of full-length protein sequences. This study shows that post-
translational modifications like glycosylation must be taken in
the equation since we found evidence of large variation in terms
of the conjugated glycans, but with indications of taxonomy-
related conservation.
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Phytoplankton biomass, through its proxy, Chlorophyll a, has been assessed at
synoptic temporal and spatial scales with satellite remote sensing (RS) for over two
decades. Also, RS algorithms to monitor relative size classes abundance are widely
used; however, differentiating functional types from RS, as well as the assessment
of phytoplankton structure, in terms of carbon remains a challenge. Hence, the main
motivation of this work it to discuss the links between size classes and phytoplankton
groups, in order to foster the capability of assessing phytoplankton community structure
and phytoplankton size fractionated carbon budgets. To accomplish our goal, we used
data (on nutrients, photosynthetic pigments concentration and cell numbers per taxa)
collected in surface samples along a transect on the Atlantic Ocean, during the 25th
Atlantic Meridional Transect cruise (AMT25) between 50◦ N and 50◦ S, from nutrient-rich
high latitudes to the oligotrophic gyres. We compared phytoplankton size classes from
two methodological approaches: (i) using the concentration of diagnostic photosynthetic
pigments, and assessing the abundance of the three size classes, micro-, nano-, and
picoplankton, and (ii) identifying and enumerating phytoplankton taxa by microscopy
or by flow cytometry, converting into carbon, and dividing the community into five
size classes, according to their cell carbon content. The distribution of phytoplankton
community in the different oceanographic regions is presented in terms of size classes,
taxonomic groups and functional types, and discussed in relation to the environmental
oceanographic conditions. The distribution of seven functional types along the transect
showed the dominance of picoautotrophs in the Atlantic gyres and high biomass
of diatoms and autotrophic dinoflagellates (ADinos) in higher northern and southern
latitudes, where larger cells constituted the major component of the biomass. Total
carbon ranged from 65 to 4 mg carbon m−3, at latitudes 45◦ S and 27◦ N, respectively.
The pigment and cell carbon approaches gave good consistency for picoplankton and
microplankton size classes, but nanoplankton size class was overestimated by the
pigment-based approach. The limitation of enumerating methods to accurately resolve
cells between 5 and 10 µm might be cause of this mismatch, and is highlighted as
a knowledge gap. Finally, the three-component model of Brewin et al. was fitted to
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the Chlorophyll a (Chla) data and, for the first time, to the carbon data, to extract the
biomass of three size classes of phytoplankton. The general pattern of the model fitted to
the carbon data was in accordance with the fits to Chla data. The ratio of the parameter
representing the asymptotic maximum biomass gave reasonable values for Carbon:Chla
ratios, with an overall median of 112, but with higher values for picoplankton (170)
than for combined pico-nanoplankton (36). The approach may be useful for inferring
size-fractionated carbon from Earth Observation.

Keywords: phytoplankton structure, size classes, functional groups, Atlantic regions, Carbon:Chla ratio

INTRODUCTION

Given present climate change scenarios, improved understanding
of biogeochemical cycles, notably carbon, is crucial. The CO2
cycle is affected greatly by primary production by plants on land
and algae in the oceans. Chlorophyll a (Chla) has traditionally
been used as a proxy for phytoplankton biomass and can be
assessed by Earth Observation (EO) on synoptic spatial scales and
over an increasing timespan (currently, 1997–2022).

Phytoplankton is a complex and diverse community
constituted by several taxonomic classes, with cell sizes spanning
from 0.6 to 200 µm, with different ecological roles and nutrient
requirements. Phytoplankton size structure is acknowledged
as a fundamental property controlling the ecological and
biogeochemical functioning of pelagic ecosystems (Chisholm,
1992; Cermeño and Figueiras, 2008; Dutkiewicz et al., 2020).
However, the identification and enumeration of taxa by
microscopy is a time-consuming procedure, highly dependent on
expertise, and impossible to undertake at the temporal and spatial
resolution needed to assess the state of the oceans. Hence, there
has been a strong focus on estimating phytoplankton community
structure by measuring diagnostic pigments (Vidussi et al.,
2001), whilst establishing the link with phytoplankton size classes
(PSCs) (Uitz et al., 2006). Typically, three size classes have been
described for phytoplankton: picoplankton (diameter <2 µm),
nanoplankton (diameter from 2 to 20 µm) and microplankton
(diameter >20 µm) (Sieburth et al., 1978), and their occurrence
is strongly linked with oceanographic conditions.

Models relating PSC to the Chla concentration estimated by
EO are well established (e.g., Hirata et al., 2008; Brewin et al.,
2010; amongst others), and used in operational EO services
such as the United Kingdom NERC EO Data Analysis and AI
Service (NEODAAS1) and the Copernicus Marine Environment
Monitoring Service (CMEMS2). These models have been
extensively validated with in situ data of photosynthetic pigments
concentration from High Performance Liquid Chromatography
(HPLC) in the water column (Brewin et al., 2012, 2017a; Brotas
et al., 2013; Brito et al., 2015; Lamont et al., 2018; Liu et al., 2021;
amongst others).

However, as Sathyendranath et al. (2020) pointed out,
achieving a good estimation of phytoplankton global biomass
and size structure in terms of carbon is paramount to our

1www.neodaas.ac.uk
2https://marine.copernicus.eu/

understanding of oceanic geological cycles. These authors stress
that monitoring both Chla and carbon concentration in the
ocean is mandatory to improve our knowledge of phytoplankton
dynamics, stressing that it is not a matter of choice between
Chla or carbon. Assessing carbon phytoplankton dynamics by
EO is challenging, and in a review paper by Brewin et al.
(2021), there is an increasing interest in satellite phytoplankton
carbon products. This work notes that only a few approaches
for detecting phytoplankton carbon products from space are
available (Kostadinov et al., 2016; Jackson et al., 2017; Roy et al.,
2017). In addition to PSCs, interest has also focused on retrieving
phytoplankton functional group (PFT) abundance (see Nair et al.,
2008; Hirata et al., 2011; Losa et al., 2017; amongst others) and is
presently considered a priority in ocean colour remote sensing
(see IOCCG, 2014; Bracher et al., 2017 for a review). The above
goals are strongly connected, requiring a better understanding
of the correspondence of PSC and PFT, on one side, and the
possibility of assessment of phytoplankton size structure in terms
of Carbon by EO, on the other side.

To address these questions, we used data collected along
a transect in the Atlantic Ocean, covering a wide geographic
range with distinct oceanographic environmental conditions.
The Atlantic Meridional Transect (AMT3) is a long-term
multidisciplinary research programme studying the Atlantic
biogeochemistry and oceanography from ∼50◦ N to 50◦ S.
The AMT programme constitutes one of the few long-term
studies over the Atlantic Ocean, collecting data on wide variety
of physical and biogeochemistry properties over a very large
geographical range (Aiken et al., 2016). It was initiated in 1995
with biannual cruises, and after 2000 with annual cruises, sailing
from the United Kingdom to the Falkland Islands, South Africa,
or Chile (Rees et al., 2015). These authors describe the evolution
of the objectives during the several phases of the programme.
Two key AMT aims have been quantifying causes of variability
in planktonic ecosystems and delivering ground-truth data for
satellite missions. The phytoplankton community taxonomic
composition has been studied in the AMT programme using
Flow Cytometry (FC) (Tarran et al., 2001, 2006), FC and
FlowCAM for the microplankton community groups Fileman
et al. (2017), or by filter examination by Scanning Electronic
Microscopy focusing only on Coccolithophores (Poulton et al.,
2017). However, there is a lack of studies quantifying the cell
numbers of the whole phytoplankton community, in particular,

3www.amt-uk.org
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species with cell diameter >10 µm. Published results with species
identification and enumeration only target the period between
1996 and 2000 (Sal et al., 2013); these data have been used in
several works, such as Marañón et al. (2014) and Dutkiewicz et al.
(2020).

The present work assesses phytoplankton community size
structure using both pigments and carbon concentration
(converted from cell enumeration) and applies the Brewin et al.
(2010) model to both datasets, making this work the first attempt
to apply the model to carbon data: this provides the basis to infer
size fractionated carbon from EO data.

The main objectives of this study were the following:
(i) to analyse and compare PSCs with two methodological
approaches: the pigment approach and cell enumeration
converted into carbon; (ii) to apply the abundance size class
model of Brewin et al. (2010) to a size class abundance
based on carbon, (iii) to study the biomass and composition
of phytoplankton communities along distinct environmental
conditions of the Atlantic Ocean, discussing the links between
phytoplankton taxonomic groups, size classes, and functional
types. The ultimate goal aims to contribute to strengthening the
capability of assessing phytoplankton community structure and
phytoplankton carbon budgets by satellite EO.

MATERIALS AND METHODS

Sampling
This work was conducted on board the Royal Research Ship
James Clark Ross within the AMT programme. The cruise took
place from September 15th to November 3rd, 2015,4 along a track
spanning from 50.033◦ N and 4.375◦ W to 49.777◦ S and 54.509◦
W. Figure 1 plots the cruise track over images of SST (Sea Surface
Temperature) and Chla obtained for the whole cruise period.

Seawater samples were taken from 24 × 20 L OTE (Ocean
Test Equipment) CTD bottles mounted on a stainless steel rosette
frame and a Seabird CTD system. The samples were taken from
the predawn and noon CTD casts.

For microscopic and flow cytometric enumeration of
phytoplankton, and HPLC, only surface samples, taken from a
water depth between 2 and 5 m were analysed. Nutrient samples
were collected at every depth from each CTD cast according to
GO-SHIP protocols.

Nutrients and Mixed Layer Depth
To determine nutrients content, water samples taken at each
CTD cast were sub-sampled into clean (acid-washed) 60 mL
HDPE (Nalgene) sample bottles, which were rinsed three times
with sample seawater prior to filling and capping. The samples
were analysed on the ship as soon as possible after sampling and
were not stored or preserved.

Micro-molar nutrient analysis was carried out on board
using a four channel SEAL analytical AAIII segmented flow
nutrient auto-analyser. The colorimetric analysis methods used
were: Nitrate (Brewer and Riley, 1965, modified), Nitrite

4https://www.amt-uk.org/Cruises/AMT25

(Grasshoff, 1976), and Phosphate and Silicate (Kirkwood, 1989).
Sample handling and protocols were carried out where possible
according to GO-SHIP protocols (Becker et al., 2020).

Mixed Layer Depth (MLD) was determined following the
temperature criterion (Levitus, 1982), which defines the mixed
layer as the depth at which temperature change from the surface
value is 0.5◦C.

Microscope Cell Identification and
Counting
Samples were collected at 57 stations, at 2 or 5 m depth. For
each sampling site, two samples of 200 mL were put in amber
glass bottles; one fixed with neutral Lugol’s iodine solution
(2% final concentration) and the other with formaldehyde
(2% final concentration). In the laboratory, observations were
carried out with a Zeiss Axiovert 200 inverted microscope.
Cells >10 µm were counted in a 50 mL chamber, following the
Utermöhl method (Utermöhl, 1958). Species from the following
divisions/classes were identified and counted from Lugol’s-
fixed samples: Bacillaryophyceae (Diatoms), Dinophyceae,
separated into ADinos and heterotrophic dinoflagellates
(HDinos), Prasinophyceae; furthermore the genus Phaeocystis
and filamentous cyanobacteria belonging to three genera were
also quantified. These groups were defined according to work
carried out on AMTs 1 to 10, from which a database of taxa
identified by microscopy is presented (Sal et al., 2013). The
distinction between autotrophic and heterotrophic dinoflagellate
species followed the same database.

For the formaldehyde bottle, only coccolithophore species
>10 µm were identified and enumerated (due to coccolith
degradation in Lugol’s-fixed samples).

Species identifications were checked against species
records of AMTs 1, 3, 5, and 7, which occurred in Boreal
Autumn, in common with the 25th Atlantic Meridional
Transect (AMT25) cruise.

Flow Cytometer Cell Analysis
Samples were collected in clean 250 mL polycarbonate bottles
from the CTD system, stored in a refrigerator and analysed
within 3 h of collection. Fresh samples were analysed using
a Becton Dickinson FACSort flow cytometer. Within the
analysis window it was possible to resolve six different groups:
Prochlorococcus spp., Synechococcus spp., pico-eukaryotes
(PEUK), coccolithophores within 5–8 µm (COCCOS),
cryptophytes (CRYPTO), and other nanophytoplankton
(NEUK), following the methodology described in Tarran et al.
(2006).

Flow cytometer targets the smaller component of
phytoplankton cells, from equivalent spherical diameter
(ESD) of <1 µm up to ca 10 µm, whereas microscopy may
identify cells with ESD ≥10 µm.

Cell Carbon Estimates
In order to compare all components of the phytoplankton
community, cell abundance of each taxa was converted into
carbon content (mg carbon m−3).
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FIGURE 1 | Composite images of Sea Surface Temperature (SST), left, and Chla, right, obtained from September 11, 2015 until November 4, 2015, showing the
cruise track with the sampling stations. Chla image was obtained from the OC-CCI portal (www.oceancolour.org). Courtesy of NEODAAS.

For phytoplankton cells counted by microscopy, the cell
carbon content was obtained mainly from the AMT database
published by Sal et al. (2013). For species absent in the
AMT database, biovolume was converted to cell carbon
using the conversion factors presented by Menden-Deuer and
Lessard (2000). Species biovolume was calculated either from
measurements using photographic images taken during this
study, using the geometrical forms indicated by Hillebrand et al.
(1999), Sun and Liu (2003), and Olenina et al. (2006), or if not
possible, from the species biovolume indicated by Olenina et al.
(2006). It should be noted that the estimation of carbon content
through biovolume implies a certain bias in the data, as in larger
cells the carbon content is probably overestimated in comparison
to smaller cells, where the cellular content is more tightly packed.

For filamentous and colonial species, the total number of cells
was estimated by measuring the cell dimension, and the length of
the filament or colony. Then, biovolume and carbon conversion
factors were applied.

For cells measured by flow cytometry, cell numbers of
Prochlorococcus and Synechococcus were converted to cell carbon
by applying conversion factors of 32 and 110 fg carbon
cell−1, respectively, following Tarran et al. (2001). Cell carbon
content factors for PEUK, NEUK, CRYPTO, and COCCOS,
were 0.44, 3.53, 23.66, and 33.37 pg carbon cell−1 respectively
(Tarran et al., 2006).

Due to a malfunction with the flow cytometer during the first
week of the cruise, NEUK, CRYPTO, and COCCOS were counted
only from south of 37◦ N.

Photosynthetic Pigments and the Three
Size Class Pigment Approach
A volume of 1–4 L of seawater was vacuum-filtered through
25 mm diameter GF/F filters. Filters were folded into 2 mL
cryovials and stored immediately in the −80◦C freezer. For each
station, duplicate samples were taken.

Phytoplankton pigments were determined later in the
laboratory using HPLC, following the method of Zapata et al.
(2000) with adaptations described in (Brewin et al., 2017a).

Pigments were extracted from the sample filters into 2 mL 90%
acetone using an ultrasonic probe (50 W) for 35 s. Extracts were
clarified by filtration and analysed by reversed-phase HPLC using
a Thermo Accela Series HPLC system with chilled autosampler
(4◦C) and photodiode array detector. The column used was a
Waters C8 Symmetry; 150 × 2.1 mm; 3.5 µm particle size, with
a flow rate of 200 µL min−1. The HPLC was calibrated using
a suite of standards purchased from DHI (Denmark). Pigments
were identified based on retention time and spectral match using
a photo-diode array.

A quality control filter was applied to all pigment data,
following Aiken et al. (2009), which uses the relationship of
accessory pigments (i.e., all carotenoids plus chlorophylls b
and c) and total Chla (the sum of monovinyl chlorophyll-a,
divinyl chlorophyll-a and chlorophyllide a) to accept or eliminate
particular samples.

The three size classes abundances were estimated according to
Uitz et al. (2006), and this method is designated hereafter as the
pigment approach. The fraction of each size class is given by the
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ratio of the diagnostic pigments characteristic of the algal groups
contributing to that size class, to the sum of all seven diagnostic
pigments. Hence, the weighted sum of all diagnostic pigments,
equivalent to total chlorophyll-a is computed from the expression
C = 6 WiPi, where W (weight) = {1.51, 1.35, 0.95, 0.85, 2.71,
1.27, 0.93}, and P (pigments) = {fucoxanthin, peridinin,
19′hexanoyloxyfucoxanthin, 19′butonoyloxyfucoxanthin,
alloxanthin, chlorophyll b + divinyl chlorophyll b, and
zeaxanthin}. The weight of each diagnostic pigment was
proposed by Brewin et al. (2015), after investigating the influence
of ambient light on a vast dataset.

The fractions were then multiplied by the in situ total
chlorophyll-a concentration (TChla) to derive size-specific
chlorophyll-a concentrations.

Several of the diagnostic pigments considered above are
shared by different phytoplankton taxonomic groups; hence,
further developments of the size-class approach have been
proposed after Uitz et al. (2006), namely in relation to the
pigments 19′hexanoyloxyfucoxanthin (HF) and fucoxanthin
(FUCO). We used the corrections proposed by Brewin et al.
(2010) to account for the presence of HF in both nano- and
pico-plankton, when total Chla concentration was lower than
0.08 mg m−3. For example, the pigment HF is also abundant in
pelagophytes, a group which spans from pico- to nanoplankton
(Jeffrey et al., 2011).

Concerning FUCO, a common pigment in several classes
allocated to both micro- and nanoplankton fractions, Devred
et al. (2011) proposed an adjustment, defining a factor Pfuco
which represents the sum of FUCO from microplankton (Pfuco,m)
and from nanoplankton (Pfuco,n). Later, Brewin et al. (2015)
combined the method of Brewin et al. (2010) and of Devred et al.
(2011) to estimate the fraction of nanoplankton (their equation
5), refining the factor WfucoPfuco,n with coefficients obtained
from a wide pigments database; this factor is subtracted in the
microplankton equation and added in the nanoplankton one.
This approach was followed in the present work.

Size Class Classification From Cell
Carbon Content
We used the three size classes defined above for the pigment
approach. However, regarding cell enumeration, we divided the
whole community into five size classes, in order to account for
the large diversity of cell morphology and characteristics of all
nanoplankton components, as well as for the smaller diatoms
and dinoflagellates. This resulted in splitting the nanoplankton
size class into three subcategories. To avoid confusion, we will
identify the size classes as pigment approach size classes or carbon
approach size classes.

Each species/taxon was allocated to one class, in accordance
with the value of carbon content per cell. The five classes were
as follows: class 1: <2 pg carbon cell−1; class 2: 2–10 pg carbon
cell−1; class 3: 10–50 pg carbon cell−1; class 4: 50–180 pg carbon
cell−1; and class 5: >180 pg carbon cell−1.

Table 1 presents the carbon class boundaries defined above,
with the corresponding biovolume, and ESD. The boundaries of
the smallest and largest classes correspond to picoplankton and

microplankton, respectively, but the three intermediate classes
represent what is typically classified as nanoplankton, with an
ESD between 2.7 and 17.5 µm. The correspondence between
taxonomical classes/entities with both PSC and PFTs, to be
discussed later, is presented in the Table 2.

The upper limit for picoplankton is not agreed in the literature,
varying between 2 µm (Jeffrey et al., 2011) and 3 µm (Buitenhuis
et al., 2012), who note that the size range is a source of ambiguity
for estimating carbon budget. By establishing 2.7 µm we are near
the value indicated by Buitenhuis et al. (2012).

It should be stressed that diatoms and dinoflagellates have a
wide variety of forms; hence, for any cell with a non-spherical
shape, at least one of the dimensions is bigger than the ESD.
For example, the smallest diatom species observed in this work,
Cylindrotheca closterium, with a cell carbon content of 15 pg, and
a biovolume of 200 µm3, has a rotational ellipsoid form, where
the width is 2.8–5.5 µm and length 20–35 µm (Olenina et al.,
2006). Hence, establishing the carbon class 4, with ESD from 10.3
to 17.5 µm is relevant to estimate the contribution of smaller
diatoms and dinoflagellates.

Three-Component Model of
Phytoplankton Size Class
The three-component model of PSCs of Brewin et al. (2010), was
fitted to the Chla data as well as to the carbon data. The model
estimates the fractional contribution of the three PSCs ( micro-,
nano-, and picoplankton), defined from the pigment content as
a function of total Chla, as described above. The model has
been successfully applied to widespread datasets (Brewin et al.,
2015, 2017a) and to specific oceanic regions (Brotas et al., 2013;
Brito et al., 2015; Brewin et al., 2017b; Corredor-Acosta et al.,
2018). The model assumes that TChla derives from the sum of
Chla from the three PSCs, and uses two exponential functions to
calculate Cp,n (Chla of nano+ picoplankton), and Cp (Chla from
picoplankton), as a function of TChla (denotedC in the equations
below), according to the following equations from Brewin et al.
(2015):

Cp,n = Cm
p,n

[
1− exp

(
−
Dp,n

Cm
p,n

C

)]

Cp = Cm
p

[
1− exp

(
−
Dp

Cm
p
C

)]
Cm

p,n and Cm
p are the asymptotic maximum values of Chla

for the two size classes (<20 µm and <2 µm, respectively).
The Chla concentration of nanophytoplankton (Cn) and micro-
phytoplankton (Cm) are simply calculated as Cn = Cp,n − Cp and
Cm = C− Cp,n.

Dp,n and Dp reflect the fraction contributed by each size class
to TChla as TChla tends to zero, and they should take values
in the range between 0 and 1 to ensure size-fractionated Chla
does not increase faster than TChla. Also, Dp should never exceed
Dp,n, as the fraction of cells <2 µm must obviously be smaller
than the fraction of cells <20 µm.

Here, we also fitted the same set of equations to the
carbon data, where in this case C becomes carbon, and the
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TABLE 1 | List of the five plankton classes defined according to: Carbon per cell content, biovolume, and size as equivalent spherical diameter (ESD).

Size class Pg Carbon per cell Biovolume µm3 ESDµm Diat ADinos HDinos COCCOS NEUK PEUK Syn Pro

1 – Picoplankton <2 0.07–10.90 0.5–2.7 1–FC 1–FC 1–FC

2 – Nanoplankton 2–10 10.90–79.70 2.7–5.34 FC 3–FC

3 – Nanoplankton 10–50 79.70–578.00 5.34–10.34 2 1 10 1–M

4 – Nanoplankton 50–180 578–2800 10.34–17.5 7 10 2 11

5 – Microplankton >180 >2800 >17.5 33 72 30 4

Number of species (or taxa) assigned for each class is indicated.
FC, measurements by flow cytometry; M, microscopy; Diat, diatoms; ADinos, autotrophic dinoflagellates; HDinos, heterotrophic dinoflagellates; COCCOS,
coccolithophores; NEUK, nanoeukaryotic phytoplankton; PEUK, picoeukaryotic phytoplankton; Syn, Synechococcus spp. cyanobacteria; Pro, Prochlorococcus
spp. cyanobacteria.

set of parameters (Cm
p,n, Cm

p , Dp,n, and Dp) are with respect
to carbon biomass.

RESULTS

Nutrients and Mixed Layer Depth
The concentrations of nitrate + nitrite, phosphate and silicate,
from surface to 200 m depth, as well as the depth of the mixed
layer is illustrated in Figure 2. Concentration of nitrate + nitrite
and phosphate in the surface were below quantification limits
in most stations. MLD was from 50 to 11 m in the Northern
hemisphere, reaching values higher than 90 m in the southern
hemisphere (from latitudes 30 to 38◦ S), with a maximum value
of 187 m at 36◦ S.

High nutrient values throughout the water column up to the
surface were present only south of 40◦ S. The low concentration
of nutrients down to 200 m in the North Atlantic Gyre (NAG)
and South Atlantic Gyre (SATL) is clearly visible.

Nitrate + nitrite values within the MLD were above
quantification limit only in three distinct areas, within a narrow
range of latitudes, namely from 50 to 44◦ N, from 0 to 8◦ S,
and from 35 to 49◦ S. Values for silicate within the MLD were
always above quantification limit, whereas for phosphate values
were below quantification limit in NAG but not in SATL.

Phytoplankton Community Composition
Microscopy and Flow Cytometer Analysis
Using the cell carbon content allowed comparison of the biomass
contribution of all phytoplankton classes/divisions in the Atlantic

TABLE 2 | Relation between taxonomic group or entity, phytoplankton size
classes (PSCs), and phytoplankton functional groups (PFTs).

Taxonomic group/entity PSC PFT

Diatoms Microplankton Silicifiers

Autotrophic dinoflagellates (ADinos) Microplankton Dinoflagellates

Heterotrophic dinoflagellates
(HDinos)

Microplankton Heterotrophic
dinoflagellates

Coccolithophores Nanoplankton Calcifiers

NEUK Nanoplankton Mixed NEUK

PEUK Picoplankton Picoautotrophs

Synechococcus Picoplankton Picoautotrophs

Prochlorococcus Picoplankton Picoautotrophs

transect, considering both the cell counts done by microscopy
and by FC. By microscopy, taxa from the following groups
were enumerated: bacillaryophyceae (diatoms, 43 taxa), ADinos
(84 taxa), HDinos (32), coccolithophores > 10 µm (25 taxa),
filamentous cyanobacteria (5 taxa), prasinophyceae (7 taxa),
and the haptophyte Phaeocystis spp. Taxa were identified at the
species level, whenever possible. By flow cytometer, six groups
were enumerated, Prochlorococcus spp., Synechococcus spp.,
picoeukaryotes (PEUK), coccolithophores <10 µm (COCCOS),
cryptophytes (CRYPTO), and nanoeukaryotes (NEUK).

The relative abundance of the various phytoplankton groups,
expressed in cell carbon content per volume is displayed in
Figure 3, whereas the absolute values are detailed in Figure 4.
There was a dominance of prokaryotic picoplankton groups
throughout the latitudinal gradient, except for the stations
located between 48–47◦ N and 48–49◦ S. The contribution of
Prochlorococcus to total cell carbon m−3 (Figure 4A) was higher
than 50% from 43◦ N to 26.5◦ S, with the exception of the region
influenced by the equatorial upwelling south of the equator (0◦ to
8◦ S); its biomass decreased sharply with decreasing temperatures
(Figures 1, 3), south of 35◦ S. Synechococcus biomass increased
in the Southern latitudes, and in the equatorial upwelling region
(Figures 3, 4B). The group PEUK encompassed various taxa,
poorly known; its biomass attained values above 5 mg carbon
m−3 only in a few stations of high northern and southern
latitudes, as well as in the equatorial upwelling region, with values
of 2–4 mg carbon m−3.

Diatoms were present at the majority of stations. High biomass
values were found in the English Channel and southern latitudes,
reaching a maximum value at most southern station (49◦ S),
where the genus Pseudonitzschia and the large species Proboscia
alata were dominant. Diatom biomass also increased between 1.7
and 8◦ S, due to the following taxa: Thalassiothrix, Rhizosolenia,
Pseudonitzschia, and small pennate diatoms. Diazotrophic
diatoms, belonging to the genus Hemiaulus, with Hemiaulus
hauckii as the more abundant species, attained significant
concentrations at latitude 15◦ N, near, but not coincident with
the Trichodesmium peak.

Autotrophic and heterotrophic dinoflagellates are presented
separately, as each group has very different ecological
requirements. Autotrophic small unchained species were
present at low abundance along the transect. From latitudes
45.6◦ to 41.5◦ N, the small toxic species Prorocentrum cordatum
was abundant (from 0.8 to 2.4 × 103 cells L−1) In the South
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FIGURE 2 | Concentration of nitrate + nitrite (A), phosphate (B) and silicate (C), from surface to 500 m depth, along the AMT25 transect, with the Mixed Layer
Depth plotted along the transect.

Atlantic, a sharp increase in ADinos occurred at 42.7◦ S, attaining
4 × 104 cells L−1, corresponding to 28.6 mg carbon m−3, with
a clear dominance of Oxytoxum spp. as well as the large-cell
Karenia genus.

Heterotrophic dinoflagellates had very low abundance
throughout the transect, with median and maximum values
of 0.11 and 1.92 mg carbon m−3, respectively. The maximum
value was recorded at latitude 47.52◦ N, with the species
Protoperidinium divergens.

The category “NEUK” (Figure 4D) includes cells counted
under the microscope, namely Prasinophyceae and the genus
Phaeocystis (haptophyta) as well as cells enumerated using the
flow cytometer such as cryptophytes and other nanoeukaryotes.
It should be underlined that cryptophytes and nanoeukaryotes
enumerated by FC accounted, on average, for 99% of total carbon
of the total “NEUK” category, and never less than 95%. This
discrepancy is due to the difficulty in identifying small (<10 µm)
flagellated cells by microscopy, as well as to the different order
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FIGURE 3 | Relative abundance of major phytoplankton groups, enumerated by FC or microscopy and estimated in mg carbon m−3, along the AMT transect (N-S),
Chla value is also plotted. The correspondence between groups and size classes is given by the colour code: Picoplankton, blue tones; Nanoplankton, yellow and
green; Microplankton, red and brown. Longhurst provinces are indicated. NADR, North Atlantic Drift; NAST, North Atlantic Subtropical Gyre; NATR, North Atlantic
Tropical Gyre; WTRA, Western Tropical Atlantic; SATL, South Atlantic Gyre; SAC, South Atlantic Convergence.

of magnitude of multiplying factors used in microscopy, 20 for
a 50 mL Utermöhl chamber, versus 1250–2000 for the 500–
800 µL of a sample analysed by FC, to a final result for both
with cell abundance expressed per litre. Due to malfunctioning
of the flow cytometer during the first week of the cruise, NEUK,
CRYPTO, and COCCOS <10 µm diameter were not recorded
in the northern latitudes. For this reason, the plot only displays
“NEUK” from 37◦ N southwards, showing a biomass increase
south of the equator and in the Southern Ocean.

Coccolithophores include cells identified and counted by
microscopy (>10 µm diameter) and cells enumerated by FC
(<10 µm diameter). The percentage of species with >10 µm
diameter in relation to the total is higher than 20% in the majority
of the transect, attaining a maximum of 93% at latitude 19.3◦ N,
due to the species Umbilicosphaera cf sibogae, with cell diameters
of 20–30 µm; the total coccolithophore biomass also increased
in the equatorial upwelling and southern latitudes (>30◦ S),
reaching a maximum at 1.7◦ S, due to high cell numbers of
the same species. The species Emiliania huxleyi was present
throughout the transect, confirming its ubiquity, peaking in
48.9◦ S.

Nitrogen fixing filamentous cyanobacteria, namely
Oscillatoria, Planktothrix, and principally Trichodesmium
were present between 30◦ N and 4◦ N, attaining values >1 mg
carbon m−3 between 15 and17◦ N, where MLD was shallower
and surface nitrate + nitrite values negligible, but absent at all
the other stations.

Phytoplankton Functional Types Dominance on the
Different Oceanic Regions
The definition of Phytoplankton Functional Types (PFT) varies
depending on the aim of the research, hence, there is no
straightforward correspondence to taxonomical classes/divisions
(Le Quéré et al., 2005). We were able to quantify the
following functional groups, directly from FC and microscope
counting: picoautotrophs, calcifiers (coccolithophores),
silicifiers (diatoms), diazotrophs (filamentous cyanobacteria

and symbiontic diatoms), ADinos, HDinos and mixed
nanoeukaryotes (which exclude coccolithophores, and include
cryptophytes and mixed NEUK counted using FC as well as
prasinophytes and Phaeocystis spp. enumerated by microscopy),
see Table 2.

The regions along the transect where each PFT presented
positive or negative anomalies in relation to the mean are
depicted in Figure 5. For each group, the value plotted represents
the value of cells in mg carbon m−3 for each sampling station
divided by the average of that group for all stations, and
normalized to the maximum value for that group. All groups
registered lower biomass in the northern (39◦ N – 23◦ N) and
southern (13◦ S – 27◦ S) gyres. Diazotrophs showed a sharp
positive anomaly from 17 to 15◦ N. In higher latitudes and in
equatorial region south of equator, all other groups presented
positive anomalies. Table 3, displays the average value of carbon
biomass per region. The overall average value was 18 mg carbon
m−3, within a range from a minimum of 4 in the Northern gyre
(NAST) to a maximum of 64 mg carbon m−3 in South Atlantic
Convergence (SAC). Table 3 also shows that the maximum
number of taxa observed in the regions with biomass growth,
which was similar, between 57 and 68, whereas the regions of the
northern and southern gyres registered a maximum of 45 and 48.

The dynamics of picoautotrophs, depicted in Figure 5, can be
complemented with results from Figure 4: Prochlorococcus were
the dominant taxa in both gyres, a shift from Prochlorococcus
to Synechococcus occurred near more nutrient-rich or colder
regions, and finally at highest latitudes, PEUK responded
positively to nutrient increase.

As showed in Figure 2, the nutrients concentration in
surface waters, were very low (often below quantification limit),
thus preventing statistical analyses. The exception was the
concentration of silicate, where a significant correlation was
found with diatom carbon cell abundance (r2 = 0.49, p < 0.05;
model II regression).

The temperature along the transect (Figure 1) spanned from
5◦C in the two southern stations, to 29◦C at 12◦ N, being higher
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FIGURE 4 | Latitudinal distribution of the carbon biomass (mg carbon m−3) of
the main phytoplankton groups, determined by FC or microscopy. (A) Total
carbon of all groups and Prochlorococcus spp.; (B) Synechococcus spp. and
picoeukaryotes (PEUK); (C) autotrophic and heterotrophic dinoflagellates and
diatoms; (D) coccolithophores, other nanoplankton and filamentous
cyanobacteria. Note different scales on Y-axes.

than 20◦C in the large region from 40◦ N to 26◦ S. It should
be highlighted that whilst in the northern hemisphere this study
corresponds to autumn, in the southern hemisphere represents
spring. A further analysis of the different species dominance

in these regions is beyond the scope of this work, and will be
done in the future.

Size Class Abundances Estimated
According to the Pigment Approach and
Cell Carbon Approach
Figure 6 illustrates the distribution of three size classes ( pico-,
nano-, and microplankton) according to both the pigment
approach and the cell/carbon approach. Figure 6A shows the
value of mg Chla m−3 allocated to each size class, as well as the
TChla concentration along the transect. The TChla median value
is 0.13 mg m−3, with higher values in the northern and southern
stations, and between 0 and 8◦ S. Along the transect, higher values
of TChla were due to higher Chla values estimated for all the 3
size classes. The sharp increase of nanoplankton Chla occurring
north of latitude 44◦ N, is not possible to characterize in detail,
due to the lack of FC results.

Figure 6B shows total carbon (mg carbon m−3) and TChla
(mg Chla m−3) along the transect; although there is a general
agreement of the two, there are notable differences in higher
latitudes. At northern stations, this mismatch is undoubtedly due
to the lack of flow cytometer cell values for NEUK, CRYPTO,
and COCCOS <10 µm diameter from 49 to 37◦ N, implying that
these taxa must be an important component of the phytoplankton
community in this region. In fact, cell counts by microscopy
registered high values for prasinophytes, coccolithophores and
for the genus Phaeocystis in this region, justifying the assumption
that FC counts for the above groups would also have showed
high biomass levels. In the Southern latitudes, the community
is dominated by diatoms, with ESD from 30 to 100 µm and
by ADinos, with ESD above 20 µm. The linear increase in
diameter corresponds to an exponential increase in cell volume
and consequently in cell carbon content, which may be biased by
the volume-carbon equations used, as it would be expected that
larger cells have a less dense cell content, and, hence, less carbon
per unit volume.

Figure 6C shows the distribution of the phytoplankton
community, expressed in mg carbon m−3, and also divided into
three size classes, where each class was established according
to the carbon content per cell (Table 1). Carbon nano class
includes classes 2, 3, and 4 of Table 1, so that the carbon
classes are equivalent to the pico-, nano-, and microplankton
classification of the pigment approach. The most abundant was
the smallest class, corresponding to organisms with less than 2 pg
carbon cell−1, i.e., picoplanktonic organisms, followed by the
largest class, organisms with more than 180 pg carbon cell−1,
corresponding to cells with a diameter of 17.5 µm or more. As
referred to above, micro carbon class (larger cells) stands out
because of the dominance of large diatom and dinoflagellate
species at high latitude which make up the biomass peaks. The
lower contribution of nanoplankton class to total carbon, in
relation to the results from the pigments approach is observed
by comparing Figures 6B,C.

The carbon nano class, corresponding to organisms with ESD
between 2.7 and 17.5 µm, had low biomass throughout the
latitudinal transect (Figure 6C). Within this cell size range, the
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FIGURE 5 | Normalised carbon abundance distribution (mg carbon m−3) of phytoplankton functional types (PFTs) along the transect, determined by FC or
microscopy. (A) Picoautotrophs, calcifiers, silicifiers, and diazotrophs; (B) autotrophic dinoflagellates (ADinos), heterotrophic dinoflagellates (HDinos), and mixed
nanoeukaryotes (NEUK). Positive and negative anomalies observed for each PFT and normalised to its maximum value.

contribution of three intermediate carbon classes was compared
(data not shown): class 2, which is estimated exclusively by FC,
presented the highest biomass, with a median value of 80% of the
total carbon nano class.

As neither oceanic Chla concentration nor species cell size
follow a normal distribution, in order to perform a statistical
analysis on the two size class approaches, carbon mg m−3 and
Chla mg m−3, data were log10 transformed. Type II regression
analyses were performed for the total value of Chla and carbon
values along the transect, as well as for matching size classes
estimated by both approaches. The regression analysis was
computed as log10Carbon = m.log10Chla + b. The equation
coefficients and correlation values for the relationships with
significant Pearson correlation values are shown in Table 4.
Chla-microplankton was matched with carbon size class 5 (cells
with >180 pg carbon cell−1) and also with the sum of carbon
classes 4 and 5, corresponding to cells with >50 pg carbon
cell−1 and ESD >10 µm, so as to account for the strong shape
variability of diatoms and dinoflagellates. Both correlations gave

the same equation coefficients and r2 value. Concomitantly,
Chla-nanoplankton was matched with carbon size classes 2 (cells
2–10 pg carbon cell−1), the sum of classes 2 and 3 (cells 2–50 pg
carbon cell−1) and the sum of classes 2, 3, and 4, corresponding
to cells from 2 to 180 pg carbon cell−1, with a range of ESD
from 2.7 to 17.5 µm. A significant correlation was obtained
for the smallest cells and for the sum of the three carbon size
classes defined within nanoplankton. This result is not surprising,
due to the methodological issues regarding identification and
enumeration of cells within an ESD range of 10–17.5 µm, already
discussed. Moreover, it reflects the dominance of small species in
nanoplankton size class.

Three Component Model of Size Classes
Applied to Chla and Carbon Data
The three-component size class model of Brewin et al.
(2010) was applied to TChla and, for the first time, also to
TCarbon (Figure 7).

Frontiers in Marine Science | www.frontiersin.org 10 January 2022 | Volume 8 | Article 682621430

https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/marine-science#articles


fmars-08-682621 January 5, 2022 Time: 16:31 # 11

Brotas et al. Phytoplankton Groups in the Atlantic Ocean

TABLE 3 | Phytoplankton functional types contributing to biomass increase
along the transect.

Functional types Oceanic
provinces

Maximum
number of

taxa identified

Average mg
carbon m−3

Silicifiers+ ADinos+ HDinos NADR 65 20*

None NAST 45 10*

Diazotrophs+ HDinos +
Calcifiers+
Pico-autotrophs

NATR 58 14

Pico-autotrophs+
Calcifiers+Silicifiers
+Mixed NEUK

WTRA 57 22

None SATL
14–27◦ S

48 9

Calcifiers+Silicifiers+ Mixed
NEUK

SATL
27–43◦ S

68 25

Pico-autotrophs+ ADinos +
Calcifiers+ Silicifiers+ Mixed
NEUK

SAC 63 48

For each province, the maximum number of taxa (identified by microscopy and FC)
and the biomass value in mg carbon m−3 are indicated.
NADR, North Atlantic Drift; NAST, North Atlantic Subtropical Gyre; NATR, North
Atlantic Tropical Gyre; WTRA, Western Tropical Atlantic; SATL, South Atlantic Gyre;
SAC, South Atlantic Convergence.
The symbol * indicates that for NADR and NAST, the biomass value is
underestimated, as FC values for nanoplankton are missing.

Total chlorophyll-a is plotted in the top six graphs (blue
markers), and TCarbon on the six bottom graphs (red markers).
The general pattern of the model fitted to TCarbon is in
accordance with the one obtained with TChla. With the exception
of the graph showing the fraction of nanoplankton as a function
of TChla (third graph second row) or TCarbon (third graph
fourth row), which is due to the methodological issues regarding
the estimation of nanoplankton cells mentioned above. The
ratio of the parameters (Cm

p,n and Cm
p ) obtained for TChla and

TCarbon give a value for Carbon:Chla of 170 for picoplankton
and 36 for nano plus picoplankton classes, which are reasonable,
as picoplankton cells have higher carbon content per µm3 cell
volume. The overall median Carbon:Chla ratio estimated from
the in situ data was 112, presenting a wide variability, most
pronounced in microplankton fraction.

However, it should be noted that Cm
p,n and Cm

p parameters
have a high uncertainty as the phytoplankton biomass
concentrations along the AMT are low (TChla maximum
was 0.7 mg m−3 and TCarbon maximum was 70 mg m−3). The
Dp,n and Dp parameters are slightly higher for TChla than for
TCarbon, but both highlight the dominance of picoplankton at
low total biomass.

DISCUSSION

Complementarity and Knowledge Gaps
Between the Pigment and Carbon
Approaches
This work has showed that both approaches give a similar
general picture in terms of biomass size distribution and

FIGURE 6 | Distribution of size classes pico-, nano-, and microplankton
obtained by pigment (determined by pigments’ concentration) and carbon
approaches (determined by cell enumeration). (A) Chla concentration (mg
Chla m−3) observed along the transect using the pigment approach for the
pico-, nano-, and microplankton, as well as Total Chla. (B) Total Chla and total
carbon (mg m−3); (C) mg carbon m−3 for 3 size classes pico-, nano-, and
microplankton, as well as total carbon. Note that total carbon values in (B)
and nano-values in (C) north of 37◦ N are underestimated due to the lack of
NEUK FC data.

composition in the Atlantic, although with poorer results for the
nanoplankton fraction.

Microplankton size class in the pigment approach is estimated
by only two diagnostic pigments: fucoxanthin, the primary
pigment for diatoms, and peridinin, the primary pigment
for dinoflagellates. Brewin et al. (2017a) further split the
microplankton class into the fraction of diatoms to total Chla
(Fdiat) and also the fraction for dinoflagellates to total Chla
(Fdino). The same computation was applied in this study. The
total diatom carbon biomass showed a significant correlation
with Fdiat (r2 = 0.70, n = 56, p < 0.05). However, no correlation
was found for Fdino and ADinos; and this can be explained
because ADinos attained their maximum values in the three
southern stations (42.72–49.78◦ S, Figure 4C), due to high
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TABLE 4 | Results of linear regression Type II of log10-transformed carbon and log10-transformed Chla for the total data set, as well as for the matching size classes
estimated by the pigment or carbon approaches.

X Y m b r2 N

TChla TCarbon 1.23 −2.30 0.51 55

Chl-a Micro Carbon > 180 pg carbon cell−1 1.07 −2.36 0.70 55

Chl-a Micro Carbon > 50 pg carbon cell−1 1.09 −2.39 0.70 55

Chl-a Nano Carbon 2–180 pg carbon cell−1 1.34 −1.63 0.67 43

Chl-a Nano Carbon 2–10 pg carbon cell−1 1.34 −1.63 0.67 43

Chl-a Pico Carbon < 2 pg carbon cell−1 0.89 −2.02 0.51 53

Regression equation: Log10Carbon = m.log10Chla+b. Table shows: slope (m), y-intercept (b), the square of the correlation coefficient (r2) and number of points considered
(n). All correlation values are for p < 0.05). Chla and carbon units are mg m−3. All regressions were significant with p-values < 0.05.

cell abundances of Karenia and Oxytoxum spp. The genus
Karenia does not contain peridinin (Roy et al., 2011), hence
the lack of correlation between carbon values and Chla (Fdino).
This observation aims to provide an alert to the diversity of
pigment composition found in some taxonomic groups, which
might be considered flaws in the pigment approach for some
regions/occasions. However, disadvantages of microscopy should
also be remembered, namely, the stronger dependence of the
operator expertise for species identification, as well as the longer
time consuming of microscopy in comparison with pigments
analysis by HPLC.

Additionally, our results, whilst supporting the strength of
the chemotaxonomic approach, also show that the absence of
an association between dinoflagellates and Fdino, evidences the
fragility of the pigment approach when applied regionally, due
to the variability of pigment composition in some taxonomic
classes. This is mostly relevant for the division Dinophyta, with
five different types, and for class Coccolithophyceae within the
division Haptophyta, with six different types (Roy et al., 2011).

The Uitz et al. (2006) equation to estimate nanoplankton uses
three diagnostic pigments: 19′hexanoyloxyfucoxanthin (HF),
19′butonoyloxyfucoxanthin (BF), and alloxanthin; the first two
are a proxy for coccolithophores and the third for cryptophytes.
However, these three pigments can be present in other
divisions/classes from micro- and picoplankton, for example,
dinoflagellates (Dinos type 2 for HF and BF and Dinos type 4 for
alloxanthin) as well as small flagellates belonging to the PEUK
(Roy et al., 2011). In fact, the group PEUK comprises classes with
high molecular phylogenetic diversity and multiple ecological
roles (Worden and Not, 2008). Our results gave significant
correlations between both HF and BF with coccolithophore
carbon biomass, but also with PEUK, suggesting the existence of
small Prymnesiophyceae and Pelagophyceae in PEUK.

This work showed that the pigment approach overestimated
the nanoplankton fraction compared to enumerating methods.
The nanoplankton fraction is especially diverse in terms of
taxonomic classes, and consequently pigment composition.
Cell identification and counting methods are probably
underestimating nanoplankton, in particular for the size
class with ESD 5–10 µm. Hence, it is not surprising to find
that the nanoplankton fraction bears poorer results in terms of
comparison of carbon concentration, to the pigment approach.
The use of diagnostic pigments to determine PSC relative
abundance still constitutes a debate in recent literature, where

conflicting conclusions can be found. Brewin et al. (2014) used a
large database from AMT cruises (ca 460 samples from 1996 to
1998) to compare size fractionated filtration with HPLC pigment
quantification and found that diagnostic pigment approach
(DPA) overestimated nanoplankton fraction and underestimated
picoplankton. Likewise, Dutkiewicz et al. (2020), also focusing
on an early AMT data set concluded that allocated Chla for
picoplankton size class in the pigment approach is potentially
slightly too low and the nano-size class too high, suggesting
that the satellite product derived from this division might not
be exact. In contrast, Chase et al. (2020), studying samples from
the western North Atlantic showed that the DPA overestimated
microplankton and picoplankton when compared to Imaging
FlowCytobot (IFCB) data, and subsequently underestimated the
contribution of nanoplankton to total biomass. These opposing
findings might also be related to the studied regions, as Chase
et al. (2020) study focus on the western North Atlantic Ocean,
i.e., a meso-eutrophic region, whereas the vast majority of
samples in Brewin et al. (2014) and Dutkiewicz et al. (2020)
originated from oligotrophic and mesotrophic Atlantic regions.
It is relevant here to quote the statement in Chase et al. (2020)
that DPA involves the division of phytoplankton into distinct
limits, whereas phytoplankton cell size displays a continuum.
But it is also important to underline the common conclusion of
the above three studies, reinforcing the need for complementary
methodological approaches, to better characterize the taxa
within each size class. We certainly agree with this statement, in
particular regarding the nanoplankton fraction.

Size Classes Model for Carbon and
Chlorophyll a
The model of Brewin et al. (2010) was applied to results obtained
by both methods, showing for the first time that it can be
applied to carbon data obtained from cell enumeration with
success, albeit with a poorer fit to the nanoplankton fraction
(Figure 7). The maximum value for Carbon:Chla obtained by
applying Brewin et al. (2010) to both carbon and Chla estimates
of size classes (Figure 7) was 170 for picoplankton and 36 for
nano+ picoplankton classes, these values are logical considering
the relation between higher package effect and larger size cells
(Bricaud et al., 2004).

From the estimation of Fdiat, and the diatom carbon biomass,
the average Carbon:Chla value of 60 was obtained, close to
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FIGURE 7 | Three component model applied to TChla and TCarbon. Top row: the three component model fitted to chlorophyll-a values associated with the different
size classes: microplankton (Cm), picoplankton, and nanoplankton combined (Cp,n), nanoplankton by itself (Cn), and picoplankton by itself (Cp); Dp,n and Dp reflect
the fraction contributed by size-class pico and pico+nano to TChla as TChla tends to zero. Second row: the size-specific fractional contributions of microplankton
(Fm), nano+picoplankton (Fn,p), nanoplankton (Fn), and picoplankton (Fp), plotted according to the model as a function of total Chla. Third row: the model applied to
TCarbon values (assessed by cell enumeration converted into carbon) associated with class 5 (im), classes 2, 3, 4 (in), and class 1 (ip) (see Table 1). Fourth row:
size-specific fractional contributions to Fm, Fn,p, Fn, Fp, obtained from the carbon dataset.

the value found by Sathyendranath et al. (2009) for diatoms in
northwest Atlantic; however, a wide variation of this ratio was
observed, which is related to the wide biovolume and shape
variability of diatom cells.

Achieving a better understanding of the Carbon:Chla ratio for
phytoplankton communities is paramount to our understanding
of oceanic biogeochemical cycles, and as Sathyendranath
et al. (2020) pointed out, estimating both Chla and carbon
concentration is mandatory to improve our understanding of
phytoplankton dynamics. Retrieval of size classes or functional
groups by EO has been fundamentally based and validated with
the information from photosynthetic pigments concentration
(Brewin et al., 2021 and references herein). The results obtained
in our work show a generally good agreement between the
use of pigments and use of species/entities identification and
enumeration converted into carbon biomass. Hence, this work
can contribute to the capability of assessing phytoplankton
carbon budgets by satellite remote sensing in future studies.

Phytoplankton Community Structure
Along the Transect in the Atlantic
The AMT program started in 1995, comprising 30 cruises up to
2019, and provides an immense and extremely valuable set of
scientific data (Rees et al., 2015; Aiken et al., 2016). During the
first 10 AMTs (1995–2000), data on phytoplankton species was
assessed and published as a database by Sal et al. (2013). Focusing
only on the coccolithophore community, Poulton et al. (2017)
published a comprehensive work based on four AMT cruises in
Spring and Autumn between 2003 and 2005. Fileman et al. (2017)
quantified flagellates, diatoms and dinoflagellates cells (without
separating into species or genera) using FlowCAM on AMT10
(which occurred in 2000). During AMT22, phytoplankton cells
were sorted and processed by a cell sorter flow cytometer,
where each sample was up to 4 mL (Graff et al., 2015).
Dutkiewicz et al. (2020) published their work on phytoplankton
diversity with data from AMT 1 to 4 (1997–1997). Hence, to
our knowledge, the classical phytoplankton species microscopy
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FIGURE 8 | Carbon concentration of each size class versus total carbon
concentration (determined by FCor microscopy). picoplankton carbon (Pico
Carbon, <2 pg carbon cell−1), nanoplankton, sum of carbon sizes 2, 3 and 4
(>2 <180 pgC cell−1) and microplankton carbon (Micro > 180 Carbon, >180
pgC cell−1). The correlation between each size class and TCarbon was
significant (p > 0.01).

identification data presented in this article are the first from AMT
after a 15 years gap.

The cell carbon approach allowed for the comparison of all
groups, counted by microscopy or FC. The pattern of spatial
distribution of total biomass of the phytoplankton community
shows a strong relation with nutrient availability within the
MLD, in accordance with the observations of Marañón et al.
(2012) that resource availability and not temperature is the key
factor explaining the relative success and abundance of different
algal size classes.

The change observed in size class abundance is considerable.
Higher carbon biomass values occurred in temperate/cold
regions, attaining a maximum value of 65.5 mg carbon m−3

in the SAC region (Figure 6C), where nutrients in surface
waters reached a maximum, with nitrate + nitrite values of
20 µM. A significant biomass increase in all classes occurred in
the equatorial upwelling (0–8◦ S), except for Diazotrophs and
HDinos, due to their capability of atmospheric nitrogen fixing
and heterotrophic behaviours, respectively. Very low values were
registered in the Atlantic core gyres [defined following Polovina
et al. (2008) as the regions where Chla was below 0.07 mg m−3]
with an average of 7.4 mg carbon m−3, and ranging from 4.0 to
10. Fileman et al. (2017), who also converted cell abundances into
carbon units using the equations of Menden-Deuer and Lessard
(2000), reported a biomass range of 4–68 mg carbon m−3, with
the lowest values recorded in the gyres and maximum value in
temperate regions, very similar to our results. However, Fileman
et al. (2017) concluded that the microplankton size fraction
(which included diatoms and dinoflagellates) comprised of only

a very low proportion (1–15%) of total phytoplankton biomass,
whereas our results indicate percentages >50% in most of north
and southern Atlantic stations, reaching 94% at latitude of 49.78◦
S; we think that this difference is due by the higher detail of
our measurements.

The community composition results were consistent with
the general pattern reported in AMT cruises 1, 3, 5, and 7
(which occurred in boreal autumn/austral spring), with higher
abundance and diversity of diatom and dinoflagellate species
at higher latitudes and reduced numbers of cells, with ESD
>20 µm in the Atlantic gyres. Marañón et al. (2007) (with a
data set including the 1996 AMT cruise), had reported as well
the dominance of larger phytoplankton in nutrient-rich waters.
Similarly, Tilstone et al. (2017), using size fractionated filtration
in five AMT cruises, registered higher microplankton production
fraction in the SAC and Western Tropical Atlantic (WTRA)
provinces. However, our results also indicate that there is not
a shift between size classes, in absolute values, as all carbon
size classes showed a positive and significative increase with
higher TCarbon values (Figure 8), meaning that taxa from all
sizes respond positively to nutrient increase. This finding is in
accordance with Yentsch and Phinney (1989), who postulated
that cell size structure in eutrophic waters is modified by adding
larger cells without any apparent loss of the small-sized cells,
and with Brotas et al. (2013) who suggested that all size classes
are more abundant in more productive areas along a trophic
gradient in the eastern Atlantic. Additionally, the ubiquitous
survival of picoplankton in all oceanic environments is explained
by Dutkiewicz et al. (2020) due to their capacity of steady state
survival with minimum values of resources.

As mentioned in section “Introduction,” AMT programme
delivers ground-truth information for satellite validation, hence,
it is worthwhile in the present work to discuss the main
features concerning the distribution of phytoplankton groups
along the transect, as this information will likely be relevant
for future works. The diatom species reaching a concentration
of 1 mg carbon m−3 per station, or above, had ESD between
30 and 100 µm, and 30% of them had a carbon content
>1000 pg carbon cell−1 (Supplementary Table 1). The sharp
biomass peaks observed are always due to the presence of
these larger cells. Smaller diatom species peak at stations
from NADR, NATR, and SATL (NADR, North Atlantic Drift;
NATR, North Atlantic Tropical Gyral; and SATL, South Atlantic
Gyre), but always with values below 0.8 mg carbon m−3. The
distinction made in this work (in accordance with Sal et al.,
2013), between autotrophic and heterotrophic (non-pigmented)
dinoflagellates showed that HDinos were always present in very
low abundance throughout the transect, but increased where
diatoms were abundant, mostly through the dominance of five
different Protoperidinium species (Figure 5B). This finding is
in accordance with Sherr and Sherr (2007), who indicated that
HDinos, ubiquitous in marine environments, seem to be able to
survive at low food abundance, preying on diatoms, giving the
example of Protoperidinium as a diatom predator. Concerning
coccolithophores, the complementary enumeration in FC and
microscopy was important to find out that the biomass of sizes
within coccolithophores <10 and >10 µm is equivalent. The
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presence of E. huxleyi in all provinces with a distinct peak in the
Southern temperate region was also observed by Poulton et al.
(2017), on AMT14, who also concluded that coccolithophore
cell numbers were highest in temperate waters. Filamentous
cyanobacteria counts were not included in the size classes results
(Figures 6, 8), as they are not accounted for in the microplankton
fraction in the pigment approach; but their abundance is
shown in Figures 3–5. It should be noted that diazotroph
functional types include both filamentous cyanobacteria and
diatoms with endosymbiotic cyanobacteria (which were present
only at very low abundance). Filamentous cyanobacteria, with
Trichodesmium being by far the most abundant genus, showed
a distinct peak in the North Tropical Gyre. Previous northern
hemisphere Autumn AMT cruises (i.e., AMT 1, 3, 5, and 7)
reported maximum values between 9◦ and 20◦ N (Sal et al.,
2013). Schlosser et al. (2013) also observed Trichodesmium
maxima in this region, justifying it with a selective advantage
for diazotrophic organisms in inorganic nitrogen depleted zones;
moreover, these authors showed that activity of diazotrophs can
in turn be controlled by the availability of other potentially
limiting nutrients, including phosphorus (P) and iron (Fe).

Currently, PFT products are available through the CMEMS,
using the approach of Xi et al. (2020). These authors used
nine reflectance bands and a large and widespread diagnostic
pigment database, defining six PFTs: diatoms, haptophytes,
dinoflagellates, green algae, Prochlorococcus, and Synechococcus-
like cyanobacteria (SLC). The relative dominance of PFTs they
estimated for October (their Figure 12) can be compared with
our results. The dominance of SLC in the gyres and WTRA
and the dominance of Prochlorococcus does not correspond to
our observations, agreeing with their own conclusion of a low
performance for these two PFTs. The dominance of diatoms off
the Patagonian coast is in agreement with our results, but not
the dominance of haptophytes in temperate regions. Therefore,
we would argue that there is still a great need for ground-truth
validation of EO-based PFT retrievals.

The roadmap for a future successful discrimination of PFTs,
lies in a multi-disciplinary approach which includes in situ
measurements of phytoplankton groups (with an array of existing
methodologies) and corresponding optical properties, observable
by satellites (Bracher et al., 2017). Our work is a contribution
to this goal, by providing results for the whole phytoplankton
community in the Atlantic.

CONCLUSION

This work showed a good agreement between complementary
assessments of phytoplankton structure, the widespread
chemotaxonomic approach and the less used, more time
consuming cell carbon approach. Using a varied set of data,
collected along a transect in the Atlantic Ocean, from 50◦ N to
50◦ S, covering a wide range of oceanic provinces, allowed us
to quantify phytoplankton taxonomic groups, and discuss their
classification within a size class and functional types framework.

We applied, for the first time, the Brewin et al. (2010) model
to in situ carbon data to assess phytoplankton size structure. The
results obtained encourage the application of this model to cell

carbon data, hence, establishing the link between PSC assessment
by EO, and carbon.

Additionally, this study presents a comprehensive assessment
of all phytoplankton groups in the Atlantic ocean, contributing
to a better knowledge of phytoplankton community, providing
biomass values for the various regions, as well as the number
of taxa present, whilst identifying knowledge gaps, namely the
composition of the picoeukaryote and nanoplankton fractions.

Relevant aspects to be considered in the future have also been
pointed out by this work: notably regarding the nanoplankton
fraction, which is overestimated by the pigment approach, and
poorly evaluated by the combination of microscopy and FC.
Nonetheless, the correspondence of nanoplankton measured by
FC only and the nanoplankton in the pigment approach, validates
the use of FC to quantify nanoplankton cells. Our results also
evidence the importance of enumerating coccolithophores with
ESD >10 µm, as the percentage of species with this dimension
were at least 40% of the total coccolithophores concentration.
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Cockles are amongst the most exploited bivalve species in Portugal, playing an
important ecological and socioeconomic role in coastal ecosystems. Two sympatric
species of cockles, Cerastoderma edule (Linnaeus, 1758) and Cerastoderma glaucum
(Bruguière, 1789–1792) may co-occur in estuaries and coastal lagoons in mixed
populations along the European Atlantic coast, namely in Portugal, France and the
United Kingdom. The increasing importance of shellfish harvesting in Portugal requires a
good knowledge of cockle stocks and temporal variability in stock levels to better inform
sustainable management practices. Therefore, this study aimed at assessing spatial
and temporal variations in cockle populations in two Portuguese estuarine systems
where the species are exploited at low levels. Sampling was carried out using a clam
dredge, covering the entire potential area of occurrence of cockles in the Tagus and
Sado estuaries at around the same time of the year in each of the three sampling years
(2015, 2018, and 2019). The abundance, spatial distribution and population structure
of cockles were examined at each system. Moreover, several water and sediment
parameters were measured to understand the influence of environmental conditions
on the spatial distribution and abundance of cockles. The results obtained showed
that cockles occur mostly in the intermediate areas of both estuarine systems and
are more abundant in the Tagus estuary. Depth, average sediment grain size and the
species Ruditapes philippinarum were the factors that better explained the probability
of species occurrence. The population structure analysis indicated that natural mortality
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is constraining the cockle communities given the low abundance of adult individuals
with marketable size in both estuaries. This study highlights the need for appropriate
management measures to ensure the sustainability of these bivalve population stocks
that have significant socioeconomic importance for local populations.

Keywords: spatial distribution, environmental factors, population structure, Tagus estuary, Sado estuary, Portugal

INTRODUCTION

Estuaries are considered one of the most productive ecosystems
in the world due to their biological, physical and chemical
characteristics, providing food, shelter and nursery areas for
several species of high economic interest (Day et al., 1988; Crespo
et al., 2010; Barbier et al., 2011).

Bivalves are an essential component of these estuarine
ecosystems, playing an important ecological and socioeconomic
role (Ysebaert et al., 2003; Callaway et al., 2013). They are
considered keystone species, acting as ecosystem engineers
creating, modifying and maintaining habitats for other species
(Vaughn and Hoellein, 2018). Additionally, they are a key
element of estuarine food webs due to their suspension-feeding
activity and for being a major food source for wading birds,
fish, and crustaceans. Furthermore, by being part of human
diets, they support locally important commercial fisheries.
For these reasons, the identification of factors that influence
cockle populations distribution and abundance is of the utmost
importance (Magalhães et al., 2018).

Among bivalves, cockles are one of the most abundant and
exploited species in the estuaries of Europe (Magalhães et al.,
2018). In Portugal, they are an exploited living resource with
particular important socio-economic relevance, that is harvested
and commercialized from the North to the South (Oliveira
et al., 2013; Magalhães et al., 2018). Furthermore, cockles play a
major role in ecosystem function, being responsible for several
ecosystem services such as carbon storage, biodiversity support,
habitat modifying and food source for people (Carss et al., 2020).

In Europe, there are two species of cockle, the common cockle
Cerastoderma edule (Linnaeus, 1758) and the lagoon cockle
Cerastoderma glaucum (Bruguière, 1789–1792). The common
cockle is most likely to be found in coastal lagoons and estuaries
along the Atlantic coast, between the Barents Sea and Mauritania
(Freitas et al., 2014), while the lagoon cockle tends to occur in
non-tidal areas such as lagoons and marshes, from the Baltic to
the Black Sea (Malham et al., 2012). In Portugal, both species
are usually found in estuarine and lagoon systems, where they
can co-exist and form sympatric populations (Machado and
Costa, 1994). Its differentiation is particularly difficult given
the morphological similarities and the considerable variability
inherent in each species (Machado and Costa, 1994; Mariani et al.,
2002; Freire et al., 2011). Since there is no scientific agreement
or studies that support which of the species occurs in the Tagus
and Sado estuaries, or whether both co-exist, this study focuses on
the genus Cerastoderma spp., assuming it can include specimens
of both species.

Cockle species reach maturity between 15 and 20 mm in shell
length, living up to 9 years in some habitats but more commonly

between 2 and 4 years. They live buried at a maximum depth of
5 cm from the surface, in sandy, muddy sandy, mud or muddy
gravel sediments of the intertidal and subtidal zones and are
generally found in sites with salinities of 15–35 psu but can
tolerate salinities as low as 10 (Tyler-Walters, 2007).

Cockle population dynamics are controlled by both biotic
factors, such as predation, bioturbation, parasitism, food
availability, and abiotic factors such as temperature, immersion
time, water velocity and sediment dynamics (Ramón, 2003; Gam
et al., 2010). These factors can affect the physiological processes of
cockles in juvenile or adult stages. Therefore, cockle populations
suffer great temporal fluctuations in abundance and biomass due
to the variations in production, growth, and mortality. The main
cause of this variability is the success or failure of recruitment
(Ramón, 2003).

Despite being a species that supports commercial fisheries and
that is of conservation interest, mortality episodes and decline
of their populations have been reported over the years, with
diseases, climatic events and overfishing being pointed out as
some of the main factors (Malham et al., 2012; Callaway et al.,
2013; Burdon et al., 2014) and, as such, it is extremely important
to monitor these populations.

The assessment of the abundance, distribution and
populational structure of a given species is a requirement
for the assessment of stocks. The analysis of length-frequency
distributions is one of the methods used to study the population
structure and may give indications about the success of the
recruitment process (Iglesias and Navarro, 1990; Ramón, 2003).
Given that cockles represent an important economic resource
subject to multiple anthropogenic pressures, the present work
assumes an important contribution so that in the future, stocks
of these populations can be managed more sustainably, with
adapted management policies.

Bivalves represent a significant portion of the world fishing
industry. In 2018, cockle production from fisheries and
aquaculture was almost 19,613 t in Europe, with 2,077 t of
this from aquaculture and 17,536 t from fisheries landings
(according to FAO database). In Portugal, the exploitation of
bivalves is also an activity of great socioeconomic importance.
Several species are harvested in Portugal, including clams,
cockles, and oysters but cockles accounted for most landings
in the past 20 years. In 2018, cockles accounted for ∼5,330 t
of the ∼9,609 t of bivalve catches (according to DGRM
database). However, in 2019, this value decreased by half,
with only ∼2,285 t of cockle species being caught among
the total ∼7,134 t of bivalve landings, a situation enhanced
by the periods of capture prohibitions of this species
due to the occurrence of microbiological contamination
(INE, 2020).
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The main objective of the present study was assessing spatial
and temporal variations in cockle populations in two Portuguese
estuarine systems with low directed fishing pressure. The specific
aims were: (i) to analyze spatial and temporal variability in
the distribution and abundance of cockle populations; (ii) to
assess the role of environmental variables and other bivalve
species in the observed spatial and temporal variability in cockle
populations; and (iii) to determine cockle populations structure
and its relationship with fisheries.

MATERIALS AND METHODS

Study Area
This study was conducted at the Tagus and Sado estuaries, the two
largest estuaries in Portugal.

The Tagus estuary, with an area of 320 km2, a mean depth of
5 m and a mean river flow of 300 m3s−1 (Gaudêncio and Cabral,
2007), is a mesotidal well-mixed estuary with irregular river
discharge both seasonally and interannually (Cabral et al., 2001;
Bettencourt et al., 2003). It is part of the Tagus catchment which
covers a total area of about 80,629 km2, of which 24,800 km2 are
in Portugal (Fernandes et al., 2020). Salinity is strongly influenced
by tidal and seasonal variation (Chainho et al., 2008; Cabral et al.,
2020) and tidal range varies from 1 m in neap tides to 4 m in
spring tides (Vale and Sundby, 1987; Salgado et al., 2007). Water
temperature ranges from 8 to 26◦C (Cabral et al., 2001). This
estuary is characterized by extensive tidal flats and salt marshes
(Dias et al., 2013).

The Sado estuary, with an area of 180 km2 (Lillebø et al.,
2011), a mean depth of 8 m and a mean river flow of 40 m3s−1

(França et al., 2009), is a mesotidal well-mixed estuary with
irregular river discharge. It is part of Sado catchment which has
an area of approximately 7,692 km2. Tidal currents dominate
the estuarine dynamics given the limited freshwater discharge of
the Sado river (Freitas et al., 2008). Consequently, the salinity
remains close to normal marine water in most of the estuary,
and is highly influenced by tidal currents and seasonal variations
(ICNF, 2007; Biguino et al., 2021). This estuary has an average
tidal range of 2.7 m, varying between 1.3 m at neap tides to
3.5 m at spring tides (Freitas et al., 2008). It comprises a wide
bay characterized by two channels, the Northern channel with
weaker residual currents and a highly dynamic Southern channel
separated from the North channel by sand banks (Caeiro et al.,
2005; Biguino et al., 2021). This estuary is also characterized
by large areas of salt marshes and intertidal flats, and sandy
sediments of marine origin, in the area closest to the mouth.
Water temperature ranges from 10 to 26◦C (Cabeçadas et al.,
1999). These two estuaries were chosen because we wanted to
understand the status of cockle populations in systems where
cockle exploitation is low.

Sampling Surveys
Samples were collected in three different years in the Tagus
estuary (May 2015, May 2018, and May 2019) and in the Sado
estuary (July 2015, May 2018, and June 2019). Samples were
collected at 48 and 35 sampling stations randomly selected along

the Tagus and Sado estuarine gradients, respectively, to cover all
the potential cockle distribution area (Figure 1).

Samples were collected at a maximum sediment depth of
12 cm, using a clam dredge with a mesh size of 3 cm
(Supplementary Table 1) deployed from a professional fishing
vessel that was towed once for 30 s at a mean speed of 1.5
knots in every sampling station (Supplementary Figure 1).
Despite the mesh size was 3 cm, the clam dredge sampled
smaller sized cockles, but there may have been some standardized
undersampling of smaller sized classes.

Samples were sorted onboard by visual selection in a sorting
tray and only living organisms were collected and placed in
properly labeled bags, with the indication of the respective
sampling station. Although all living organisms were collected
only bivalves were used in further analyses.

Several environmental parameters were measured at each
sampling station using an YSI multiparametric sonde, namely
depth (m), water temperature (◦C), salinity and dissolved oxygen
(%). Sediment samples were also collected at each sampling
station with a van Veen grab (0.05 m2) to determine the sediment
grain size and the total organic matter content (%).

Laboratory Procedures
Bivalve molluscs were identified to the lowest possible taxonomic
level and counted, weighed individually and shell length
measured.

Sediment grain size was determined by separating
sedimentary fractions through a column of four “AFNOR”
sieves (0.063, 0.250, 0.500, and 2.000 mm), after drying at 60◦C
for 24 h. Then a mean grain size indicator, phi, was calculated
according to Folk and Ward (1957) using GRADISTAT v8.

The organic matter content of the sediment was determined
by the difference between the weight of a dry sample at 60◦C,
in an oven after 24 h, and the weight of the same sample after
combustion in a furnace at 550◦C, for 4 h (Luczak et al., 1997).

Data Analysis
For a better understanding of the distribution of cockle
populations throughout the study area, two maps were produced
using ArcGIS software, representing their distribution and
abundance at each sampling station for all the three years where
sampling took place in each estuary.

The frequency of occurrence of cockle species, that is the
number of sampling stations they occur at divided by all sampling
stations was estimated for each estuary. To test if there were
significant differences in the frequency of occurrence of cockles
between years in each estuary, a Pearson’s chi-square test of
independence (significance level p > 0.05) was performed.

Differences in the abundance of cockle populations among
estuaries and years were tested using a Permutational
Multivariate Analysis of Variance (PERMANOVA) with a
two-way factorial design: Year (fixed, 3 levels: 2015, 2018, and
2019) nested in Estuary (fixed, 2 levels: Tagus and Sado estuary).
Data were square root transformed, and afterward a Bray-Curtis
similarity matrix of cockle abundances was calculated.

To determine which environmental factors and which other
bivalve species better explain cockle distribution and abundance,
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FIGURE 1 | Location of the sampling stations at Tagus (A) and Sado (B) estuaries.

a Zero-inflated Poisson regression model was developed due
to an excess of zeros of the data. The zero-inflated Poisson
regression model is composed of two parts: a Poisson count
model and the logit model for the excess zeros. A Poisson model
is generated to explain cockle abundance and then a logit model
is generated for zeros, i.e., to explain the probability of the species
not being present.

The explanatory environmental factors were salinity, depth,
water temperature, dissolved oxygen, sediment organic matter
content and average sediment grain size (phi), and the categorical
variable Estuary (Tagus and Sado). The bivalve species that
accounted for 80–90% of the total abundance were selected to
be part of the model as well, namely Ruditapes philippinarum,
Scrobicularia plana, Ostrea stentina, Magallana angulata, and
Solen Marginatus. Collinearity between the environmental factors
was investigated to avoid the inclusion of redundant variables
in the model. A correlation matrix with Pearson’s correlation
coefficients and the respective p-value was performed (Zuur
et al., 2009) using the “hetcor” function of the “polycor”
statistical package (Fox, 2016). Correlations higher than 0.8 were
considered significant, according to Snelder and Lamouroux
(2010). To select the best model the AIC criterion (Akaike
Information Criteria) was used (Akaike, 1997), which estimates
the relative information lost by a given model, so the smaller its
value, the more suitable the model.

Differences in the shell lengths of cockle populations among
estuaries and years were tested using a PERMANOVA with
a two-way factorial design: Year (fixed, 3 levels: 2015, 2018,
and 2019) nested in Estuary (fixed, 2 levels: Tagus and Sado
estuary). Data were square root transformed, and afterward a
Bray-Curtis similarity matrix of cockle lengths was calculated.
Significant differences were further analyzed using a posteriori
pair-wise comparison.

To assess cockle population structure in each year and at
each estuary, a graphical analysis of shell length-frequency
distribution was performed. Dimensional classes were
defined with an interval of 1 mm and specimens below and
above the minimum legal size for catching (25 mm) were
represented. Pearson’s chi-square test of independence, the
Zero-Inflated Poisson regression model and the graphical
analysis of shell length-frequency distribution routines were
conducted using RStudio Team (2020). PERMANOVA analysis
were conducted using software PRIMER v.6 with add on
PERMANOVA (Anderson, 2001; Clarke and Gorley, 2006;
Anderson et al., 2008).

RESULTS

Temporal and Spatial Distribution
A total of 78,176 bivalve specimens were collected in all
sampling stations, 57,077 in the Tagus estuary and 21,099 in
the Sado estuary, during the 3 years of the study. Cockles
(Cerastoderma spp.), peppery furrow (Scrobicularia plana),
Manila clam (Ruditapes philippinarum) and the dwarf oyster
(Ostrea stentina), were the most abundant species in the Tagus
estuary over the 3 years. In the Sado estuary, there was a
large abundance of the dwarf oyster but cockles, the Manila
clam, the Portuguese oyster (Magallana angulata), the razor
clam (Solen marginatus) and the peppery furrow were also well
represented (Figure 2).

In the Tagus estuary, cockles were mostly found in the
upstream and intermediate areas of the estuary and in the
bays. However, cockles occur in greater abundance and more
frequently in the upstream and bay areas over the 3 years. In the
Sado estuary, the same pattern is observed. Cockle distribution
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FIGURE 2 | Relative abundance of the most representative bivalve species in the sampling campaigns conducted in the Tagus and Sado estuaries, in 2015, 2018,
and 2019.

was wider, occurring almost in the whole extent of the estuary.
However, they occur in greater abundance in the upstream and
bay area of the estuary (Figure 3).

Additionally, it can be noted that in both estuaries cockles
generally occur at the same sampling sites as the species Ruditapes
philippinarum. In the Tagus estuary cockles are less abundant
or do not occur at the sampling sites where Ostrea stentina
and Scrobicularia plana are present. In the Sado estuary cockles
are less abundant or do not occur at the sampling sites where
Ostrea stentina, Magallana angulata, Scrobicularia plana, and
Solen marginatus are present (Supplementary Tables 2, 3).

For the Tagus estuary during 2015, 2018, and 2019, cockle
specimens accounted for 11%, 20%, and 31% of the total
individuals caught, respectively. For the Sado estuary, during
the years 2015, 2018, and 2019, cockle specimens represented
11%, 2%, and 15%, of the total number of individuals
caught, respectively.

The frequency of occurrence of cockles was independent of
the year, as determined by the results of the Pearson’s chi-square
test of independence for Tagus estuary (p > 0,05) and for Sado
estuary (p > 0,05), suggesting that the number of stations where
they occurred over years has not changed significantly.

The PERMANOVA analysis indicates that significant
differences in cockle abundance were found between estuaries,
with higher abundances in the Tagus estuary, but not between
years (Table 1). The correlation matrix between the factors
selected as likely to integrate the explanatory model of

cockle spatial distribution as a function of environmental
factors demonstrated that there was no highly significant
correlation (r > 0.80) between them, so all factors were kept in
the initial model.

The Poisson count model revealed that cockle abundance
is influenced by all the variables included in the initial
model: depth, temperature, dissolved oxygen, salinity, sediment
organic matter content, granulometry, average sediment grain
size (phi), the categorical variable Estuary (Tagus and Sado)
and the species Ruditapes philippinarum, Scrobicularia plana,
Ostrea stentina, Magallana angulata, and Solen marginatus.
Whereas the logit model included only three variables: depth,
average sediment grain size (phi) and the species Ruditapes
philippinarum (Table 2).

The Poisson count model indicated that there is a higher
abundance of cockles when depth, temperature and sediment
organic matter content is lower, when dissolved oxygen, salinity,
average sediment grain size (phi) is higher and when it is the
Tagus estuary. Regarding the other bivalve species, the model
indicated that there is a higher cockle abundance in sites with
higher abundance of the species Ruditapes philippinarum and
lower abundance of the species Scrobicularia plana, Ostrea
stentina, Magallana angulata, and Solen marginatus.

The logit model indicated a higher probability of cockles being
absent in deeper areas of the estuaries, with lower phi values (i.e.,
when the sediment has a greater grain size) and in areas of the
estuaries with lower abundance of Ruditapes philippinarum.
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FIGURE 3 | Illustrative map of cockle distribution and mean cockle
abundance over the three years (2015, 2018, and 2019) at each sampling
station in the Tagus (A) and Sado estuaries (B).

Population Structure and Cockle
Fisheries
The PERMANOVA analysis showed that no significant
differences in cockle shell lengths were found between estuaries.
However, there were significant differences between the years
for the Tagus estuary (Table 3), namely between the years of
2015 and 2018, and 2018 and 2019, with larger specimens
collected in 2019.

At the sampling sites located in the bays of both estuaries there
are usually individuals with larger size, however at the sampling
stations in the upper and intermediate zone of the estuaries cockle

TABLE 1 | Permutational Multivariate Analysis of Variance (PERMANOVA) analysis
results on cockle abundance in the Tagus and Sado estuaries, in 2015, 2018,
and 2019.

Source df MS Pseudo-F P (perm)

Estuary 1 525.28 11.69 0.002

Year (Estuary) 4 88.07 1.96 0.092

Residuals 243 44.93

The significance level considered was p < 0.05. df means degrees of freedom and
MS means mean square.

shell average length is quite variable over the years, so it’s not
possible to observe a clear pattern (Supplementary Tables 4, 5).
The cockle shell length distribution was determined in all years
for both estuaries (Figure 4). For the Tagus estuary, shell length
of captured individuals ranged from 9 mm to 33 mm and higher
abundance was registered for lengths between 19 mm and 20 mm.
For Sado estuary shell sizes varied between 11 mm and 39 mm
with higher abundance between 20 mm and 23 mm. Most of the
individuals caught (around 90% in both estuaries) were below the
minimum catch size.

DISCUSSION

Bivalve molluscs are an essential component of estuarine systems,
namely in the Tagus and Sado estuaries. The Manila clam
(Ruditapes philippinarum), a non-indigenous species, was one of
the most abundant species in the Tagus and Sado estuaries. This
species was first recorded in 2000 and 2010 in the Tagus and Sado
estuaries, respectively, and its abundance has increased since then
(Cabral et al., 2020). The dwarf oyster (Ostrea stentina) was the
most abundant species in the Sado estuary over the years, being
found mainly in the middle area of the system in stations with
subtidal predominance, which was also observed by Lapégue et al.
(2006) and Portela (2016). It is a species that inhabits the subtidal
areas of estuaries and can be found mainly on rocky substrates
or attached to other bivalve shells. This feature was supported by
the present study as this oyster species was found mostly attached
to shells of the Portuguese oyster (Magallana angulata), another
oyster species present within this estuary.

Several physical and biological factors influence cockle
distribution and abundance along the estuarine gradient. The
factors that seem to have the most relevance in explaining
cockle abundance (count model) were depth, temperature,
dissolved oxygen, salinity, sediment organic matter content,
average grain size (phi), Tagus estuary, Ruditapes philippinarum,
Scrobicularia plana, Ostrea stentina, Magallana angulata, and
Solen marginatus. On the other hand, the factors that seem to
have the most relevance in explaining the probability of cockle
absence (logit model) in both estuaries were depth, granulometry
and the species Ruditapes philippinarum. Additionally, the
analysis revealed that these species are more likely to occur in the
Tagus estuary rather than in the Sado estuary.

Depth was one of the environmental factors identified as being
relevant to explain the cockle spatial distribution and abundance
in this study, being positively correlated with the probability
of cockles absence, suggesting that this species doesn’t occur at
deeper depths but rather in shallow depths and is negatively
correlated with cockles abundance, which suggests that there
is a higher abundance in shallow depths. This is similar to
what was observed by Ysebaert et al. (2002) when developing
predictive models of the response of several species of benthic
macroinvertebrates (including the species Cerastoderma edule)
as a function of environmental factors, who found that the
probability of cockle occurrence increases with decreasing depth.
In fact, cockle species show a higher growth rate when the
depth is shallower, and are often found in shallow intertidal
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TABLE 2 | Characterization of the explanatory environmental factors selected as integrating the final model explaining cockle distribution in the Tagus and Sado estuaries.

Factors Regression coefficients Standard error p-value Confidence intervals

2,5% 97,5%

Count model coefficients

Intercept 2,52400 0,05711 0,00000 2,41244 2,63630

Depth −0,06970 0,00425 0,00000 −0,07802 −0,06137

Salinity 0,05281 0,00148 0,00000 0,04990 0,05572

MOT −0,08159 0,00222 0,00000 −0,08594 −0,07724

Phi 0,16370 0,00657 0,00000 0,15083 0,17659

Tagus Estuary 1,41400 0,02610 0,00000 1,36340 1,46378

Ruditapes philippinarum 0,00106 0,00003 0,00000 0,00099 0,00112

Scrobicularia plana −0,00093 0,00006 0,00000 −0,00105 −0,00081

Ostrea stentina −0,00093 0,00007 0,00000 −0,00094 −0,00063

Magallana angulata −0,00964 0,00263 0,00029 −0,01486 −0,00442

Solen marginatus −0,02241 0,00110 0,00000 −0,02456 −0,02025

Zero-inflation model coefficients

Intercept 1,12599 0,34553 0,00074 0,48875 1,84323

Depth 0,14494 0,04470 0,00118 0,05733 0,23255

Phi −0,32185 0,08122 0,00007 −0,48104 −0,16267

Ruditapes philippinarum −0,00800 0,00192 0,00003 −0,01176 −0,00424

For each explanatory variable, the value of the regression coefficient, standard error, error probability associated with LRT test and confidence intervals are indicated.

TABLE 3 | Results of the PERMANOVA analysis comparing cockle shell lengths
between years (fixed, 3 levels: 2015, 2018, and 2019) nested in estuaries (fixed, 2
levels: Tagus and Sado).

Source df MS Pseudo-F P (perm)

Estuary 1 3781.1 1.325 0.226

Year (Estuary) 4 4240.6 1.486 0.036

Residuals 98 2854.1

The significance level considered was p < 0.05. df means degrees of freedom and
MS means mean square.

and subtidal estuarine areas (Burdon et al., 2014). Kater et al.
(2006) also found that in the Scheldt estuary, one of the most
determining environmental factors affecting cockle distribution
was the emersion time, a measure inversely equated to depth,
which means that the probability of cockles occurring rises with
increasing emersion time.

Cockles are often found in substrates composed of sandy
to muddy sediments (Soissons et al., 2019), in areas with low
current velocities that promote juvenile settlement (Coosen
et al., 1994; Burdon et al., 2014). In the explanatory model
of cockle spatial distribution and abundance as a function of
environmental factors and other bivalve species developed in
the present study, cockle absence was found to be negatively
correlated with mean sediment grain size (phi), i.e., when the
value of phi is lower (more coarser sediment), the more likely
the species is not present. In contrast, cockle abundance is
positively correlated with mean sediment grain size (phi), which
suggests that its abundance is higher in sandy-muddy sediments.
Ysebaert et al. (2002) also found, in the models they developed,
that the probability of cockles occurring is higher in sediments
between 100 and 150 µm, which correspond to fine to very fine
sand sediments.

Sandy sediments generally have lower organic matter and
according to the model, cockles tend to occur in sites with
lower sediment organic matter content. These results were also
observed previously by Ysebaert et al. (2002) in the Schelde
estuary.

Oxygen depletion can potentially cause mass mortalities in
cockle populations (Burdon et al., 2014). In this study it is
shown that dissolved oxygen is positively correlated with cockle
abundance. Therefore, the higher the dissolved oxygen content in
the water the more abundant the cockles will be. Temperature is
negatively correlated with cockle abundance. There is a greater
cockle abundance in sites with lower temperatures (in the
temperature range measured in this study, 14–27◦C). Cockles
are able to tolerate a wide range of temperatures, however their
survival is mainly affected by high temperatures (Malham et al.,
2012; Verdelhos et al., 2015).

Cockle abundance is also influenced by salinity, being higher
in sampling sites with higher salinity. Several studies have shown
that cockle distribution is limited by salinities below 15 psu (Kater
et al., 2006; Malham et al., 2012; Peteiro et al., 2018), which was
also the case in this study, where only occasional presence in
stations with salinity below this value was observed. Ysebaert
et al. (2002) modeled the Western Scheldt cockle population and
predicted cockles would thrive at salinities between 10h and
30h, with the optimum at 25h (Kater et al., 2006).

Although cockle populations were found in both estuaries
under study, Zero-inflated Poisson regression model analysis
showed that cockle abundance is higher at Tagus estuary. This
might be explained by the fact that this system has a larger area
than the Sado estuary consisting of fine sand and mud sediments,
conditions in which greater cockle abundance seems to occur
(Soissons et al., 2019). Additionally, cockles were mostly found
in the sheltered bays where hydrodynamic stress is usually lower,
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FIGURE 4 | Shell length-frequency distribution of Cerastoderma spp. in the Tagus estuary (A) and Sado estuary (B), in the years 2015, 2018, and 2019. The dark
blue bars represent the shell length classes below the minimum catch size (25 mm).

which may favor recruitment and larval settlement in these areas,
and therefore a greater number of cockles (de Fouw et al., 2020).

Cockle distribution and abundance is also influenced by other
bivalve species presence and abundance. Cockle abundance is
positively correlated with manila clam (Ruditapes philippinarum)
abundance, which suggests that its abundance is higher when it
occurs where this species is also present and more abundant. Dias
et al. (2019) demonstrated in their study in the Tagus estuary
that cockles relied on the same food sources as R. philippinarum
and that the trophic niche of R. philippinarum overlapped with
Cerastoderma glaucum by 23%.

Conversely, cockle abundance is negatively correlated with
the abundance of S, plana, O. stentina, M. angulata, and
S. marginatus which suggests that the lowest abundances or
absence of cockles are found in sites with higher abundances of
these species.

Previous studies have shown that oysters are more common in
habitats that are not suitable for cockles (Kater et al., 2006) which

is in line with the results of this study. S. plana occurs in sites with
higher amount of organic matter and more muddy sediments,
while cockles occur mainly in sites with lower amount of organic
matter and muddy-sandy sediments. S. marginatus occurs mainly
in coarser sediments where cockles are generally not present.
In general, the populations’ size and structure in both estuaries
was dominated by commercially undersized cockles (minimum
catch size= 25 mm), which reveals adequate recruitment in these
two estuaries. However, there is a low proportion of individuals
above the minimum catch size that can be harvested. This may be
due to natural mortality events and/or the continuous removal
of commercially sized cockles by intensive harvesting that may
lead to resource overexploitation. However, the latter is less
likely to have occurred because despite being one of the most
abundant species in both estuaries (Cabral et al., 2020), cockle
landings are low compared with other species, suggesting that
professional fishing of this resource is not so relevant in these
estuarine systems. Conversely, landings for the Ria de Aveiro
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and Ria Formosa are high compared to other species, which
suggests that professional fishing for this resource might be more
relevant in these systems. However, although professional fishing
does not seem to have as much relevance in the Tagus and Sado
estuary, it should be taken into account that an undetermined
amount of cockle trade is made through a clandestine market,
in which the catches are not officially declared at the fishing
ports. Additionally, there is also an undetermined number of
recreational harvesters, who exploit the most accessible cockle
beds, and generally do not meet the criteria of minimum catch
size and closed seasons, thus undermining the sustainability of
the exploitation of this resource. Monitoring of these populations
in these systems is therefore crucial.

The size of cockle populations varies significantly, mainly
as a consequence of annual variability in reproductive success
(Beukema and Cadée, 1996). In other places where cockles are
exploited as a resource, populations have been declining. In Ria
de Arousa, in Spain, this decrease seems to be mainly related to
a disease caused by a parasite from the genus Marteilia (Villalba
et al., 2014). On the other hand, in the Wadden Sea, this decrease
seems to be mainly a result of low recruitment, which can be
explained by an increase in predation on the species under
study (Beukema and Dekker, 2005). In Portugal, in the Mondego
estuary, overexploitation seems to have been the cause of the
declining stocks (Crespo et al., 2010). The increase of the Manila
clam populations can also be a threat to cockle populations.
Manila clam is currently one of the dominant species at Tagus
estuary (Cabral et al., 2020) and although it still has a relatively
low occurrence in the Sado estuary, the spatial overlap with the
cockle distribution area is high. A recent study conducted in
the Tagus estuary using stable isotopes indicated that there is
23% overlap between the trophic niches of the Manilla clam and
the Lagoon cockle, highlighting the high potential for trophic
competition between these sympatric species (Dias et al., 2019;
Soissons et al., 2019). Considering the challenges indicated above
there would appear to be several causes that could trigger a
decrease in cockle populations in both systems.

Cockles are known to have high temporal and spatial
variability due to biotic and abiotic factors (Beukema et al., 2010;
Peteiro et al., 2018). Additionally, global change is occurring, due
to climate change and anthropogenic activities with consequent
changes in environmental parameters, which reinforces the need
for cockle population dynamics and their health to be monitored
and used to guide appropriate and effective management
measures to ensure future sustainable fisheries.
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