

https://www.frontiersin.org/research-topics/6185/coral-reefs-in-the-anthropocene
https://www.frontiersin.org/research-topics/6185/coral-reefs-in-the-anthropocene
https://www.frontiersin.org/research-topics/6185/coral-reefs-in-the-anthropocene
https://www.frontiersin.org/journals/marine-science

:' frontiers

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 978-2-88963-418-7
DOI 10.3389/978-2-88963-418-7

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: researchtopics@frontiersin.org

Frontiers in Marine Science

1 December 2019 | Coral Reefs in the Anthropocene


https://www.frontiersin.org/research-topics/6185/coral-reefs-in-the-anthropocene
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/
mailto:researchtopics@frontiersin.org

CORAL REEFS IN THE
ANTHROPOCENE

Topic Editors:

Michael Sweet, University of Derby, United Kingdom

Dominic A. Andradi-Brown, World Wildlife Fund (United States), United States
Christian Robert Voolstra, Universitat Konstanz, Germany

Catherine Ellen Ivy Head, University of Oxford, United Kingdom

David Curnick, Zoological Society of London, United Kingdom

Thomas K. Frazer, University of Florida, United States

Anastazia T. Banaszak, National Autonomous University of Mexico, Mexico

Every year, 10 outstanding Research Topics are selected as finalists of the Frontiers
Spotlight Award. These shortlisted article collections each address a globally
important field of research with the potential to drastically impact our future. They
bring together the latest, cutting-edge research to advance their fields, present new
solutions and foster essential, large-scale collaborations across multiple disciplines
and research groups worldwide.

This international research prize recognizes the most innovative and impactful topics
and the winning team of editors receives $100,000 to organize an international
scientific conference on the theme of their successful collection.

For more information visit spotlight.frontiersin.org
Citation: Sweet, M., Andradi-Brown, D. A., Voolstra, C. R., Head, C. E. [,

Curnick, D., Frazer, T. K., Banaszak, A. T., eds. (2019). Coral Reefs in the
Anthropocene. Lausanne: Frontiers Media SA. doi: 10.3389/978-2-88963-418-7

Frontiers in Marine Science

2 December 2019 | Coral Reefs in the Anthropocene


https://www.frontiersin.org/research-topics/6185/coral-reefs-in-the-anthropocene
https://www.frontiersin.org/journals/marine-science
http://doi.org/10.3389/978-2-88963-418-7
https://spotlight.frontiersin.org/

Table of Contents

05

15

31

36

49

64

75

86

95

109

Editorial: Coral Reefs in the Anthropocene — Reflecting on 20 Years of
Reef Conservation UK

Dominic A. Andradi-Brown, Anastazia T. Banaszak, Thomas K. Frazer,
Hannah Gilchrist, Alastair R. Harborne, Catherine E. |. Head,

Heather J. Koldewey, Emma Levy, Kirsty Richards, Rebecca Short,
Michael Sweet, Kristian Teleki, Christian R. Voolstra, Bryan Wilson,
Elizabeth Wood, Robert T. Yarlett and David J. Curnick

Corals and Their Microbiomes are Differentially Affected by Exposure to
Elevated Nutrients and a Natural Thermal Anomaly

Lu Wang, Andrew A. Shantz, Jéréme P. Payet, Thomas J. Sharpton,
Amelia Foster, Deron E. Burkepile and Rebecca Vega Thurber
Perspectives on the Great Amazon Reef: Extension, Biodiversity, and
Threats

Ronaldo B. Francini-Filho, Nils E. Asp, Eduardo Siegle, John Hocevar,
Kenneth Lowyck, Nilo D’'Avila, Agnaldo A. Vasconcelos, Ricardo Baitelo,
Carlos E. Rezende, Claudia Y. Omachi, Cristiane C. Thompson and
Fabiano L. Thompson

Local Biomass Baselines and the Recovery Potential for Hawaiian Coral
Reef Fish Communities

Kelvin D. Gorospe, Megan J. Donahue, Adel Heenan, Jamison M. Gove,
Ivor D. Williams and Russell E. Brainard

Interspecific Hybridization May Provide Novel Opportunities for Coral
Reef Restoration

Wing Yan Chan, Lesa M. Peplow, Patricia Menéndez, Ary A. Hoffmann and
Madeleine J. H. van Oppen

Assessment of Mesophotic Coral Ecosystem Connectivity for Proposed
Expansion of a Marine Sanctuary in the Northwest Gulf of

Mexico: Population Genetics

Michael S. Studivan and Joshua D. Voss

Assessment of Mesophotic Coral Ecosystem Connectivity for Proposed
Expansion of a Marine Sanctuary in the Northwest Gulf of Mexico: Larval
Dynamics

Lysel Garavelli, Michael S. Studivan, Joshua D. Voss, Alyson Kuba,

Joana Figueiredo and Laurent M. Chérubin

Warmer Water Affects Immunity of a Tolerant Reef Coral

Caroline V. Palmer

Ultra-Violet Radiation Has a Limited Impact on Seasonal Differences in
the Acropora Muricata Holobiont

Jeroen A. J. M. van de Water, Lucile Courtial, Fanny Houlbreque,

Stéphan Jacquet and Christine Ferrier-Pagés

Impacts of a Regional, Multi-Year, Multi-Species Coral Disease Outbreak
in Southeast Florida

Charles J. Walton, Nicole K. Hayes and David S. Gilliam

Frontiers in Marine Science

3 December 2019 | Coral Reefs in the Anthropocene


https://www.frontiersin.org/research-topics/6185/coral-reefs-in-the-anthropocene
https://www.frontiersin.org/journals/marine-science

123

141

155

163

174

184

194

203

217

230

245

Impact of the Use of a Teaching Toolbox in an Awareness Campaign on
Children’s Representations of Coral Reefs

Pascale Chabanet, Georgeta Stoica, Stéphanie M. Carriere, Catherine Sabinot,
Claire Bedrossian and Jocelyne Ferraris

Bacterial Communities in Tissues and Surficial Mucus of the Cold-Water
Coral Paragorgia arborea

Bradley A. Weiler, Joost T. P. Verhoeven and Suzanne C. Dufour

Changes in Radial Polyp Tissues of Acropora Longicyathus After
Long-Term Exposure to Experimentally Elevated Nutrient Concentrations
Daniel J. Bucher and Peter L. Harrison

Effect of Coral-Algal Interactions on Early Life History Processes in
Pocillopora acuta in a Highly Disturbed Coral Reef System

Rick C. Leong, Ezequiel M. Marzinelli, Jeffrey Low, Andrew G. Bauman,
Elton W. X. Lim, Chin Y. Lim, Peter D. Steinberg and James R. Guest
Contrasting Antibacterial Capabilities of the Surface Mucus Layer From
Three Symbiotic Cnidarians

Jacqueline Rivera-Ortega and Patricia E. Thomé

Effects of Partial Mortality on Growth, Reproduction and Total Lipid
Content in the Elkhorn Coral Acropora palmata

Victor M. Pindn-Gonzalez and Anastazia T. Banaszak

Host Differentiation and Compartmentalization of Microbial Communities
in the Azooxanthellate Cupcorals Tubastrea coccinea and Rhizopsammia
goesi in the Caribbean

Aschwin H. Engelen, Tania Aires, Mark J. A. Vermeij, Gerhard J. Hernd|,
Ester A. Serrao and Pedro R. Frade

Corallivory in the Anthropocene: Interactive Effects of Anthropogenic
Stressors and Corallivory on Coral Reefs

Mallory M. Rice, Leila Ezzat and Deron E. Burkepile

Identifying Causes of Temporal Changes in Acropora cervicornis
Populations and the Potential for Recovery

Elizabeth A. Goergen, Alison L. Moulding, Brian K. Walker and David S. Gilliam
Short Term Exposure to Heat and Sediment Triggers Changes in Coral
Gene Expression and Photo-Physiological Performance

Rosa Celia Poquita-Du, Danwei Huang, Loke Ming Chou, Mrinalini and
Peter A. Todd

Reproductive Seasonality of Coral Assemblages in the Karimunjawa
Archipelago, Indonesia

Diah P. Wijayanti, Elis Indrayanti, Anindya Wirasatriya, Arfiyan Haryanto,

Dwi Haryanti, Andrianus Sembiring, Tyas A. Fajrianzah and Ranjeet Bhagooli

Frontiers in Marine Science

4 December 2019 | Coral Reefs in the Anthropocene


https://www.frontiersin.org/research-topics/6185/coral-reefs-in-the-anthropocene
https://www.frontiersin.org/journals/marine-science

'," frontiers

in Marine Science

EDITORIAL
published: 12 June 2020
doi: 10.3389/fmars.2020.00364

OPEN ACCESS

Edited and reviewed by:
Eric Jeremy Hochberg,
Bermuda Institute of Ocean
Sciences, Bermuda

*Correspondence:
Dominic A. Andradi-Brown
dominic.andradi-brown@wwfus.org

Specialty section:

This article was submitted to
Coral Reef Research,

a section of the journal
Frontiers in Marine Science

Received: 19 February 2020
Accepted: 29 April 2020
Published: 12 June 2020

Citation:

Andradi-Brown DA, Banaszak AT,
Frazer TK, Gilchrist H, Harborne AR,
Head CEl, Koldewey HJ, Levy E,
Richards K, Short R, Sweet M,
Teleki K, Voolstra CR, Wilson B,
Wood E, Yarlett RT and Curnick DJ
(2020) Editorial: Coral Reefs in the
Anthropocene — Reflecting on 20
Years of Reef Conservation UK.
Front. Mar. Sci. 7:364.

doi: 10.3389/fmars.2020.00364

Check for
updates

Editorial: Coral Reefs in the
Anthropocene - Reflecting on 20
Years of Reef Conservation UK

Dominic A. Andradi-Brown ™, Anastazia T. Banaszak?, Thomas K. Frazer?,

Hannah Gilchrist*, Alastair R. Harborne®, Catherine E. I. Head®’, Heather J. Koldewey5°,
Emma Levy?, Kirsty Richards'°, Rebecca Short'', Michael Sweet 2, Kristian Teleki ',
Christian R. Voolstra™, Bryan Wilson’, Elizabeth Wood ¢, Robert T. Yarlett'” and

David J. Curnick®

" Ocean Conservation, World Wildlife Fund, Washington, DC, United States, ? Unidad Académica de Sistemas Arrecifales,
Universidad Nacional Auténoma de México, Puerto Morelos, Mexico, ° School of Natural Resources and Environment,
University of Florida, Gainesville, FL, United States, * Blue Ventures, Bristol, United Kingdom, ° Department of Biological
Sciences, Florida International University, North Miami, FL, United States, ° Institute of Zoology, Zoological Society of London,
London, United Kingdom, ” Department of Zoology, University of Oxford, Oxford, United Kingdom, ¢ Conservation & Policy,
Zoological Society of London, London, United Kingdom, ° Centre for Ecology and Conservation, University of Exeter, Penryn,
United Kingdom, '° Atmosphere Resorts, Dauin, Philippines, ' European Centre for Environment and Human Health,
University of Exeter Medlical School, Royal Cornwall Hospital, Truro, United Kingdom, "2 Aquatic Research Facility,
Environmental Sustainability Research Centre, University of Derby, Derby, United Kingdom, " Sustainable Ocean Initiative,
World Resources Institute, London, United Kingdom, ' Friends of Ocean Action, World Economic Forum, Geneva,
Switzerland, "° Department of Biology, University of Konstanz, Konstanz, Germany, '° Freelance Consultant, Hook,

United Kingdom, '’ Independent Researcher, London, United Kingdom

Keywords: coral reef, reef conservation, United Kingdom, RCUK, trends, anthropocene

Editorial on the Research Topic

Coral Reefs in the Anthropocene - Reflecting on 20 Years of Reef Conservation UK

INTRODUCTION

The term “Anthropocene” has been suggested as the current epoch (denoting the current geological
age) and is viewed as the period where human-based activity is the dominant influence on climate
and the environment (Lewis and Maslin, 2015). Arguably, one of the most prevalent and visible
effects of this anthropogenic activity has manifested in the equatorial tropics—where coral reef
ecosystems have suffered alarming declines (Pandolfi et al., 2003; Hughes et al., 2017). For example,
recent increases in mass bleaching events brought about by prolonged periods of elevated sea
surface temperatures highlight a worrying trend, with predictions that over half of reefs will
experience annual severe bleaching before 2050 (van Hooidonk et al., 2016). For this reason,
coral reefs have often been referred to as “canaries in the coal mine” for the marine biome. Yet
reefs continue to be crucial sources of food, protection, livelihoods, and cultural identity for many
people around the world (Teh et al., 2013; Hicks and Cinner, 2014; Lau et al., 2019). It is therefore
critical that the link between healthy reefs, food security, and sustainable community livelihoods is
maintained into the future.

This Research Topic represents the proceedings for the European Coral Reef Symposium
(ECRS), which took place 13th-15th December, 2017 in Oxford, UK. ECRS was organised by the
Reef Conservation United Kingdom (RCUK) committee, in association with the Zoological Society
of London (ZSL), University of Oxford, and the International Coral Reef Society (ICRS). Over
550 coral reef scientists and conservationists joined the meeting for a series of talks, posters, and
workshops. In addition to the papers in this Research Topic, ECRS provided a platform for many
other coral reef-related events and outputs. For example, the symposium hosted the European
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launch of the 2018 International Year of the Reef on the
13th December 2017, and several of the workshops produced
published outputs (e.g., Turner et al., 2019).

In this editorial, we provide a brief history of RCUK—
charting the course from inception in 1997 through to ECRS
in 2017—including our sustainable conferencing efforts and
commitments to diversity and inclusion. We strongly believe that
all conferences should carefully consider sustainability, diversity,
and inclusion and we hope our efforts will inspire and encourage
other conference organisers to do the same. We then introduce
the globally relevant coral reef science and conservation that
has been presented at RCUK meetings and provide an overview
of the papers submitted to this Research Topic. We close by
highlighting our vision for RCUK into the future—and lay out
how this can be applied to the upcoming Frontiers Spotlight
Conference on Coral Reefs.

HISTORY OF RCUK

RCUK is an informal network for coral reef scientists, students,
practitioners, educators, conservationists, aquarists, and policy
makers. Though RCUK is UK-based, it is open to all,
regardless of location. RCUK formed in response to the first
International Year of the Reef (IYOR) in 1997. During that
year, UK-based individuals and organisations came together
to raise awareness about coral reefs, including a press event,
networking meetings, development of communication materials,
and education workshops. These activities brought together
groups that had not previously communicated—leading to
new collaborations and improved information exchange and
networking, especially within the UK coral reef community.
The original IYOR UK committee felt a conference would be
a good way to build on this network for coral reef science
and conservation in the UK but did not have the resources to
deliver that in 1997. This led to the formation of the first RCUK
coordinating committee, followed soon after by the first RCUK
conference in 1998. The conference programme for the newly-
formed RCUK stated: “We hope that this is the beginning of
a sustained and continued effort to ensure that the RCUK and
the UK reef community maintain an active role in promoting
conservation, public awareness and education about coral reefs, as
well as ensuring that all reef-related activities are conducted in a
responsible manner” (RCUK, 1998).

Over 20 years later, with a conference held every year since,
RCUK is firmly established as a major conference to attend
for all things reef-based—and has become a cornerstone of
the UK coral reef science and conservation community. RCUK
meetings have more than doubled in size, from 100 delegates
in the late 1990s (Teleki et al, 2001), to approximately 130
delegates in 2014 and 2015 (Andradi-Brown, 2015; Andradi-
Brown et al, 2016a), and sell-out meetings with over 200
delegates (the ZSL venue capacity) in 2016 and 2018. In 2017,
RCUK coordinated ECRS in Oxford, UK, with over 550 delegates
attending. ECRS is a European coral reef conference initiated
by ICRS, typically held every 4 years in a different European
location. ECRS represents the European regional meeting

counterpart to the ICRS-coordinated global International Coral
Reef Symposium. Hosting ECRS marked the 20th annual
conference of RCUK, and this Research Topic—representing
ECRS conference proceedings—marks the important legacy of
RCUK to the UK-based coral reef community.

RCUK meetings strive to be friendly conferences, welcome to
anyone with an interest in reef studies or conservation regardless
of background or career stage, and include an informal evening
social event to encourage networking. RCUK meetings are also
smaller and more affordable than most of the international coral
reef conferences, and intentionally designed to cross academic
hierarchies—with a high proportion of early career presenters
and attendees. For example, 52% and 45% of attendees at RCUK
in 2016 and 2015, respectively, were students. Additionally, for
undergraduate and Master’s students, RCUK is frequently their
first experience attending or presenting at a conference. From
2015 onwards, RCUK has awarded prizes for the best student talk
and poster presentations (Andradi-Brown et al., 2016a). RCUK
presentations have been given by many students or early career
conservationists who have gone on to become prominent and
influential at the national or international level in academia,
conservation organisations, or science communication. The
original RCUK committee were all early career scientists and
conservationists, including several Ph.D. students, with the
majority still actively engaged in coral reefs today. While the
meeting has expanded and committee members have invariably
changed, RCUK continues to be led by a group of early career
scientists and conservationists. RCUK has remained “dedicated
to the conservation and awareness of coral reefs” (RCUK, 1998)
over the past two decades—as envisaged when founded.

SUSTAINABLE AND INCLUSIVE
CONFERENCING AT RCUK AND ECRS

ECRS was a chance to highlight the RCUK committee’s values
to the European and global coral reef community. Although
predominantly a UK-based network, we seek for RCUK to have
global relevance. When planning and hosting ECRS and our
annual RCUK conference, we strive for them to be diverse,
inclusive, and as environmentally sustainable as possible. Below
are some steps we have taken on the journey toward this goal.

Diversity and Inclusion
We interpret diversity and inclusion in its broadest sense, with
the aim of ensuring all potential attendees feel welcome and have
equal access to the conference. Many of the actions we have
taken and summarise below have previously been highlighted
by researchers and are also being taken up by other conferences
in conservation science (e.g., Sardelis et al., 2017; Smith et al.,
2017) and by other organising societies (e.g., the Equity and
Diversity Committee of the American Elasmobranch Society
and the Marine Section Diversity Committee of the Society
for Conservation Biology). Such approaches are also being
formalised as codes of conduct (e.g., Favaro et al., 2016).

To reduce conscious and unconscious bias, we have
conducted blind abstract reviews since 2015 at all RCUK

Frontiers in Marine Science | www.frontiersin.org

June 2020 | Volume 7 | Article 364


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

Andradi-Brown et al.

Editorial: Coral Reefs in the Anthropocene

conferences. All submitted abstracts are initially reviewed and
ranked blind to author names, institutions, and career stage.
A minimum of five people review each abstract. Following
review, we unblind all abstracts and have an open committee
discussion to ensure that we accept the top ranked abstracts, but
also ensure balance between institutions, types of institutions
(university, —non-governmental organisations, museums,
aquariums, government, etc.), career stage of presenters
(especially providing opportunities for students to present),
gender, and geographical locations. For ECRS, we instigated a
similar selection process, blinding the submitted abstracts before
sending them to the symposium session organisers for initial
review, and encouraging them to consider many of the issues
above when making refinements to their sessions.

In terms of gender balance, 38% of presentations at RCUK
between 1998 and 2016 had a woman as presenting author
(Figure 1). However, as would be expected with a small
conference, the percentage is highly variable year-to-year. There
have been four occasions from 1998 to 2016 where the percentage
of women as presenting author has been over 50%. Our analysis
suggests that RCUK, and likely UK reef science more generally,
still requires progress to address gender balance. While we do not
have data available, we are aware there is a need for RCUK, as
there is for marine science in general (e.g., Mauleon et al., 2013;
Smith et al., 2017), to also improve representation of a broader
range of ethnic groups and wider socio-economic backgrounds.

We introduced plenary speakers to RCUK meetings for the
first time in 2015 (Andradi-Brown et al., 2016a), with these
talks allocated more time than standard presentations. Prior
to invitations being issued, the committee discussed using
the plenary speaker presentations as a platform to showcase
interesting and progressive reef science and conservation in more
detail than is possible in shorter format talks, while also reflecting
the same balance that we want in presenters. We were particularly

60 Bars
. Annual Percentage

Lines
— 3 Year Moving Average

— Overall Average

40

Presenting authors that were women (%)

Year

FIGURE 1 | Percentage of talks presented by women at RCUK conferences
by year. The red line shows a three-year moving average (an average across
the current year, the year prior, and the year following), while the green dashed
line represents the mean percentage across the timeseries (38%).

keen to increase the number of women invited to give plenary
talks, as this increases the visibility of women in coral reef science
and can provide role models for early career women and students
(Jones et al., 2014; Sardelis and Drew, 2016). From 2015 to 2017
(including ECRS) our plenary speakers included four women and
two men. We also acknowledge that inequity applies to non-
binary gender identities, those with disabilities, and other aspects
of intersectional diversity, and are working to identify ways
to address this moving forward to further increase inclusivity
and diversity.

RCUK was formed in the recognition that there was a
considerable community of reef scientists and conservationists
at UK institutions that would benefit from improved networking
and coordination. As such, RCUK does not aim to be fully
representative of global coral reef nations. We recognise,
however, that bringing in more geographical representation
is crucial to broaden perspectives—as the majority of tropical
coral reefs are located far away from Europe. Since 2018,
RCUK has fully funded a plenary speaker each year from
a low- or lower-middle-income country that contains coral
reefs. Our intention has been to hear about reef conservation
projects from their home country, with a view to a shared
learning between these applied reef conservation scientists
or practitioners and UK-based researchers. We maximise
the value of the trip for the speaker by providing financial
support for a short placement with a UK-based conservation
or academic partner relevant to their work, expanding on
this shared learning. There are also many students from coral
reef nations who study in the UK, and RCUK represents
a valuable capacity-building and networking opportunity
for them. We continue to seek opportunities to increase
engagement and shared learning between the RCUK
network and scientists and practitioners from tropical coral
reef nations.

To increase financial accessibility of RCUK conferences and
ECRS, we intentionally keep costs down and provide student
travel grants. RCUK conferences are typically held at ZSL, as
considerable administrative and in-kind support is provided.
Furthermore, the use of ZSL facilities allows us to minimise
costs. The first conference in 1998 charged a standard registration
fee of £25, which had increased to £40 by 2016—though with
an additional discount for students. We believe this represents
excellent value for a full day conference that includes lunch, tea
and coffee, and drinks and snacks at an evening networking
reception surrounded by the coral reef exhibits in the ZSL
Aquarium. For ECRS, we partnered with the University of
Oxford to use university-owned conference facilities. These
were substantially cheaper than professional conference centres,
which allowed us to pass on savings directly to our attendees
through reduced registration fees. RCUK also provides travel
grants to students and recent graduates. These grants are
intentionally not restricted on the basis of either age or country,
but instead based on career stage. ECRS travel grants were
supported by ICRS. During ECRS, free professional childcare
was provided within the conference building, as childcare
barriers are often prohibitive for parents to attend conferences
(Sardelis et al., 2017).
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Environmental Sustainability

As a coral reef science- and conservation-focused committee it is
crucial we evaluate our environmental impact and maximise the
sustainability of our conferences. At ECRS, we carbon offset all
conference activities and all committee and plenary speaker travel
required for planning and attendance. This commitment meant
quantifying the venue’s electricity usage during the conference
and hosting the World Land Trust within the conference venue
for delegates to join us in offsetting their conference travel. We
avoided single-use plastic by providing water fountains around
the venue and encouraging delegates to bring reusable water
bottles. Paper drinking cones were provided on-request for
anyone who did not have a reusable water bottle. No single-
use plates, cutlery, or cups were used in serving catered food
or drinks during lunches and coffee breaks, and delegates were
provided with reusable bamboo coffee cups within their plastic-
free conference bags. Name badges and lanyards for conference
delegates also avoided plastic, instead using laser-cut, locally-
sourced, wooden name badges and bamboo fibre lanyards. These
have the advantage of being more durable than paper name
badges without needing to be held in a plastic pouch, which
was essential for a multi-day conference. The lanyards have also
been used again for subsequent RCUK events. Our conference
volunteer t-shirts were made from recycled plastic bottles and
offcuts from the organic cotton trade and were ethically certified
by Fair Wear. ECRS also strived to be a paper-free conference.
The programme, schedule, and abstract book were provided
through a free mobile phone application, or electronic document
available on the ECRS website.

With ECRS catering for more than 550 people over three days,
it was important to consider the environmental impact of the
food we served. The conference was therefore fully vegetarian
and used as much locally-produced food as possible—the first
ICRS-sponsored event that has done this. We have continued this
trend at annual RCUK meetings and are delighted that the 2021
International Coral Reef Symposium has followed our example
and made their upcoming meeting fully vegetarian.

CHANGING PRIORITIES OF REEF
SCIENCE AND CONSERVATION

RCUK was founded at a time when the drivers of global reef loss
were still poorly recognised beyond the coral reef community,
and most conservation attention was on local or regional threats.
The International Coral Reef Initiative (ICRI)—a partnership
between governments and other organisations to protect coral
reefs (Dight and Scherl, 1997)—listed four key activities in
its framework for action in 1995: (i) integrated management,
(ii) capacity building, (iii) research and monitoring, and (iv)
review/evidence synthesis (ICRI, 1995). Following a series of
workshops, ICRI identified overfishing and pollution from
sewage as the two main global threats to reefs, alongside
destructive fishing and sedimentation as a consequence of poor
land-use practices as additional inter-regional threats (Dight
and Scherl, 1997). Indeed, widespread recognition of the effects
of climate change on reefs was not apparent until the global

mass coral bleaching event and mortality in 1998 (Wilkinson,
2000). For example, in the Status of Coral Reefs of the World:
2000, Wilkinson (2000) wrote: “Many coral reef scientists and
resource managers were considerably shocked and depressed
during 1998 when there was massive coral bleaching and mortality
of corals over large reef areas in many parts of the world. This
caused a major paradigm shift in concepts about the degradation
of coral reefs and mechanisms for management.” Since then,
the role of climate change as a major global driver of coral
reef degradation and loss has become well-established. For
example, a Royal Society meeting produced a climate change
and coral reef statement in 2009 (“The coral reef crisis: The
critical importance of <350 ppm CO,”; Veron et al, 2009),
and ICRS issued a consensus statement in 2015 summarising
the evidence base (“Climate Change Threatens the Survival of
Coral Reefs”; Hoegh-Guldberg et al., 2015). Climate change
was also explicitly mentioned throughout the 2018 third IYOR
recommendation adopted by ICRI (ICRI, 2016). While reducing
global carbon emissions is accepted as essential to support
coral reef survival into the 21st century, there is much debate
about the role of different local- and regional-level management
interventions. This has led to recent advocacy efforts to avoid
portraying an exclusively “doom and gloom” picture of the
future of coral reefs (Abelson, 2020), and to instead promote
ocean optimism (Knowlton, 2018). This can be achieved, for
example, by highlighting appropriate management interventions
(e.g., proper sewage treatment, effective fisheries management)
that local decision-makers can take to enhance reef resilience
and support reef conservation (Abelson, 2020). It is crucial to
remember that reef stressors that can be addressed by local-
or regional-scale management are still causing widespread reef
loss in many locations globally (e.g., Hader et al., 2020). Many
members of the RCUK network have played important roles
in advancing coral reef conservation throughout these past two
decades, through science, field conservation, capacity building,
or policy.

Since 1998, many of these trends in broader reef science have
been reflected in presentations at the RCUK annual meeting
(Figure 2). Each year, when selecting abstracts for inclusion at
the conference, the RCUK committee tries to select a balance
across relevant disciplines, as well as representation of career
levels and institutions. Therefore, the presentations selected
each year can be considered a broad proxy for general reef
science and conservation priorities at the time, with a bias
toward work conducted by UK-based institutions. Across the 402
abstracts accepted for talks at the conference from 1998 to 2016,
we counted the number of abstracts that included key words
associated with reef threats and management or conservation
interventions (Table 1).

Approximately two thirds (66%) of abstracts at RCUK
conferences made reference to a “reef threat”. Many of the
threats identified by ICRI and IYOR are highlighted in the
research presented (Figure 2A). Climate change was the single
greatest reef threat presented at RCUK—included in 34% of
abstracts. This was followed by fisheries-related issues (25%)
and then sedimentation (12%). Disease and pollution were both
mentioned in 9% of abstracts. Noteworthy is the fact that disease
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FIGURE 2 | Cumulative trends in the number of abstracts on key topics at RCUK from 1998 to 2016. Trends shown for (A) reef threats, (B) climate change related
impacts, and (C) conservation and management actions. Results show the cumulative number of talk abstracts through time based on keyword analysis on the
abstract contents (see Table 1 for keywords included in each topic).

received little attention prior to 2005 (Figure 2A). The increased
prominence of coral disease is likely associated with the increased
profile of diseases emerging as a major scleractinian coral threat
(Harvell et al., 1999; Sweet et al., 2012). Plastic pollution, despite
arecent high profile (Villarrubia-Gémez et al., 2018; Stafford and
Jones, 2019), has featured the least of all reef threats.

The most common climate change-related impact mentioned
in 21% of RCUK presentations has been coral bleaching
(Figure 2B). Unsurprisingly, as the first RCUK conference
occurred in November 1998—toward the end of the first
reported global mass coral bleaching event (Wilkinson, 2000)—
presentations discussed preliminary results of the impact of
bleaching on coral reefs. These first conference presentation titles
included phrases such as “catastrophic coral bleaching” and “can
coral adapt to climate change” (RCUK, 1998). More presentations
refer to bleaching than climate change throughout the time series
(Figure 2B), likely reflecting the fact that bleaching is a sign of
coral stress directly observable by researchers and can also be
caused by non-climate change related processes, e.g., disease.
Presentations related to bleaching were a mainstay of meetings
from 1998 to 2016, while climate change became much more
prominent after 2006 (Figure 2B). Whilst storm impacts and
ocean acidification were mentioned in 7 and 3% of abstracts,
respectively, presentations relating to ocean acidification were
completely absent prior to 2008 (Figure 2B).

From 1998 to 2016, over half (59%) of abstracts included
reference to conservation or management. Given that the original
aim of RCUK included “promoting conservation...about coral
reefs” and “ensuring that all reef related activities are conducted
in a responsible manner”, it is encouraging to see a high
number of abstracts either directly studying these issues or
relating research to potential applied impact. Management issues

» o«

(comprised of keywords “management”, “management capacity”,
and “effectiveness”) were the most commonly mentioned terms—
present in 35% of abstracts (Figure 2C), followed by conservation
and people (both 30% of accepted abstracts). Sustainability
and Marine Protected Areas (MPAs) were each mentioned in
14% of abstracts, with MPAs being the single biggest named
conservation intervention discussed at RCUK. However, the use
of community-based conservation approaches and enforcement
have been noticeably lacking in past RCUK conferences
(Figure 2C). Overall, there has been little change through time
in the discussion of conservation and management approaches.

RESEARCH TOPIC OVERVIEW

This Research Topic “Coral Reefs in the Anthropocene” marks
the 20th anniversary of RCUK, and was assembled jointly as a
conference proceedings volume for ECRS and an open call via
the Frontiers in Marine Science journal website for additional
submissions. This Research Topic contains 20 papers involving
104 authors and covers many issues at the cutting-edge of reef
science and conservation. Papers span basic and applied science,
such as the diversity of coral holobionts, coral disease, nutrient
impacts, recovery potential for coral reefs, and support for MPA
expansions. Here, we briefly summarise each contribution and
highlight their importance to the study of coral reefs.

Coral reefs are built by stony corals that comprise
metaorganisms, or so-called holobionts (Rohwer et al., 2002).
For decades, the association between coral animals and their
intracellular microalgal partners in the family Symbiodiniaceae
has been the subject of intense research given that this symbiosis
comprises the foundation of reef ecosystems (LaJeunesse et al.,
2018). However, more recently, the role of bacteria in helping
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TABLE 1 | Keywords used to identify changes in frequency of different topics

presented.
Category Group Keywords
Reef Threats Fisheries Fishing; Fisheries

Climate change

Conservation and
management

Sedimentation
Pollution

Plastic

Disease

All climate change

Climate change
Bleaching

Ocean acidification
Storms
Management

MPA

Enforcement
Community based
Sustainability
Capacity building

Sedimentation; Sediment
Pollution; Nutrient; Waste
Plastic

Disease

Climate change; Bleaching; Global
warming; Bleaching; Ocean acidification;
Cyclone; Hurricane; Typhoon; Storm; Sea
Surface Temperature; SST

Climate change; Global warming
Bleaching; Sea surface temperature; SST
Ocean acidification

Cyclone; Hurricane; Typhoon; Storm

Management; Management capacity;
Effectiveness

Marine protected area; Marine reserve;
MPA; Zoning

Enforcement; Patrol

Community based; Community-based
Sustainab

Capacity building

People Resource use; People; Human; Fisher;
Well-being; Well-being; Social
Conservation Conservation

All talk abstracts (n = 402) presented at RCUK from 1998 to 2016 were analysed. The
number of abstracts containing keywords associated with one or more of groups were
identified for each year. Searches for keywords were not case-sensitive. Categories and
groups align with Figure 2.

corals remain healthy and resilient has been acknowledged
(Reshef et al., 2006; Bourne et al., 2016; Ziegler et al., 2017), but
few studies investigated how they interact with other holobiont
compartments (Robbins et al., 2019). In this Research Topic,
several papers studied the coral holobiont to document microbial
taxa present and how these differed between locations in the
coral polyp or between different scleractinian coral species.
For example, Engelen et al. looked at microbial communities
associated with the surface mucus, tissue, and gastrovascular
cavity of two azooxanthellate Caribbean cup corals. They found
high similarity between microbial communities in both species in
the surface mucus and tissue, but not in the gastrovascular cavity.
Weiler et al. looked at bacterial communities associated with
coral tissue and mucus in a deep-sea cold-water coral and found
that many of these are likely to be involved in nitrogen cycling.
Finally, van de Water et al. studied how seasonal environmental
conditions, specifically changes in ultraviolet radiation, affected
coral holobiont composition and coral functioning in Acropora
muricata. Despite finding seasonal effects on the coral holobiont,
they found little evidence that ultraviolet radiation was driving
this. However, they found large seasonal effects on coral
processes such as photosynthesis and calcification. Collectively,
these studies demonstrate how much there is to learn about the
microbiome, including the taxonomic diversity, their functional

importance, and variation across temporal and biophysical
gradients. While it is clear that a better understanding of the
microbiome will be critical for understanding the impact of
stressors on corals in the Anthropocene, these studies highlight
the difficulty in predicting the response of corals under future
scenarios of climate change.

A further benefit of understanding the microbiome is a
better understanding of the causes of coral disease. Disease is
a major threat to corals—particularly in places with high local
anthropogenic impacts (Sweet and Brown, 2016), and was a
key theme presented at ECRS. Three studies considered the
effects of disease on either individual corals or on the reef
systems as a whole. Rivera-Ortega and Thomé studied the
properties of the surface mucus from three cnidarians, including
a scleractinian coral and an anemone, finding that this had
antibacterial properties. They also found corals with black band
disease had diminished antibacterial capacity in the mucus layer.
Walton et al. looked at the regional impact of an outbreak of
white syndrome disease in Florida in 2014. The disease affected
multiple coral species and led to a 30% loss of scleractinian coral
density, and, in many cases, over 60% tissue loss from individual
colonies. Also in Florida, Goergen et al. conducted a long-term
study from 2008 to 2016 on two large Acropora cervicornis
patches (each over 1 ha in extent). They found a range of factors
that led to a >50% loss of A. cervicornis over the 8-years period—
including diseases such as rapid tissue loss and white band
disease, alongside storms and elevated sea surface temperatures.
Overall, their conclusion was that the recovery time between
disturbance events was not sufficient for this keystone Caribbean
coral to recover and regrow. These papers show the importance
of disease as a driver of declining coral cover, particularly when
combined with other stressors, but also how little we know about
their causes and epidemiology. Diseases, combined with storms
and elevated SST can prevent keystone coral species from re-
establishing, ultimately preventing reefs from recovering and
regrowing. The recent coral mortality from stony coral tissue loss
disease in the Caribbean (e.g., Precht et al., 2016) further reminds
us of how important filling these research gaps will be in the
Anthropocene, and how mitigating local stressors is still critical
while simultaneously addressing global climate change.

While local stressors significantly impact some reefs, climate
change clearly affects reefs throughout the world (Eakin
et al,, 2019). Elevated thermal stress is well-known to cause
scleractinian coral bleaching, which can eventually lead to coral
mortality if prolonged (Wilkinson, 2000; Hughes et al., 2017).
However, less is known about sub-lethal effects of warming.
Palmer considered the activity of key coral immune pathways
and an antioxidant in response to coral tissue damage. When
uninjured corals were exposed to warmer water (below the
temperatures that induced bleaching) the background rate of
production of immunity and antioxidant enzymes increased. At
higher temperatures, however, the immune responses to tissue
damage were significantly delayed. Considering coral bleaching,
Wang et al. conducted a field experiment on Agaricia sp.
colonies to investigate how elevated nitrogen and phosphorous
levels affected bleaching and mortality. They found nitrogen
in isolation prolonged bleaching and increased mortality. They
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also found high prevalence of dark spot syndrome, but nutrient
exposure did not increase the prevalence or severity of this
disease. In a related study, Poquita-Du et al. tested how
increased water temperature and sediment exposure affected
gene expression in Pocillopora acuta. Whilst their results showed
that sediment had little effect on gene expression, the combined
treatments of elevated temperature and sediment resulted in
a synergistic effect, with greater gene expression changes than
would be predicted from the effects of either heat or sediment
alone, including declines in symbiont density. It is clear that
climate change will exert a major influence on all ecosystems,
including coral reefs, during the Anthropocene. While coral
bleaching is typically the focal impact of increasing sea surface
temperatures, these papers demonstrate the need to also consider
sub-lethal impacts, and this will be aided by new approaches such
as epigenetics (Eirin-Lopez and Putnam, 2019). Poquita-Du et al.
is also a timely reminder of the need to consider synergistic effects
among reef stressors (Darling and Coté, 2008).

As coral reefs are highly diverse complex ecosystems,
there are many different forms of ecological interactions
occurring between species, and interactions between species
and their abiotic environment. Rice et al. provided a review
of corallivory—the predation of corals. Corallivory is an
important feeding pathway for many reef organisms. This review,
however, paints an unsettling picture of global corallivory,
climate change, and local reef stressors potentially interacting
to drive large-scale change on reefs. Our second ecological
interaction study considered algal-coral-herbivore interactions
on heavily impacted reefs in Singapore. Leong et al. found
that the presence of macroalgae reduced coral settlement
rate, while the loss of herbivores led to lower juvenile
coral survival and increased sediment build up. Their results
highlight the importance of interactions between species for
maintaining healthy reef ecosystems. Bucher and Harrison
studied the effects of elevated nutrient levels on growth rates
of Acropora longicyathus and found that increased phosphate
levels caused faster tissue growth rates and increased apical
calcification. Phosphate exposure, however, also reduced coral
surface mucus. Reduced mucus may reduce coral survival
in polluted waters because of the important role it has in
removing sediment from coral surfaces and in preventing
disease. Bucher and Harrison also found corals exposed to
higher nitrogen levels had reduced growth rates and reduced
ability to heal tissue damage. In another paper in this Research
Topic, Pinon-Gonzalez and Banaszak investigated the effects of
partial colony mortality on Acropora palmata in the Mexican
Caribbean. They found there was no difference in growth
rates between colonies that had experienced partial mortality
versus those that had not. However, areas of the colony that
had suffered mortality did not recover, and these colonies
then also had decreased egg quality during reproduction.
Studies such as these indicate that coral recovery is not
straightforward, and under climate change conditions could
be compromised even further. There has been significant
progress on understanding the resilience of coral reefs (e.g.,
Mumby et al., 2007), and predicting the recovery of reefs after
increasingly frequent disturbances in the Anthropocene will

be critical. Better parameterisation of ecological processes and
abiotic interactions are key for improving the model of reef
benthic dynamics.

Understanding scleractinian coral reproductive patterns is
crucial for effective reef restoration efforts. Yet much of the
current global coral reef research effort does not align with the
locations with the greatest coral reef threats or species richness
(Fisher et al., 2011). In the Karimunjawa Archipelago, Indonesia,
Wijayanti et al. investigated reproductive seasonality of 21
Acropora species over 5 years. They report that Acropora spp.
exhibit a high degree of seasonality in their reproductive cycle
and suggest that there could be some synchronicity in spawning
in the region. Building on our inherent understanding of coral
spawning in the Great Barrier Reef, Chan et al. hybridised two
Acropora species pairs to investigate hybrid responses to elevated
temperature and carbon dioxide. While hybrid responses were
variable, some individuals exhibited greater survival under
elevated temperature and carbon dioxide than the parental
species. While much work is still required, these results support
a growing evidence base that hybridisation can enhance climate
resilience for scleractinian corals and hybrid production could
become an important tool in coral restoration efforts.

Several papers in this Research Topic explored poorly-studied
reef systems and include calls for urgent management—from
MPA implementation to preventing oil and gas extraction. These
papers contain highly valuable information for those at the front
lines of conservation and have the potential to influence marine
management decision-makers, alongside highlighting crucial
knowledge gaps on neglected, human-influenced systems. First,
Francini-Filho et al. provided an overview of the Great Amazon
Reef system. While the existence of a reef system adjacent to
the mouth of the Amazon River has been known to researchers
since the 1970s (Collette and Riitzler, 1977), it has been very
poorly documented. In their paper Francini-Filho et al. report
the first video surveys conducted that captured the structure of
this system. Their paper shows that the reef system is likely larger
than previously thought—extending both further along the coast
and deeper—while also having greater habitat complexity and
diversity than previously recorded. The authors also warn of the
increasing threat to the reef from oil and gas extraction in the
region, and call for a network of MPAs to be established to protect
the Amazon reef. Their paper captured global attention, and
currently is the most viewed article ever published by Frontiers
in Marine Science.

This Research Topic also contained two complimentary
papers from Garavelli et al. and Studivan and Voss investigating
connectivity between mesophotic coral ecosystems (reefs from
30 to 150 m depth) in the Northwest Gulf of Mexico. Both of
these papers were framed in response to proposals to expand
the Flower Garden Banks National Marine Sanctuary with the
potential to afford coral reef habitats in the Northwest Gulf of
Mexico increased protection. While mesophotic coral ecosystems
are historically poorly studied globally (Bridge et al., 2013),
this has rapidly changed in recent years (Turner et al., 2017;
Laverick et al., 2018), and there is now evidence they can be
heavily impacted by anthropogenic activities (Andradi-Brown
et al,, 2016b). Garavelli et al. used larval dispersal modelling and
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highlighted the high potential for scleractinian coral connectivity
between all mesophotic offshore banks and also shallow reefs in
the region. Studivan and Voss used molecular ecology methods
to show high population connectivity for Montastraea cavernosa
across the Northwest Gulf of Mexico. Taken together, these
papers reach the conclusion that coral populations living in the
region should be managed as a single unit, and advocate for
the expansion of the national marine sanctuary. Finally, Gorospe
et al. were interested in how reef fish recovery potential might
inform marine spatial planning or MPA implementation. The
authors constructed a series of Bayesian models to investigate
the capacity for Hawaiian reefs to support fish biomass and
compared these results to contemporary biomass levels. Their
analysis showed surprising variation in the natural capacity
for reefs to support herbivorous fish biomass and overall
fish biomass, as well as the significant negative effect human
population density has on fish biomass throughout Hawaii. As
we move through the Anthropocene, inevitably research and
conservation efforts will focus on well-studied shallow-water
reefs, but this work reminds us of the need to continually search
for and protect poorly documented reefal areas and consider
potential conservation outcomes from protection.

The final paper in our Research Topic, by Chabanet et al.
evaluated the impact of a coral reef education project in New
Caledonia. The authors provide details of a fun and action-
orientated toolbox of activities, including picture books, card
games, and board games, for awareness-raising with children
aged 5-11 years old titled: “The Coral Reef in Our Hands.”
Students who went through this education activity had greater
knowledge of reef biodiversity and awareness of connections
between coral reefs and the wider environment.

It is axiomatic that coral reefs and the ecosystem services
they provide are threatened by a wide range of stressors. While
we can optimistically hope that some stressors can be mitigated,
there is an increasing recognition that reefs in the Anthropocene
will function differently and need managing accordingly (Rogers
et al, 2015; Hughes et al., 2017; Bellwood et al., 2019). The
basis of this new future will be a combination of science and
conservation, international and interdisciplinary collaboration,
and communication and outreach to the public and a wide
range of stakeholders. Conferences such as RCUK aim to
facilitate these efforts, and the papers included in this Research
Topic demonstrate their value. Spanning topics from coral
microbiomes to mesophotic reefs, the papers demonstrate the
effects of a variety of stressors to corals and coral reefs—and
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once again underscore how little we currently know but also the
urgency of more research and effective conservation to lead to
better outcomes for people and nature.

RCUK INTO THE FUTURE

We continue to look for new ways to keep RCUK conferences
fresh and engaging for the reef community we support. We
are delighted that this Research Topic won the 2019 Frontiers
Spotlight Award, as this will provide much needed funding and
support to host a series of workshops on applied conservation
science that will address the major issues facing coral reefs.
We plan to invite the world’s leading coral reef scientists,
conservationists, and policy experts to produce several high-
impact papers and policy briefs to chart the way forward
for reefs in our rapidly changing world. We will be bringing
our RCUK values to this event, with the resources provided
by the Frontiers Spotlight Award providing an opportunity
to progress our approaches to environmental sustainability,
diversity, and inclusion.

Reflecting on the past 20 years of RCUK activities including
ECRS, as a UK reef network and annual conference we feel
that we have met and even exceeded the expectations of the
original 1998 RCUK vision, while also continuing to progress and
improve the mechanisms by which we deliver it. We will continue
to build RCUK activities in the future and remain “dedicated to
the conservation and awareness of coral reefs” (RCUK, 1998).
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Nutrient pollution can increase the prevalence and severity of coral disease and bleaching
in ambient temperature conditions or during experimental thermal challenge. However,
there have been few opportunities to study the effects of nutrient pollution during natural
thermal anomalies. Here we present results from an experiment conducted during the
2014 bleaching event in the Florida Keys, USA, that exposed Agaricia sp. (Undaria) and
Siderastrea siderea corals to 3 types of elevated nutrients: nitrogen alone, phosphorous
alone, and the combination of nitrogen and phosphorus. Overall, bleaching prevalence
and severity was high regardless of treatment, but nitrogen enrichment alone both
prolonged bleaching and increased coral mortality in Agaricia corals. At the same time,
the elevated temperatures increased the prevalence of Dark Spot Syndrome (DSS),
a disease typically associated with cold temperatures in Siderastrea siderea corals.
However, nutrient exposure alone did not increase the prevalence or severity of disease,
suggesting that thermal stress overwhelms the effects of nutrient pollution on this disease
during such an extreme thermal event. Analysis of 78 Siderastrea siderea microbial
metagenomes also showed that the thermal event was correlated with significant shifts
in the composition and function of the associated microbiomes, and corals with DSS
had microbiomes distinct from apparently healthy corals. In particular, we identified shifts
in viral, archaeal, and fungal families. These shifts were likely driven by the extreme
temperatures or other environmental co-variates occurring during the 2014 bleaching
event. However, no microbial taxa were correlated with signs of DSS. Furthermore,
although nutrient exposure did not affect microbial alpha diversity, it did significantly
affect microbiome beta-diversity, an effect that was independent of time. These results
suggest that strong thermal anomalies and local nutrient pollution both interact and
act independently to alter coral health in a variety of ways, that ultimately contribute to
disease, bleaching, and mortality of reefs in the Florida Keys.
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The Coral Holobiont Under Temperature and Nutrient Stress

INTRODUCTION

Ocean warming and coastal pollution are two of the most
widespread threats to coral reefs. Increases in sea surface
temperatures of just a few degrees can exceed the thermal
tolerance of many tropical corals, causing coral bleaching and
warm-water associated epizootics that together threaten up to
one-third of all coral species (Carpenter et al., 2008). Although it
has been widely publicized that the frequency of coral bleaching
will increase over the coming century (e.g., Magris et al,
2015; van Hooidonk et al., 2016), increasing frequency and
severity of coral diseases may pose a greater threat to reefs
than bleaching events (Maynard et al, 2015). At the same
time, nutrient enrichment in nearshore waters is one of the
major anthropogenic forces altering coastal ecosystems (Halpern
et al, 2008) and can drive the increased prevalence of coral
diseases and bleaching on reefs worldwide (Vega Thurber et al.,
2014; Maynard et al.,, 2015). For example, field surveys suggest
that the prevalence of coral disease is often correlated with
nutrient concentrations (Haapkyld et al., 2011; Kaczmarsky and
Richardson, 2011).

While the effects of coastal nutrient pollution on bleaching
tolerance and disease have garnered a great deal of interest (e.g.,
Bruno et al., 2003; Wooldridge and Done, 2009; Wagner et al.,
2010; Vega Thurber et al., 2014; Wooldridge, 2016), little is
known about the interactions between nutrients, temperature
stress, and coral diseases. Troublingly, large increases in coastal
nitrogen loading are projected to occur alongside ocean warming
as a result of climate change (Sinha et al., 2017), adding urgency
to our need to understand the interactive effects of nutrients and
temperature stress on coral health.

Nitrogen (primarily as nitrate) and phosphorus are two major
nutrient pollutants in terrestrial run-off (Howarth, 2008), and the
effects of each of these nutrients on coral physiology are distinct.
Enrichment with nitrogen causes Symbiodinium to rapidly
proliferate (Hoegh-Guldberg and Smith, 1989; Muscatine et al.,
1989; Marubini and Davies, 1996; Cunning and Baker, 2013),
disrupting the translocation of nutrients between Symbiodinium
and their coral hosts, and thus compromising the animal’s
energy budget (Shantz et al., 2016). Furthermore, nitrogen
enrichment can result in limitation of other important nutrients.
For example, nitrogen-induced phosphorus limitation is linked
to reduced thermal tolerance in corals (Wiedenmann et al.,
2013). Because the ability of corals to survive bleaching events
is influenced by, among other things, a coral’s energy reserves
(Schoepf et al,, 2015), nitrogen enrichment also reduces coral
resilience in the face of bleaching events by jeopardizing coral
energy budgets.

In contrast, surplus phosphorus increases stress tolerance in
corals (e.g., Beraud et al., 2013; Wiedenmann et al., 2013). Under
typical conditions, the impacts of phosphorus enrichment on
coral physiology are small (Shantz and Burkepile, 2014; Ferrier-
Pages et al., 2016). However, under thermal stress, phosphorus
uptake rates increase as phosphorus is required to maintain
symbiont density, photosynthesis, and carbon translocation
(Ezzat et al,, 2016). Thus, while coastal pollution can impact coral
physiology, the interactive effects of pollution and warming are

likely mediated by the ratio of nitrogen:phosphorus delivered to
the environment.

Less is known about the relative impacts of nitrogen and
phosphorus on coral diseases, such as Dark Spot Syndrome (DSS)
in scleractinian corals. DSS is one of the most common diseases of
corals in the Florida Keys, representing 71% of all diseased corals
and typically afflicting 26% of Montastrea annularis colonies and
8% of Siderastrea siderea colonies on most reefs (Porter et al.,
2011). DSS is identified by darkened pigmentation of the coral
tissue resulting in purple, black, or brown lesions that can either
be circular or elongate (Weil, 2004; Gochfeld et al., 2006). A
necrotizing disease, DSS can cause affected tissues to die at a
rate of 4.0 cm/month in S. siderea corals (Cervino et al., 2001).
Though it is often not obviously deleterious to whole coral
colonies, it is a known marker for more aggressive diseases such
as Black Band Disease and Yellow Band Disease (Richardson,
1998; Cervino et al., 2001). Additionally, DSS affected corals are
more likely to bleach than their healthy counterparts (Brandt and
McManus, 2009).

Nutrient loading increases the severity of coral diseases
(e.g., Bruno et al, 2003; Voss and Richardson, 2006) and in
some instances, may cause disease outbreaks. For example,
Vega Thurber et al. (2014) showed that combined nitrogen
and phosphorus enrichment increased both the severity and
frequency of DSS in S. siderea, an abundant coral on reefs
in Florida. Substantial evidence exists showing that nutrient
enrichment drives changes in the microbial communities
associated with corals (e.g., Thompson et al., 2015; Zaneveld et al.,
2016; Shaver et al., 2017), and these changes are often associated
with increases in pathogenic bacteria and the appearance of
disease signs (for review see, McDevitt-Irwin et al, 2017).
However, the relative role of nitrogen vs. phosphorus in shaping
disease susceptibility and the coral microbiome is currently
underexplored. To date, we are not aware of any studies that have
investigated how phosphorus modifies the susceptibility of corals
to diseases.

In the summer of 2014, an anomalous thermal event occurred
in the Florida Keys, providing the opportunity to study how
nutrient pollution interacted with thermal stress to impact coral
bleaching and disease. We evaluated how increases in two
nutrients (nitrate and phosphate) separately and in combination
can exacerbate the effects of thermal stress on coral disease
and bleaching. To test this question, we exposed individuals
of two species of corals, Siderastrea siderea, and Agaricia sp.
(Undaria) in the field to nitrogen alone, phosphorus alone, and
the combination of each, in addition to control corals with no
nutrients, for 6 months while following the visual health of
corals throughout the experiment. Furthermore, we evaluated
the microbial ecology of the control and exposed corals before,
during, and after nutrient enrichment and thermal stress.

METHODS

Nutrient Enrichment Experimental Design

To evaluate the effects of nutrient enrichment on natural
coral colonies, we conducted an in situ nutrient enrichment
experiment at Pickles Reef (N24.99430, W80.40650) in the
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Florida Keys from July 14th 2014 to January 12th 2015 (Figure 1).
Along two 30 m transects, approximately 20 m apart, at a depth
of ca. 5-6 m, we haphazardly selected 20 Agaricia sp. (Undaria)
and 20 Siderastrea siderea colonies at least 10 cm? in area and
visually deemed to be in good health. Individual coral colonies
were randomly assigned to a nutrient treatment with either (1)

nitrogen and phosphorus, (2) nitrogen, (3) phosphorus, or (4) left
untreated to serve as controls, with five replicates per treatment.

To achieve our enrichments, we deployed nutrient diffusers
constructed from PVC pipes with holes drilled throughout that
were filled with either slow-release nitrate (150g, 12% NO3),
phosphate (45g, 40% POy), or both, and wrapped in mesh as
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FIGURE 1 | Experimental design and temperature profile from field site. (A) Data from NOAA Molasses buoy show that mean monthly sea surface temperatures in
2014 were significantly elevated both in the winter and summer months (red lines) compared to the monthly means from 1987-2008 (blue lines). Error bars indicate
the standard error of means of all temperature data available for that month. (B) During this summer, we monitored control and nutrient exposed Agaricia corals for
bleaching prevalence, severity, and recovery as well as tissue loss from July (pretreatment) to January 2015. Photos | and Il represent Agaricia corals from July and
September, respectively. Siderastrea control and nutrient exposed corals were also monitored for disease prevalence and severity across the course of the
experiment. Photos Ill and IV represent Siderastrea corals from July and September, respectively. Siderastrea mucus samples for metagenomes (indicated by the
stars) were only collected at the pretreatment time point (July 14, 2014) and three post treatment months: August 13th, Sept 14, and October 14th.
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described in Zaneveld et al. (2016, Supplementary Figure 1).
We stationed each nutrient diffuser 10 cm from the target coral,
and replaced the fertilizer monthly. We have successfully used
this method in the past to enrich sections of the reef (e.g.,
Vega Thurber et al., 2014; Zaneveld et al., 2016). Water column
NOj3 and POy concentrations collected near the diffusers 24 h
after deployment were ca. 4.5- and 2.4-fold higher in N and
P respectively than concentrations at control sites (3.18 uM
NO;3; and 0.34 uM POy vs. 0.71 uM NO;3 and 0.14 uM POQOy).
Per previous experiments, the nutrients from these apparatuses
were shown to diffuse within approximately 1m from the
experimental area.

Disease and Bleaching Surveys

From July 2014 to January 2015, corals were surveyed monthly by
SCUBA to track changes in their health throughout the course of
the experiment (Supplementary Table 1). For each coral, divers
recorded whether bleaching or disease symptoms were visually
present and photographed the coral from a fixed position with an
object of known length. Using Image] (v1.50), we analyzed photos
from each monthly survey to estimate the total surface area of
each coral, as well as the area of each colony afflicted by disease
or bleaching (Abramoft et al., 2004). A portion of a coral was
considered bleached when it no longer retained any pigmentation
and the white coral skeleton was visible through the tissue.
Bleached or diseased areas were divided by total surface area to
calculate the percentage of the total colony surface afflicted as
measures for disease and bleaching severity. In addition, tissue
mortality was estimated from each coral by comparing the area
of live tissue on each coral with the coral’s initial live tissue area
from our pre-treatment surveys. At the end of our final round of
surveys in January, we also estimated bleaching recovery as the
proportion of bleached tissue that had regained pigmentation.
Although we recorded both bleaching and disease measurements
for both coral species, here we only report measurements of DSS
in S. siderea and bleaching in Agaricia sp.; only a single colony
of Agaricia sp. ever showed disease, and only a single S. siderea
colony showed signs of bleaching (data not shown).

Coral Mucus and Seawater Sampling

Coral mucus from each colony, as well as seawater samples, were
collected by divers at four time points to generate microbial
metagenomes. A pretreatment sample was collected in July of
2014, followed by monthly samples in August, September, and
October. To investigate the role of microbes and viruses in the
etiology of DSS, metagenomes were only made for the Siderastrea
siderea corals. Agaricia sp. (Undaria) mucus samples were not
explored using metagenomes due to the high mortality rate of
our Agarcia specimen that ultimately resulted in low replication
over time and treatment.

Surface coral mucus was collected by gently agitating the
colony surface with a sterile syringe, as detailed in Zaneveld
et al. (2016). Specifically, on all corals, we agitated the top of
the animal, collecting mucus across the entire surface. We chose
to sample mucus due to the benign effect of sampling upon the
coral, and due to its role in providing a barrier for the coral from
pathogens (Zaneveld et al., 2016). Mucus samples were brought

back to the boat, where they were transferred into sterile 15 mL
falcon tubes, immediately frozen on dry-ice for transport, and
then stored at —80°C prior to nucleic acid extraction. Seawater
samples were collected in duplicate 50 mL falcon tubes from 1 m
above each transect and stored frozen as described above.

We also used mucus samples from a previous enrichment
experiment (Zaneveld et al., 2016) to generate comparative S.
sideraea metagenomes. In August of 2012, 25 apparently healthy
and 25 DSS afflicted corals were selected from within control
and nutrient enriched plots. In this enrichment experiment,
only combined nitrogen and phosphorus was used to mimic
nutrient pollution (for details see Vega Thurber et al., 2014).
Mucus samples were collected in the same manner as described
above and processed in the exact same manner for metagenome
generation and analysis as described below.

Microbial Metagenome Library Generation

and Sequencing

Thawed mucus and seawater samples were pre-filtered through
5.0um pore-size EMD Millipore Millex (Millipore) syringe
filters to remove larger particles. Viral and microbial size-
particles from resulting filtrates were further concentrated
using the 30 kDa cutoff Amicon Ultra-15 centrifugal filter
units (Millipore). DNA from microbial concentrates was then
extracted using the MasterPure Complete DNA purification kit
(Epicenter, Illumina). Purified DNA extracts served as input
for the NexteraXT DNA library preparation (Illumina) to
generate multiplexed metagenome libraries for high-throughput
sequencing, following the manufacturer’s recommendations.
Multiplexed sample libraries were cleaned using AMPure XP
magnetic beads (Agencourt) and checked for quality and size
distribution on a Bioanalyzer 2100 (Agilent), prior to being
pooled in equimolar concentrations for sequencing. Whole
genome shotgun sequencing was conducted on the HiSeq2000
platform (Illumina) at the CGRB facility at the Oregon State
University, yielding 2 x 100 bp long paired-end reads. This
approach resulted in 86 metagenomes including 6 seawater
samples, and 80 coral metagenomes that spanned 4 time
points, 4 treatments, and 5 replicate colonies per treatment
(Supplementary Table 2). Two metagenomes were removed from
the analysis due to their low number of reads and one seawater
sample from August and one seawater sample from September
were lost during shipment. The resulting 84 metagenomes
had an average of 4,753,686 reads, with about 77% of reads
remaining after quality-control. These metagenomes are freely
and publicly available online at the Sequence Read Archive
(SRA; #SRP133535 for the 2014 metagenomes and #SRP133699
for the 2012 metagenomes) and our own websites: http://files.
cgrb.oregonstate.edu/Thurber_Lab/NOAA_SSids/, and http://
files.cgrb.oregonstate.edu/Thurber_Lab/DSS/.

Bioinformatic Analyses of Metagenomic

Data

We used the program Shotcleaner (https://github.com/sharpton/
shotcleaner) to filter out host and symbiont sequences and low-
quality reads with quality scores below 25. This program also
trimmed Ilumina adapters and combined duplicate sequences.
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Shotcleaner is a workflow program that integrates an ensemble
of programs such as Trimmomatic v0.35 (Bolger et al., 2014),
Bowtie2v 2.3.2 (Langmead and Salzberg, 2012), and FastQC
(Andrews, 2010). For this analysis, the coral, Acropora digitifera
(RefSeq NW_015441057.1) was used as the reference host,
as the Siderastrea siderea genome is not currently available.
Sequences from the coral endosymbiont Symbiodinium were
filtered out using the Symbiodinium minutum genome (GenBank
DF242864.1). Host and symbiont genomic reads were filtered
out using Bowtie2, which aligned the metagenome reads to the
host and symbiont genomes. Bowtie2 was run using default
“end-to-end” parameters set to “-sensitive.” In short, both the
read and its reverse complement were aligned end-to-end to
the host and symbiont genomes. Mismatch penalties ranged
from a minimum of 2 and a maximum of 6, depending on
the quality value of the read character. A lower quality score
would lead to a lower penalty to the overall alignment score
in the case of a mismatch. Gap penalties were 5 to open a
gap, and 3 for a gap extension, for both the read and reference
sequences.

We used the program Kraken (v.0.10.5) to conduct taxonomic
assignment of the filtered metagenomics reads (Wood and
Salzberg, 2014). Paired-end reads were analyzed using the “-
-paired” option, which concatenates the pair and increases
classification sensitivity (Wood and Salzberg, 2014). Then
a custom MiniKraken database was built, comprising all
Archaea, Bacteria, Fungi, Protozoans and Viruses RefSeq released
genomes, using the k-mer length of 25. The resulting database
contained all k-mers and the lowest common ancestor of
genomes that possess any particular k-mer. Annotations were
made by alignment of metagenomic reads to k-mers in the
database. The Kraken output was then transformed into a
taxonomy table using kraken-translate, with the option “--mpa-
format.”

We also used the program ShotMAP for functional
annotations (Nayfach et al., 2015). ShotMAP utilizes Prodigal
(https://doi.org/10.1186/1471-2105-11-119) to predict genes in
unassembled shotgun reads ab initio, and compares the predicted
protein coding sequences against a protein family database using
alignment algorithms. For this analysis, KEGG (release 73.1)
was used as the reference database (Kanehisa and Goto, 2000).
ShotMAP was run using the option “~ags-method none,” as the
genome size estimation tool was not compatible with this dataset.
ShotMAP outputs for all 85 metagenomes were combined using
compare_shotmap_samples.pl.

ShotMAP outputs were sorted by KEGG identification
numbers and grouped via KEGG BRITE functional hierarchies
to level B (excluding the categories drug development, human
diseases, and organismal systems). Given that KEGG ID numbers
are often associated with multiple pathways, we calculated the
ratio of the average count of unique KEGG IDs in a pathway
and the sum of unique average counts for that KEGG ID in all
pathways. The average count of unique KEGG IDs is the average
count of all instances in each sample in which a pathway is
associated with a unique KEGG ID. The original counts in the
ShotMAP output count table were then replaced with the new
unique average counts.

The unique averages were summed for each KEGG ID (added
up unique averages of all pathways that are assigned to that
KEGG ID). Then, the unique average of each pathway assigned
to a KEGG ID was divided by the sum of unique averages of
pathways in that KEGG ID. This determines which pathways
are more abundant in the metagenomes, relative to all other
pathways that also were assigned to that KEGG ID. This approach
therefore results in a ratio that determines how well-represented a
pathway is relative to other pathways associated with that KEGG
ID in the sampling environment. The unique average count/sum
of unique average count ratios for each KEGG pathway were used
for all subsequent analysis and statistics.

Statistical Analyses for Environmental and

Metagenomic Data

Comparisons of mean monthly temperature data from the
NOAA Molasses Buoy (a station approximately 5km from the
experimental site) in the Upper Florida Keys were performed
using a Kruskal-Wallis and Dunn’s post-hoc test in SigmaPlot
Version 11 (Supplementary Table 3). Differences in bleaching and
disease prevalence were analyzed using generalized linear mixed
models with a binomial distribution and logit link function in
the Ime4 package (Bates et al., 2015) in R (R Core Team, 2016).
To assess significance, fitted models were tested against a null
model that included only time and the random colony effect via
likelihood ratio tests.

We analyzed the effects of enrichment on bleaching and
disease severity using mixed-effects models. For these models,
we used the logit-transformed severity scores as the response
variable and included nitrogen, phosphorus, and date as
interacting fixed factors and a random effect for coral colony.
When significant effects were present, we conducted Tukey’s post-
hoc analyses using the glht() function in the multicomp package
(Hothorn et al., 2008). Treatment and time were considered fixed
effects, and a random effect was included for coral colonies. For
analyses of bleaching and disease prevalence and severity, we
excluded July data points, as July was the start of the experiment
and corals were deliberately selected to have no signs of disease
or bleaching. Additionally, we used data from our final surveys
to test for differences in the recovery of bleached tissue and tissue
mortality using two-factor ANOVA that included nitrogen and
phosphorus enrichments as interacting factors. Both the recovery
and mortality data were logit transformed to meet assumptions of
parametric statistics.

Prior to statistical analysis, we first normalized metagenomic
taxonomic raw results to relative abundance. Differences in
taxonomic relative abundance between nutrient treatments and
over time were tested using generalized linear mixed models
using the Ime4 package in R, with treatment and time as fixed
effects, and individual corals as random effects (Bates et al., 2015).
Post-hoc tests were conducted using the multicomp package in
R (Hothorn et al., 2008). Statistical analysis comparing relative
abundance of functional pathways found in the metagenomes
over time and among treatments were also done as described
above. All metagenomic data graphs were visualized using
ggplot2 (Wickham, 2009).
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We used the indicator species analysis function in Mothur
v1.39.3 (Schloss et al., 2009) to generate microbial Operational
Taxonomic Units (OTUs) indicative of the microbiome of
apparently healthy or diseased S. siderea. We used the indicator()
command with a shared OTU table and a design file containing
the relevant metadata. An indicator value, ranging from 1 to
100, decides the indicator status of an OTU in a group of pre-
determined sites or samples. The indicator value of an OTU is
a calculation of its abundance and fidelity in a group of sites
(how often the OTU is present in all sites of a group) (Dufréne
and Legendre, 1997). Ten thousand random permutation of
sites among groups tests the statistical significance of an OTU’s
indicator species status. We used a cutoff indicator value of 30
to obtain the strongest indicators of any group. This threshold
ensures that an OTU is present in over half of the samples in a
group, and that its relative abundance in that group is at least
50% (Dufréne and Legendre, 1997).

To check for effects of time and treatment on microbial
diversity indices, alpha and beta-diversity were measured for
both time and treatment separately and together using the
Phyloseq package in R, with the estimate_richness() function for
Chaol calculations, and the distance() function on normalized
data for Bray-Curtis indices (McMurdie and Holmes, 2013).
Chaol values were compared over time and between treatments
using Kruskal-Wallis and Dunn’s post-hoc test (Supplementary
Table 4). Bray-Curtis data were further analyzed using the
Adonis function in the Vegan package in R, and post-hoc
testing was performed using the RVAideMemoire package
using pairwise.perm.manova(), which conducts pairwise tests on
matrix data using Adonis (Hervé, 2017; Oksanen et al., 2017).

RESULTS

Time and Treatment Variably Affect
Agaricia sp. Bleaching
In 2013-2014, the Florida Keys experienced the warmest winter
and summer on record up to that date (Manzello, 2015). These
anomalously high temperatures were likely the main driver
of the 2014 bleaching event as portions of the Florida Keys,
including our study site, reached between 6 and 12 Degree
Heating Weeks (NOAA and Coral Reef Watch, 2014; Barnes
et al, 2015). Our experiment began on July 14th, 2014, just
preceding the NOAA bleaching alert warning for the study
area (Figure 1). The average hourly temperature on July 14th
was 29.8°C. By August, the Upper Keys surpassed the thermal
stress thresholds (max monthly mean sea surface temperature
+ 1°C) and significant bleaching occurred (Manzello, 2015).
During this time, the maximum mean monthly temperature at
our site was 30.8 & 1.1°C in August, with the warmest time point
within our experimental time period falling on August 15th at
31.9°C (Figure 1). The mean daily temperature in August was
significantly higher than all other months during metagenome
sampling (Kruskal Wallis, p < 0.05).

The thermal stress event in 2014 induced severe bleaching
in our Agaricia sp. corals (Figure 2). While no corals showed
signs of bleaching in July, all corals began to bleach in
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FIGURE 2 | (A) Proportion of Agaricia spp. in each treatment experiencing
bleaching during our monthly surveys. (B) The average severity of bleaching,
calculated as the percentage of colony surface area with no pigmentation,
during each survey point. (C) The average percentage of previously bleached
tissue in each colony that had regained pigment and recovered from bleaching
by January, 2015. P-values are from a two-factor ANOVA. (D) The average
percentage of each coral’s surface area that died between pretreatment
surveys in July, 2014, and final surveys in January, 2015.
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August. By early September, 100% of the Agaricia sp. corals
were bleached to some degree, regardless of nutrient treatment
(Figure 2A). However, 4 months later, in January 2015, the
control Agaricia sp. corals had mostly recovered with only
1 out of 5 control corals remaining bleached. In contrast,
bleaching prevalence in surviving enriched corals remained
between 50 and 66% depending on the treatment, however,
this effect was not statistically significant [Xé) = 1475, p
= 0.692] Similarly, we were unable to detect an impact of
nutrients on bleaching severity in Agaricia sp., as upwards
of 90% of the surface area of all colonies were bleached
by September (Figure 2B). Interestingly, nitrogen tended to
impede recovery of bleached coral tissue (Figure 2C), although
differences were not statistically different from other nutrient
treatments [F(; 15y = 4.053, p = 0.06]. Furthermore, reduced
recovery in nitrogen alone enriched corals coincided with
increased mortality in these corals. By January, mean tissue
loss for the control Agaricia was 67 =+ 12% 92.5
+ 32% of tissue lost in nitrogen alone exposed Agaricia
(Figure 2D).

VS.

Thermal Stress Associated With Dark Spot

Syndrome in Siderastrea siderea

Across all treatments, the average prevalence of DSS in the
experimental corals increased from 0% in July, to >40% in
August, and peaked at >60% by September (Figure 3A). All
of the nitrogen alone and combined nitrogen and phosphorus
treated corals exhibited signs of disease by September. By
October, half of the diseased corals in the control treatments
had recovered (e.g., 80% in September to 40% in October) while
more than 60% of the nutrient-enriched corals showed signs of
DSS from October until January, suggesting that, like bleaching,
nutrient exposure prolongs disease signs (Figure 3A). Overall,
while a trend existed, we again did not detect a significant
effect of enrichment on DSS prevalence [Xé) = 625 p =
0.09].

Throughout the experiment, disease severity was lowest in
August (3.9%, p < 0.001) and highest in November (14.9%) and
December (14.8%) (Figure 3B). Disease severity in November
and December were statistically higher than in August (p <
0.001), September (p = 0.02, p = 0.005), and October (p < 0.001).
Amongst treatments, disease severity again tended to be higher
in the nutrient exposed corals, with the controls exhibiting the
lowest mean disease severity (5.4%) compared to nitrogen alone
(7.3%), phosphorus alone (12.1%), and nitrogen and phosphorus
combined (17.2%) diseased tissue levels. However, despite a
visual trend there were no statistical differences in disease severity
among nutrient types.

To track how time, treatment, or the interaction shifted
overall diversity metrics of the microbiome, we generated
shotgun metagenomes for all of the S. siderea and compared
the community structure and function among the different coral
microbiomes. There was a significant change in microbial alpha
diversity metrics overtime (Figure 4A). Post-hoc tests showed
that alpha diversity differed between August and September
(p < 0.01), September and October (p < 0.01), and July

and October (p = 0.01). September samples, which had the
highest amount of DSS recorded, had the highest overall alpha
diversity, with an average Chaol OTU index of ~5,277 £ 71.29
OTUs, compared to July (4,888 £ 203.44), August (4,420 +
203.66), and October (4,130 £ 204.58) (Figure 4A). Nutrient
exposure had no significant effect on alpha-diversity (p > 0.01,
Figure 4A).

Although nutrients did not alter coral microbiome alpha
diversity, nutrient enrichment did increase microbial beta-
diversity, or sample to sample variation (Figure 4B; p = 0.01).
As visualized on an ordination plot, control samples clustered
together, while the phosphorus enriched samples were aligned
along Axis 1, and the nitrogen enriched samples were aligned
along Axis 2 (Figure4B). Post-hoc tests showed significant
differences between the combined nitrogen and phosphorus
samples compared to control and nitrogen enriched samples (p
= 0.04 & p = 0.03, respectively). Surprisingly there were no
differences in beta-diversity over time (Adonis, p = 0.11), nor was
there a significant interaction of time and nutrient treatments on
beta-diversity (Adonis, p = 0.96).

Siderastrea siderea Microbiome

Community Structure Shifts

In addition to alpha and beta-diversity analysis, we conducted
metagenomics analysis to determine if different taxa, groups
of taxa, or functions were differential affected by time,
treatment, or the interaction. Hierarchical taxonomic and
functional analysis showed clear effects of time but few
effects of the nutrient additions on different individual or
groups of microbial organisms (Table1). Overall the mean
number of microbial and viral annotations within the coral
metagenomes were: 3.66% Archaea, 21.19% Bacteria, 1.14%
Virus, and 61.24% Eukarya (excluding the host and symbiont).
Archaea were composed of 82.90% Euryarchaeota, 10.35%
Crenarcheota, and 6.06% Thaumarcheota. The Bacteria were
composed primarily of Proteobacteria (36.10%), Firmicutes
(28.52%), Bacteroidetes (16.15%), Actinobacteria (4.19%), and
Cyanobacteria (2.84%). The top five viral families consisted of
Mpyoviridae (25.98%), Siphoviridae (9.26%), Mimiviridae (7.89%),
Baculoviridae (7.61%), and Poxviridae (5.81%). Approximately
half of all the Eukaryotic reads (32.11%) were assigned as
Fungi, consisting of the following top five phyla: Ascomycota
(75.22%), Basidiomycota (17.75%), Microsporidia (1.56%),
Chytridiomycota (0.64%), and Entomophthoromycota (0.04%).
An average of 12.75% of the metagenome reads were unclassified.
While time significantly affected the composition of the
microbiome, (see below) there were no significant differences at
any taxonomic level in relative abundance of different taxonomic
groups among nutrient treatments (p > 0.01; Supplementary
Figure 2).

Coral-Associated Viral Consortia Shift

During Thermal Stress

Among the highest hierarchical categories, three taxonomic
groups significantly changed with time: viruses, Archaea, and
Fungi (Table 2). For example, viral annotations showed shifts
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in the early part of the coral collections, with September
corals consisting of a significantly higher relative abundance
of viral annotations compared to July (p = 0.01) and August
(p = 0.006) (Figure 5). The relative abundance of viral reads
went from 1.07% in July, to 1.24% in September, declining
again to 1.12% in October. A large part of this increase in
viral annotations came from the order Caudovirales (dsDNA
bacteriophages) which were significantly higher in September
compared to July (p = 0.005) and August (p = 0.03) (Table 2).
These September samples contained a higher abundance of
annotations assigned to the family Myoviridae than July (p =

0.002) and August samples (p = 0.007) where they increased
from ~25% in July and August to 29.34% in September (Table 2).
Around 70% of the Myoviridae annotations were unclassified,
while 23.11% were classified as T4-like viruses. In October,
Mpyoviridae annotations decreased back to 25.58%, similar to
those in July (23.61%) and August (23.73%) samples (Table 2).
Of the eukaryotic viral families, only the Poxviridae were found
to change over time. Annotations to these nucleocytoplasmic
large DNA viruses were highest in July, but then decreased in
relative abundance in September (p = 0.03) and October (p =
0.013).
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TABLE 1 | Mean relative taxonomic composition and standard error of the mean of different microbial groups identified from Siderastrea siderea coral metagenomes.

Month Treatment Archaea (%) Bacteria (%) Fungi (%) Protozoan (%) Virus (%) Unclassified (%)
July Control 3.61 £ 0.05 21.09 £ 0.24 32.16 + 0.15 29.39 £ 0.17 1.1 £0.02 12.66 £ 0.25
July Nitrogen 3.71 £ 0.09 21.89 £ 0.92 30.62 + 0.46 29.97 £ 0.66 1.05 + 0.01 12.76 £ 0.49
July Nitrogen + Phosphorus 3.87 £ 0.04 22.48 + 0.42 32.23 + 0.42 28.32 + 0.31 1.11 £ 0.02 11.99 £ 0.21
July Phosphorus 3.57 £ 0.07 20.72 £ 0.52 31.99 + 0.23 29.49 £ 0.42 1.07 £ 0.02 13.16 £ 0.35
July Seawater 3.88 + 0.1 33.76 £ 1.27 22.6 + 0.56 2419 £ 0.32 1.59 + 0.08 13.99 + 0.46
August Control 3.62 + 0.04 20.94 £+ 0.23 31.94 £ 0.19 29.56 + 0.21 1.11 +£0.02 12.82 + 0.31
August Nitrogen 3.6 +£0.08 20.82 £+ 0.23 31.85 £ 0.48 29.44 + 0.19 1.12 £ 0.02 13.17 £ 0.6
August Nitrogen + Phosphorus 3.49 + 0.04 21.08 + 0.89 32.69 + 0.62 285 +1.25 1.08 + 0.04 13.21 + 0.31
August Phosphorus 3.58 £ 0.07 20.46 + 0.29 32.08 £ 0.34 29.78 £+ 0.22 1.06 + 0.01 13.04 + 0.46
August Seawater 3.72 £ NA 31.67 = NA 21.09 £ NA 25.61 = NA 1.68 += NA 16.23 + NA
September Control 3.8 + 0.05 22.74 £ 1.64 30.8 £ 1.67 28.32 £ 0.93 1.66 + 0.39 12.78 £ 0.54
September Nitrogen 3.76 £ 0.06 21.14 £ 0.15 32.42 £ 0.15 29.23 £ 0.07 1.17 £ 0.02 12.28 £ 0.28
September Nitrogen + Phosphorus 3.8 + 0.05 22.9 + 1.69 30.71 + 1.87 28.16 + 0.81 1.47 £ 0.29 12.97 £ 0.68
September Phosphorus 3.67 +£ 0.04 20.98 + 0.19 32.84 + 0.36 28.83 £+ 0.38 1.14 £ 0.02 12.55 £ 0.16
September Seawater 3.58 £ NA 20.32 £ NA 32.07 £ NA 29.75 £ NA 1.12 £ NA 13.16 £ NA
October Control 3.64 + 0.02 20.67 + 0.13 32.41 £ 0.23 29.63 + 0.2 1.14 + 0.02 12.51 £ 0.2
October Nitrogen 3.66 + 0.08 20.65 + 0.26 32.55 £+ 0.31 29.37 £ 0.13 1.15 + 0.02 12.63 + 0.43
October Nitrogen + Phosphorus 3.59 + 0.11 21.01 £0.36 34.1 £1.07 28.15 £ 1.05 1.04 + 0.06 12.1 £ 0.35
October Phosphorus 3.64 + 0.08 20.78 £ 0.31 32.97 £ 0.47 29.15 £ 0.37 1.1 +£0.02 12.35 + 0.45
October Seawater 3.73 £ 0.01 27.24 £ 0.72 22.84 + 0.36 26.45 + 0.2 3.67 + 0.24 16.07 + 0.07

Data are separated by time (month of sampling) and treatment (control, nitrogen alone, phosphorus alone, and nitrogen and phosphorus combined).

TABLE 2 | Statistically significant shifts in taxonomic groups across time in Siderastrea siderea metagenomes as measured by generalized linear mixed models with

Tukey’s post-hoc test.

Taxonomic Shifts July (%) August (%) September (%) October (%) Pairwise comparisons
ARCHAEA

Thermoplasmata 2.78 + 0.025 2.91 £ 0.053 2.85 + 0.027 2.84 + 0.069 *July < August

Thermococci 6.17 £ 0.094 6.45 £ 0.091 6.20 £ 0.093 6.68 £ 0.119 **July < October; *September < October
Desulfurococcaceae 1.38 + 0.018 1.45 £+ 0.022 1.39 + 0.018 1.41 £ 0.022 *July < August

FUNGI

Agaricales 3.27 + 0.028 3.24 £+ 0.027 3.33 + 0.023 3.33 + 0.025 **August < September; **August < October
Magnaporthales 1.25 £ 0.0084 1.25 £ 0.011 1.25 £ 0.0085 1.30 £ 0.013 *August < October; *September < October
Tremellales 1.69 + 0.014 1.67 £ 0.017 1.60 + 0.012 1.62 + 0.019 **August < October

VIRUS

Caudovirales 39.17 £ 0.27 40.05 + 0.68 4535 + 2.43 40.35 + 0.54 **July < September; *August < September
Myoviridae 23.67 + 0.20 24.15 £ 0.35 28.99 + 2.06 24.60 + 0.46 *July < September; **August < September
Poxviridae 6.39 + 0.15 5.82 +£0.19 5.39 £+ 0.22 571 £0.15 *September < July; *October < July

‘0 < 0.05; *p < 0.01.

Coral-Associated Archaea Shift in

Abundance During Warming

Along with the viruses, there were shifts in the Archaea
associated with the Siderastraea corals. At the class level, the
Thermoplasmata had lower abundance in July (2.78%) than in
August (2.91%; p = 0.02). In the case of Thermococci, the
October metagenome contained higher relative abundance of
6.68% compared to 6.16% in July (p < 0.001) and 6.20% in
September (p = 0.02). This class consisted solely of the order
Thermococcales, and within that, the family Thermococcaceae.

Additionally, the relative abundance of Desulfurococcaceae in
July (1.38%) was lower than that in August (1.45%) (p = 0.045).

Coral-Associated Fungi Shift Across the

Thermal Stress Event

Within the Eukaryotes there was a statistically significant
change in fungal orders over time, with several orders of
low relative abundance fungi becoming more abundant in
the October metagenomes. Agaricales, a Basidiomycota, had
a relative abundance of 3.24% in August and increased to
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FIGURE 5 | Taxonomic distribution of Siderastrea siderea coral microbiomes from metagenome analysis over time. Results are normalized as the relative abundance
of each taxa at every time point. The microbiome composition among domains remained relatively stable throughout time, except for viral annotations. The relative
abundance of viral annotations was higher in September, compared to July (p = 0.01) and August (p < 0.01). “p < 0.05; *p < 0.01.

3.33% in September (p < 0.001) and October (p = 0.008).
Another Basidiomycota, the Tremellales, also had higher relative
abundance in October, 1.62%, compared to August (1.57%;
p = 0.001). The Sordariomycetes order, Magnaporthales, had
a higher relative abundance of 1.30% in October compared
to 1.25% in August (p = 0.03), and 1.25% in September
(p = 0.01).

Indicator Species of Healthy Coral

Microbiomes

We conducted indicator species analysis on healthy and diseased
S. siderea microbial metagenome samples to find the taxa
most indicative of either healthy or diseased states. The
indicator species of apparently healthy S. siderea included
solely fungi and viruses. Fungal indicators include Olpidium
brassicae, an unclassified Entomophthoromycete, Polychytrium
aggregatum in the order Polychytriales, and Pluteus saupei,
in the order Agaricales. Fourteen virus families also showed
up as indicator taxa in healthy S. siderea microbiomes.
These include Astroviridae, Baculoviridae, two OTUs within
Betaflexiviridae, Bromovoridae, Circoviridae, Closteroviridae,
two OTUs within Geminiviridae, Nyamiviridae, two OTUs
in Polyomaviridae, Potyviridae, Secoviridae, two OTUs within
Siphoviridae, Tombusviridae, and two OTUs within Totiviridae.
Interestingly, we found no taxa indicative of diseased S. siderea
microbiomes.

Coral Microbiome Function Is Altered

During Thermal Stress

One advantage of metagenomes is the ability to quantify shifts
in both the taxonomic structure of a microbiome as well as the
functional potential of that community. Overall the functional
potential of the coral microbiome showed the following
distribution of classified functions: 9.77% Cellular Processes,
14.75% Environmental Information Processing, 24.23% Genetic
Information Processing, and 51.25% Metabolism. We found
that the functional potential of the coral microbiomes shifted

across time but not with treatment (Table3). Within the
broadest hierarchical level, KEGG category 1, there was a
higher abundance of genes for “genetic information processing”
in October (24.75%) compared to July (23.91%; p = 0.008).
This category houses the subcategories of “transcription,”
“translation,” “folding,” “sorting and degrading;” and “replication
and repair.” Genes for “translation” were more abundant in
October (9.51%) compared to July (9.29%) (p = 0.02), and
genes for “replication and repair” were found to be lowest,
at 6.76%, in July, compared to 6.92% in August (p = 0.04),
6.98% in September (p < 0.001), and 6.95% in October (p <
0.001).

In contrast, genes for “amino acid metabolism” were lower
in October (9.05%) than July (9.66%) (p = 0.03) and September
(9.89%) (p = 0.04) while genes for “metabolism of cofactors and
vitamins” were also lower in October (6.62%) compared to July
(6.84%) (p = 0.02). Lastly, genes for “xenobiotics biodegradation
and metabolism” were more abundant in July (1.25%) and
September (1.21%) compared to August (1.18%) (p = 0.02) and
October (1.13%) (p < 0.001, p = 0.01).

Within the highest resolution KEGG categories, the
subcategory “genetic information processing” showed that
only a few genes increased in abundance over time while
many were reduced. For example, genes for “homologous
recombination” were higher in October (1.52%) than in
July (1.45%; p < 0.001) while “nucleotide excision repair”
genes were more abundant in September (1.49%) than in
October (1.36%; p = 0.007). But genes assigned to functional
subcategories within “environmental information processing,
cellular processes, and metabolism” tended to be more abundant
in July compared to later months with “ABC transporter”
genes higher in July (4.89%) than September (4.77%; p =
0.001) and October (4.81%; p = 0.04), and genes for the
“two-component system” also being elevated in July (3.03%)
compared to September (2.86%; p = 0.001). “Photosynthesis”
genes were more abundant in July (0.26%) than in August
(0.23%; p 0.008), and genes for “alanine, aspartate, and
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TABLE 3 | Statistically significant shifts in functional assignments across time in Siderastrea siderea metagenomes as measured by generalized linear mixed models with

Tukey'’s post-hoc test.

Functional Shifts July (%) August (%) September (%) October (%) Pairwise comparisons
KEGG 1
Genetic information processing 23.91 £ 0.22 2434 £0.18 24.01 £ 0.28 24.75 £ 0.09 **July < October
KEGG 2
Amino acid metabolism 9.66 + 0.14 9.50 +£ 0.16 9.89 + 0.33 9.05 £+ 0.10 *October < July;
*October < September
Metabolism of cofactors and vitamins 6.84 £+ 0.042 6.71 + 0.051 6.87 + 0.073 6.62 + 0.055 *October < July
Replication and repair 6.76 + 0.052 6.92 + 0.050 6.98 £+ 0.021 6.95 + 0.036 *July < August;
**July < September;
**July < October
Translation 9.29 + 0.089 9.42 + 0.050 9.28 + 0.050 9.51 £+ 0.043 *July < October
Xenobiotics degradation and metabolism 1.25 + 0.026 1.18 £ 0.019 1.21 £ 0.011 1.13 £ 0.027 *August < July;
**October < July;
*October < September
KEGG 3
ABC transporters 4.89 £ 0.019 4.81 £ 0.024 477 £ 0.022 4.81 £ 0.030 **September < July;
*October < July
Alanine, aspartate, and glutamate metabolism 1.43 £+ 0.027 1.40 £ 0.036 1.46 £ 0.042 1.30 4+ 0.026 **QOctober < July;
**October < September
Homologous recombination 1.45 £ 0.014 1.49 £ 0.009 1.49 £ 0.008 1.52 £ 0.019 **July < October
Nucleotide excision repair 1.43 £ 0.020 1.43 £ 0.017 1.49 £ 0.035 1.36 £ 0.019 ** October < September
Two-component system 3.03 £+ 0.058 2.90 £+ 0.036 2.86 + 0.023 2.92 + 0.039 **September < July
Photosynthesis 0.26 + 0.023 0.23 £ 0.017 0.26 + 0.034 0.23 £ 0.015 **August < July
*p < 0.05; *p < 0.01.
glutamate metabolism” were higher in July (1.43%; p = 0.007) DISCUSSION

and September (1.46%; p
(1.30%).

0.007) compared to October

Thermal Stress Shifts the Microbiomes of
DSS Afflicted Corals

Although there is no ascribed etiological agent responsible for
DSS, by subdividing the data into corals with and without
DSS, we found metagenomic evidence that corals experiencing
DSS are unique microbiologically. Like nutrient exposure, DSS
samples exhibited increased beta-diversity (Adonis, p = 0.011)
compared to apparently healthy ones (Figure 6A). However,
there was no significant difference in alpha diversity (Chaol
index) between DSS and non-DSS coral microbiomes (Welch’s
T-test, p = 0.24). To test if the thermal stress event altered
the microbiomes, we compared only the August 2014 DSS (n
10) and apparently healthy samples (n = 8) to another
metagenomic dataset (n = 42) from coral mucus collected in
August 2012. The 2012 samples (23 DSS and 19 apparently
healthy) came from S. siderea corals that were either exposed to
nutrient enrichment or control conditions. Compared to 2014,
the 2012 samples were only experiencing moderate thermal
stress (~6 DHW) (Zaneveld et al., 2016). The 2012 DSS and
apparently healthy corals had indistinguishable microbiomes
regardless of treatment and disease, and they clustered separately
from the 2014 microbiome samples (Figure 6B, Adonis,
p <0.001).

In 2014, corals in the Florida Keys experienced severe thermal
stress of 6-12 degree heating weeks depending on location. We
found that this thermal anomaly was associated with increased
bleaching and disease alongside changes in the alpha diversity
of the microbiome and distinct shifts in different groups of taxa
associated with the corals, particularly fungi and viruses. Shifts
in the function of the microbiomes were also correlated with
time. Nutrient exposure, on the other hand, only caused clear
shifts in beta-diversity of the microbiomes, a finding that was
independent from time, and thus likely not a result of the thermal
anomaly.

Nutrient Exposure May Prolong
Temperature-Mediated Bleaching in

Agaricia Corals

Nutrient exposed corals were more likely to remain bleached 5
months after thermal stress compared to control corals. Though
all Agaricia spp. corals bleached after the thermal stress event
in August, recovery trended in favor of the corals in ambient
conditions (80% recovered), compared to the corals in nutrient-
stressed conditions (less than 50% recovered) (Figure 2A). All
corals experienced high bleaching severity after thermal stress
in August, however, only control corals and corals exposed to
phosphorus completely recovered by January; corals exposed
to nitrogen alone, or nitrogen and phosphorus did not fully
recover by the end of the experiment (Figure 2B). Though not
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of statistical significance, likely due to our low replication within
each category, these trends suggest that nitrogen and phosphorus
behave in different ways to influence susceptibility and resilience
to bleaching.

Corals Disease Linked to Thermal Stress
Disease prevalence in all S. sideraea corals (Figures 3A,B) went
from 0% in July 2014 to ~80% within 2 months. DSS declined
by October to 40% in the controls but remained steady at
this level until January when we ended the experiment. This
was a somewhat unexpected finding, as although a single
study has also found that DSS prevalence can increases with
higher water temperatures (Gil-Agudelo and Garzon-Ferreira,
2001), DSS generally peaks in the winter months, not the
summer (Borger, 2005; Gochfeld et al., 2006). Interestingly, the
prevalence of disease also remained above 50% from September
to the conclusion of the experiment for all nutrient treatments,
suggesting only in the presence of elevated nutrients do such
thermal events reduce coral resilience by prolonging disease
and/or preventing recovery.

Siderastrea siderea Disease and Microbial
Diversity

Diversity within the S. siderea microbiome changed significantly
across time with alpha diversity peaking in September across all
treatments. Interestingly, the September alpha diversity metrics
also had low variability compared to samples from other months.
In contrast to microbial alpha diversity, the beta diversity of
the metagenome samples varied with both nutrient treatment
and disease status. In particular, we found that beta-diversity
in the combined nitrogen and phosphorus enriched corals
differed from both the control and the nitrogen-treated corals.

Similarly, DSS-afflicted coral microbiomes clustered separately
from healthy colonies, linking DSS with the coral microbiome,
although it is unclear if this is a cause or an effect. Yet this increase
and difference in beta diversity in the microbiomes of stressed
and diseased corals aligns with the Anna Karenina principle,
which states that the microbiomes of stressed animals are usually
in an unstable dysbiosis, due the host being unable to regulate its
microbial community (Zaneveld et al., 2017).

We used metagenomics instead of 16S analysis because we
and others had previously found no correlation in microbial
taxa shifts associated with DSS using 16S analysis. (Borger, 2005;
Kellogg et al., 2014; Meyer et al., 2016). Using this approach, we
again found no single taxon or groups of taxa that were associated
with the disease. Yet in a study focusing on Stephanocoenia
intersepta, the microbes of healthy and diseased patches of coral
were characterized and found to differ among health states (Sweet
et al., 2013). In DSS lesions, but absent in healthy tissue, four
types of pathogenic bacteria were identified (Corynebacterium,
Acinetobacter, Parvularculaceae, and Oscillatoria) along with the
pathogenic fungi, Rhytisma acerinum, implicating that DSS in
S. intersepta is caused not by a single pathogen but rather by
a collection of taxonomically diverse microbes (Sweet et al.,
2013). More recently, the transmission of DSS between S. siderea
individuals was also experimentally tested, but there was no
evidence of direct or indirect (water-borne) transmission of DSS
symptoms, suggesting that DSS is not an infectious disease but
rather a physiological one (Randall et al., 2016).

We have now extensively analyzed two metagenomic datasets
of apparently healthy and DSS afflicted S. siderea from two
different years (2012 and 2014) that were significantly different
in terms of the ambient conditions present. Our indicator species
analysis showed a plethora of viral and fungal taxa associated with
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a healthy coral microbiome, but no indicator species was found
for DSS-afflicted coral samples. This provides further evidence
that there is likely no pathogen responsible for DSS, although
these negative results could be due to the low power of our
experiment design. However, given that we find increased beta-
diversity in the DSS microbiomes, it is not surprising that we
found no taxa or group of taxa that are exclusively associated
or significantly elevated in DSS corals. These collective data
contribute to the growing body of thought that the signs of
this disease are likely manifestations of an alteration of host
physiology as a response to severe temperatures and nutrient
pollution and that one is manifested as increased instability of
the microbiome.

Thermal Anomaly Associated With
Taxonomic and Functional Microbiome
Shifts

Although there was no significant shift in microbial taxa from
nutrient exposure, we did find shifts in certain virus, Archaea,
and Fungi over time. Because changes in time and temperature
in this experiment were inherently connected, we hypothesize
that these taxonomic shifts were directly related to changes
in seawater temperatures or some covariate(s). We found a
higher proportion of the virus order Caudovirales in September
metagenomes compared to other months. Phages targeting
bacteria and archaea are the most abundant viral types found
in scleractinian corals (Vega Thurber et al., 2017). These phages
are crucial in shaping the coral microbiome and controlling
microbial populations. Phages serve as a lytic barrier against
potential pathogens (Sweet and Bythell, 2017) and have been
described as non-host-derived immunity (Barr et al., 2013).
The viral order Caudivirales has consistently been found in
coral viromes (Wood-Charlson et al, 2015; Vega Thurber
et al., 2017; Weynberg et al., 2017), with its top three families
being Siphoviridae, Podoviridae, and Myoviridae. Most of the
Caudovirales reads from this experiment were assigned to the
Mpyoviridae family, which consisted mainly of T4-like viruses.
The abundance of these lytic phages suggests a high turnover of
the microbial community, and may also have obscured any shifts
in the bacterial community, including any potential pathogens.
The family Poxviridae had a higher relative abundance in
July, the start of the experiment, compared to September and
October, but there was no dominating viral genus within this
family. Members of Poxviridae infect insects and terrestrial
vertebrates such as humans and birds, but have also been found
in dolphins, whales, and sea lions (Bracht et al., 2006). Marine
Poxviridae often make up the top five viral families found in
coral viromes (Vega Thurber et al, 2017; Weynberg et al,
2017). These eukaryotic viruses either infect the coral host or
eukaryotic members of the microbiome, yet this taxon tends to
be more abundant in healthy coral viromes compared to diseased
or bleached viromes (Vega Thurber et al., 2017), which may
explain the decline of the relative abundance of Poxviridae in S.
siderea metagenomes as thermal stress increased and coral health
declined. Interestingly, neither Myoviridae nor Poxviridae were
identified as indicator species for a healthy S. siderea microbiome.

However, the plethora of viral OTUs found to be indicative of
the microbiome of a healthy coral host show the importance of
viruses in shaping the coral-associated microbial community.

The Archaeal members of the S. siderea holobiont consisted
mainly of Crenarchaeota and Euryarchaeota. While they are
not known to form species-specific symbioses with their coral
host, they are hypothesized to participate in nutrient cycling
(Wegley et al., 2004). For example, it is hypothesized that the
Crenarchaeota turn over nitrogen via ammonia oxidation (Siboni
et al, 2008). In this study, we did not find any correlation
between Archaeal communities and nutrient exposure. Instead,
we found three Archaeal members of the microbiome to
shift across time. Both the Euryarchaeota, Thermoplasmata,
and the Crenarchaeota, Desulfurococcaceae, had higher relative
abundance in August, when seawater temperature reached its
peak.

Fungi, particularly endolithic fungi, have long been
acknowledged as endemic members of the scleractinian
coral holobiont (Bentis et al.,, 2000; Ainsworth et al., 2017).
Though most marine fungi are thought to be opportunistic, with
the exception of Aspergillus sydowii, the confirmed pathogen of
Caribbean sea fans (Smith et al., 1996), the role of endolithic
fungi in coral tissue has yet to be confirmed. These fungi are
hypothesized to participate in nutrient cycling by participating in
symbiotic relationships with nitrogen-fixing bacteria. One early
metagenome study of the Porites astreoides holobiont found
fungal reads to make up the majority of classified eukaryotic
sequence sequences (Wegley et al., 2007). Most of these fungal
reads consisted of Ascomycota, which are in many healthy coral
holobionts (Wegley et al., 2007). Similarly, Ascomycota made
up 75% of the fungal reads in this study. Ascomycetes also
dominated the fungal community in another coral metagenome
study of the Porites compressa holobiont (Vega Thurber et al.,
2009), but in that study, nutrient enrichment did not affect
the composition of the fungal community. Again, we saw the
same result in this study, in which certain fungal orders shifted
with time and temperature, but not with nutrient addition.
Other hypothesized roles of these fungi include competition
with algal members of the holobiont, contribution to coral
resistance to disease and bleaching, and parasitism upon the
coral host (Yarden, 2014; Ainsworth et al., 2017). In this study,
we found an Entomophthoromycete, a Chytridiomycete, and
an Agaricomycete as fungal indicator species of healthy S.
siderea, showing that at least some fungal species exist in
either a commensal or mutualistic relationship with the coral
host.

Functional analysis of the S. siderea microbial metagenome
showed several contrasts between the start of the nutrient
enrichment experiment in July, and the end of metagenome
sampling in October. Prior to the bleaching event there
was a higher relative abundance of genes for metabolism of
cofactors and vitamins, and metabolism of amino acids—in
particular alanine, aspartate, and glutamate. Additionally, prior
to the thermal stress there was a higher relative abundance
of photosynthesis genes (compared to August), two-component
system genes (compared to September), ABC transporter genes
(compared to September and October), and genes for xenobiotics
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biodegradation and metabolism (compared to August and
QOctober).

In contrast, microbial metagenomes of the latter months
showed distinct functional potential. This manifested in the
higher abundance of genes in October metagenomes for
translation, replication and repair, homologous recombination,
and a higher abundance of genes for nucleotide excision repair
in September. The elevation of these genes categories could be
interpreted as a shift in the community to more stress resistant
taxa as a result of the thermal anomaly.

CONCLUSIONS

We conducted an in situ nutrient enrichment experiment in the
Upper Florida Keys on Agaricia sp. and Siderastrea siderea corals
in 2014, which coincided with a bleaching event due to a thermal
anomaly. These unique environmental conditions allowed us to
study the effects of high temperature and nutrient pollution on
these corals. Elevated temperatures resulted in higher bleaching
prevalence and severity of Agaricia sp. regardless of nutrient
treatment and resulted in higher disease prevalence and severity
in Siderastrea siderea. In the Siderastrea siderea metagenomes,
there were several shifts in viral, archaeal, and fungal families
across sampling time points, most notably a severe increase in the
Mpyoviridae viruses associated with the aftermath of the thermal
anomaly. Interestingly, we found no microbial taxa correlated
with DSS.

Experimental Design Considerations and
Future Work

Due to the low number of replicates in each coral category,
there was a likelihood of Type II errors (false negatives). For
example, many statistical tests failed to meet the standard p-
value requirements after multiple corrections tests, especially
since many animals died during the experiment. Trends in our
data are thus likely suggestive of important patterns that should
be tested and confirmed in the future. Repeat experiments with
a higher number of replicates are suggested to provide better
statistical power. Additionally, we acknowledge that many of
our statistically significant results show shifts in the relative
abundance of taxonomic or functional assignments of less
than 3%. Whether these shifts are biologically significant and
meaningful is debatable. However, for some groups, even small
changes that occur in the background of host and symbiont
genetic information is likely to be biologically important. In
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Here we provide a broad overview of the Great Amazon Reef System (GARS) based on
the first-ever video surveys of the region. This footage supports four major hypotheses:
(1) the GARS area may be six times larger than previously suggested (up to 56,000
km?); (2) the GARS may extend deeper than previously suggested (up to 220 m); (3)
the GARS is composed of a greater complexity and diversity of habitats than previously
recognized (e.g., reef platforms, reef walls, rhodolith beds, and sponge bottoms); and
(4) the GARS represents a useful system to test whether a deep corridor connects the
Caribbean Sea to the Southwest Atlantic Ocean. We also call attention to the urgent
need to adopt precautionary conservation measures to protect the region in the face
of increasing threats from extractive oil and gas practices. With less than 5% of the
potential area of the GARS surveyed so far, more research will be required to inform
a systematic conservation planning approach and determine how best to establish a
network of marine protected areas. Such planning will be required to reconcile extractive
activities with effective biodiversity conservation in the GARS.

Keywords: mesophotic coral ecosystem, calcareous algae, submersibles, systematic conservation planning, oil
and gas fields

Unprecedented submersible video surveys disclose unique features of the Great Amazon Reef
System (GARS). Previous surveys of the GARS were performed exclusively with indirect sampling
(i.e., fishing and dredging) (Collette and Ruetzler, 1977; Cordeiro et al., 2015; Moura et al., 2016).
The definition of “reef” used here is the same one given by Collette and Ruetzler (1977) in their
seminal work about the GARS: i.e., complex hard bottoms created by living organisms.

The first images of the GARS and associated communities were obtained here by using a double
Deep Worker submarine (Nuytco, Canada; Earle, 2010) and a drop camera system in depths
between 70 and 250 m in January-February 2017. The examination of over 20 h footage obtained
by means of submarine and 15 h footage obtained by the drop camera, together with previous data
(Moura et al,, 2016), allowed us to advance the knowledge put forward here. Each of the submarine
dives (n = 8) lasted about 4h and covered a total linear distance of about 1km. Drop camera
footages lasted ~30-40 min, and also covered a linear distance of about 1 km per dive. Main habitat
types were visually recorded (Figure 1).
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The occurrence of a reef system off the Amazon River
mouth was first hypothesized by Collette and Ruetzler (1977).
According to these authors: “from the behavior of the trawl and
from fathometer readings, we conclude that hard bottoms are
abundant in this region.” In addition, Cordeiro et al. (2015),
based on the analysis of museum material, have speculated on
the occurrence of rhodolith beds in the GARS by stating that
“Although our data were insufficient to confirm the existence
of rhodolith banks offshore of the Amazon River, some of
the sampled corals analyzed were adhered to coralline algae.”
Finally, Moura et al. (2016) performed extensive trawling and
side scan sonar surveys, confirming the GARS’ existence and
estimating its size at 9,500 km?. Results from the present survey
suggest that the GARS is composed by typical mesophotic
reefs (70-220 m depth) build mainly by living calcareous algae
(“coralline algal frameworks,” cf. Bosence, 1983), potentially
covering an area of ~56,000 km? (Figure 2). Similar calcareous
platforms covered by living calcareous algae were recorded
at depths between 80 and 120m in tropical and subtropical
Eastern Australia (Davies et al., 2004). Calcareous algae are
also major reef builders elsewhere in the Atlantic, being the
dominant element of the reef framework in the Rocas Atoll
(Gherardi and Bosence, 2001; Villas-Boas et al., 2005) and in
coral reefs of the Abrolhos Bank (Francini-Filho et al., 2013).
Beside calcareous algae, scleractinian corals were also recorded
during our surveys, with Madracis decactis being by far the most
abundant one. Only areas shallower than 70 m were devoid of
consolidated substrata and dominated by fine sand and/or mud
bottoms.

The GARS extends much deeper than previously anticipated,
with a clear gradient from its deepest portion (~220 m depth),
where laterite outcrops alternate with areas with nearly 100%
of live coverage (mainly sponges, octocorals and black corals),
to its shallowest portion (~70m), which is nearly completely
covered by sand (Figures 1A-D). At depths of 80-100 m, marine
snow might also temporarily cover rhodolith beds and algal
frameworks (Figure 1B). Rhodolith beds and biogenic calcareous
platforms are the dominant features in depths between 70
and 180m (Figures 1C,E,H). This is the deepest limit of the
lower mesophotic zone recorded so far, as mesophotic reefs
are believed to occur only down to about 150m (Lesser et al.,
2009). Dominant organisms of the lower mesophotic zone of
the GARS (180-220 m) were typical of reef communities, such
as black corals, barrel sponges (Xetospongia muta) and butterfly
fishes (Prognathodes spp.) (Rosa et al., 2016). The areas deeper
than 220 m recorded during our surveys were dominated by
sediments.

High bottom complexity and a great diversity of habitats were
recorded at the GARS, including algal frameworks, rhodolith
beds, laterite bottoms, as well as sponge, soft coral and black coral
gardens (Figures 1A-D). A large reef wall was recorded in the
outer shelf of the central sector of the GARS, with an average
height of 80 m (115-195 m depth) and a mapped linear extension
of at least 12 km. Bordering the GARS on its shallowest portion,
there were large sand wave fields (Figure 1A) which are indicative
of strong currents and high hydrodynamic variations, with sand
being eventually transported over the reef structure (Figure 1B).

Thus, a combination of suspended load from the Amazon River
and intense sediment transport in the middle continental shelf
seems to determine the upper boundary of the GARS.

High spatial turnover of species was noted within the reef, as
well as between the GARS and adjacent regions (i.e., Caribbean
and N/NE Brazil). This pattern is plausibly explained by both
habitat heterogeneity and the formation of an ecotone between
the two biogeographical provinces, i.e., Brazil and the Caribbean,
with a clear faunal overlap. An example is the record made in this
study for the Blue chromis Chromis cyanea, which was previously
known to occur only in the Caribbean, reinforcing the hypothesis
of a connection between South America and the South Caribbean
through the GARS (Rocha, 2003; Floeter et al., 2008). In fact, first
evidence for the occurrence of a mesophotic corridor connecting
Brazil and the Caribbean were obtained by Collette and Ruetzler
(1977), which described a “typical reef fish fauna” composed
by 45 species in the mouth of the Amazon River in depths
between 48 and 73 m. Since then, several biogeographical studies
have highlighted the existence of a biogeographical connection
between Brazil and the Caribbean (Rocha, 2003; Floeter et al.,
2008).

Several other interesting new observations of reef-associated
organisms were made here. Aggregations of threatened and
commercially important fishes (up to tens of individuals per
dive), particularly large individuals (>50cm Total Length,
as measured by a laser scale) of Lutjanus purpureus and
Hyporthodus niveatus (Figure 1G) were clearly associated with
fractures and crevices on carbonate platforms and crevices
created by complex bottoms of laterite rock. Most fish
aggregations were associated with cleaning stations, with
juveniles of Spotfin hogfish Bodianus pulchelius and the
Peppermint shrimp Lysmata grabhami acting as cleaners
(Figure 1E). Beside cleaning stations, nests of the Sand tilefish
Malacanthus plumieri, which are formed by aggregations of
rhodoliths, were also inhabited by several species of fish
and invertebrates (Figure 1F). Two herbivorous fish were
recorded foraging in depths between 100 and 140m, the
Agassizs parrotfish Sparisoma frondosum and the Doctorfish
Acanthurus chirurgus. Large barrens of sea urchins (unidentified
Toxopneustidae) actively grazing macroalgae and leaving large
paths of cleaned substrate, with thousands of meters in linear
extension, were also recorded (Figure 1H).

Light that reaches the sea bottom in the GARS is dependent
on the sediment laden Amazon plume and clear tropical
waters of the North Brazil Current (NBC). Our estimates for
the diffuse light attenuation coefficient for photosynthetically
available radiation (Kdpagr) for our sampling period (January-
February 2017), based on MODIS aqua satellite images (Lee
et al., 2002, 2005) ranged from 0.060 to 0.15 m~! at diving/drop
camera positions, with 0.01-19.3 wE.m~2.s~! arriving at depths
varying from 50 to 160 m. Healthy rhodoliths may be found
in light environment varying from 0.0015 to 32 wWE.m~2s~!
(Littler et al., 1986; Riul et al., 2008; Figueiredo et al., 2012),
indicating that even though turbidity is relatively high in the
GARS, light is not a limiting factor for its existence. The
underwater images obtained here show that living calcareous
algae are prevalent in depths of up to 180 m (Figures 1C,E,EH).
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at 190 m depth and (H) an urchin barren at 130 m depth. Laser scale: 20 cm.

FIGURE 1 | Geodiversity and biodiversity of the GARS. Major structures along the inner and outer shelves. (A) Sand dunes in the shallowest portion of the reef
(60-70m), (B) Reef covered by sediments between 70 and 80 m depth, (C) Diverse reef community with schools of Paranthias furcifer and bottom dominated by live
crustose calcareous algae and black corals at 130 m depth, (D) Deepest portion of the GARS (220 m) with nearly 100% of live benthic coverage (mostly sponges,
octocorals and black corals), (E) A cleaning station of the Peppermint shrimp Lysmata grabhami at 110 m depth, (F) Rhodolith mound built by the Sand tilefish
Malacanthus plumieri at 130 m depth, (G) A large individual (60 cm Total Length) of the commercially important and threatened snowy grouper Hyporthodus niveatus

Carbonate budget studies have demonstrated that accretion
and erosion are highly variable in space and time, with many
shallow reefs with small or zero net reef growth. In addition,
large reef systems may show net accretion or erosion in
different areas and/or periods depending on different biotic (e.g.,
bioerosion rates) and abiotic factors (e.g., wave intensity) (Grigg,
1998; Glynn and Manzello, 2015). Thus, additional studies are
needed to understand carbonate budget dynamics within the
GARS.

Despite our limited knowledge of the GARS (by our
new approximation, less than 5% of the reef area has been

surveyed so far), the region is coveted by large oil and gas
companies (e.g., BHP-Billiton, Queiroz Galvao, Ecopetrol, Total,
BP, and Petrobras) (see blocks in Figure 2). Oil exploration
within the GARS poses serious threats to the biodiversity and
sustainability of the region and the minimal data attained
so far indicate that precaution is needed before starting
any activity with great potential for reef degradation. For
example, an oil spill in the Gulf of Mexico caused by the
explosion of the BP-operated Deepwater Horizon (DWH)
offshore oil rig led to a large-scale environmental catastrophe,
largely impacting reefs and rhodolith beds (Goodbody-Gringley
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FIGURE 2 | Map of the Great Amazon Reef System (GARS) showing sampling sites. The gray area denotes the potential area covered by mesophotic reefs
(56,000 km?). Letters A-D correspond to sites in which images depicted in Figure 1 (showing typical features across a 70-220m depth gradient) are given.

et al, 2013; Krayesky-Self et al, 2017). The use of oil
dispersant to prevent floating oil from reaching the shore
caused even more damage to reef communities in the Gulf
of Mexico, as the widely used dispersant (Corexit®) causes
oil to sink, suffocating benthic communities, as well as
decreased coral larvae settlement and survival (Goodbody-
Gringley et al.,, 2013). Previous time-series studies performed
in the GARS demonstrate current velocities below sea surface
of ~0.3-1.5m.s™! close to the areas of oil exploration,
indicating rapid spread may occur in the event of an oil spill
(Geyer et al,, 1991; Fontes et al., 2008).

Such as mesophotic reefs elsewhere, the GARS can be
considered a biodiversity refuge in periods of climate changes
that are extirpating shallow reefs (reseeding or deep reef

refuge hypothesis; Bongaerts et al., 2010, 2017). Data from
the present survey suggest that the reef size, contiguousness,
and the biodiversity associated with the GARS could be far
greater than realized. Our perspective is that broad baseline
studies (i.e., geophysical, geological, physical, chemical, and
biological oceanographic surveys) are urgently required for
better understanding the GARS and for applying a systematic
conservation planning approach for the creation of a network
of Marine Protected Areas (MPAs). Precautionary conservation
measures should be adopted to avoid drilling, mining, and
unregulated fisheries in sensitive areas and a comprehensive
baseline assessment is needed for future evaluations of impacts in
the case of oil spills. In summary, broader studies and the creation
of a network of MPAs may help to reconcile extractive activities
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(mining, fishing) with effective biodiversity conservation in the
GARS.
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Understanding the influence of multiple ecosystem drivers, both natural and
anthropogenic, and how they vary across space is critical to the spatial management of
coral reef fisheries. In Hawaii, as elsewhere, there is uncertainty with regards to how areas
should be selected for protection, and management efforts prioritized. One strategy is to
prioritize efforts based on an area’s biomass baseline, or natural capacity to support
reef fish populations. Another strategy is to prioritize areas based on their recovery
potential, or in other words, the potential increase in fish biomass from present-day
state, should management be effective at restoring assemblages to something more like
their baseline state. We used data from 717 fisheries-independent reef fish monitoring
surveys from 2012 to 2015 around the main Hawaiian Islands as well as site-level data on
benthic habitat, oceanographic conditions, and human population density, to develop a
hierarchical, linear Bayesian model that explains spatial variation in: (1) herbivorous and (2)
total reef fish biomass. We found that while human population density negatively affected
fish assemblages at all surveyed areas, there was considerable variation in the natural
capacity of different areas to support reef fish biomass. For example, some areas were
predicted to have the capacity to support ten times as much herbivorous fish biomass
as other areas. Overall, the model found human population density to have negatively
impacted fish biomass throughout Hawaii, however the magnitude and uncertainty of
these impacts varied locally. Results provide part of the basis for marine spatial planning
and/or MPA-network design within Hawaii.

Keywords: coral reef fishery, population assessment, pristine biomass, hierarchical model, human impacts

INTRODUCTION

The fragility of coral reefs combined with the pervasiveness of human impacts threatens the
long-term future of these ecosystems (Mora et al., 2016; Hughes et al., 2017). The continuing
degradation of coral reefs in the Anthropocene era has hastened calls for scientists to
provide information that enables environmental decision-making and effective prioritization of
management efforts (McNie, 2007; Cvitanovic et al., 2015). One management strategy that could
simultaneously address local stressors to coral reefs and increase their resilience to global climate
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threats is marine spatial planning (MSP) (Pandolfi et al,
2011)—the systematic organization and zoning of human use
of the marine environment into designated areas (Gilliland and
Laffoley, 2008). Scientists can assist MSP efforts by providing
spatially-explicit, locally-relevant benchmarks essential to the
process (Day, 2008). This requires an understanding of how
habitat and oceanographic conditions influence coral reef
ecosystem state, as well as how those states have been influenced
by human impacts (Crowder and Norse, 2008).

Multiple biotic (e.g., coral and algal cover) and abiotic (e.g.,
substrate complexity) factors contribute to the considerable
natural variability among coral reef ecosystems. When
considering the fish assemblages of these systems, habitat
characteristics such as coral cover and substrate complexity
greatly influence potential species richness and diversity
(Chabanet et al, 1997). At larger scales, coral reef fish
communities are also influenced by oceanographic factors
such as oceanic productivity, temperature, and wave energy
(Friedlander et al., 2003; Heenan and Williams, 2013; Williams
et al,, 2015). Furthermore, characteristics that relate to fishing
pressure, such as distance to human population centers, have
been shown to influence fish biomass at multiple scales (Brewer
et al., 2009). Most coral reefs are subject to human impacts,
but these impacts operate on top of background variation in
environmental conditions (Williams et al.,, 2015). Given the
range of ecosystem status and trends, there are a variety of
options for managers to consider in addressing potential and on-
going stressors. By integrating multiple management objectives
and benchmarks, MSP has the potential to effectively account
for both the natural and anthropogenic heterogeneity that exists
across different stretches of coasts and seascapes (Crowder and
Norse, 2008).

Baselines, such as pristine reef fish biomass, can be one such
benchmark for guiding MSP efforts. Estimates of baseline reef
fish biomass (Nadon et al., 2012; MacNeil et al., 2015; Williams
et al,, 2015) provide a means for quantifying the extent and
spatial variation of depletion (i.e., difference between baseline
and present-day state). Areas that have a high baseline biomass
(i.e., have a high natural capacity to support fish biomass) and
whose present-day levels of fish biomass already closely matches
their baseline could be highly valued, and thus prioritized for
conservation purposes. On the other hand, were conservation
planners and managers more concerned with restoring areas in
most urgent need of attention, it would be useful to identify those
areas that have experienced the most amount of depletion (i.e.,
have the greatest potential for recovery). Ultimately management
objectives and the decision to protect the strong or the weak
(Game et al, 2008) is a societal choice but here we present
both baseline biomass and recovery potential (i.e., the difference
between present-day and baseline biomass), as a useful framing
to guide such decisions.

Knowing the baseline state of an ecosystem with certainty
requires a time series of data, dating from prior to the onset
of degradation. However, sufficiently long-term trends are
exceedingly rare for coral reef ecosystems. Alternatively, this
can be done spatio-temporally (e.g., using a chronosequence)
whereby time since protection for different areas can be used to

generate expectations about recovery (McClanahan et al., 2007,
2016; MacNeil et al., 2015). Finally, in the absence of such a
chronosequence, baseline fish biomass can be estimated spatially,
for example, by comparing (Friedlander and DeMartini, 2002) or
modeling (Williams et al., 2015; D’agata et al., 2016) reefs along
a gradient of human-induced impact. Here, we apply this spatial
approach to estimating both baseline biomass and the recovery
potential of coral reef fish assemblages around the main Hawaiian
Islands.

This study is timely because, following unprecedented levels
of coral bleaching and mortality observed throughout Hawaii
between 2015 and 2016, Hawaii’s Division of Aquatic Resources
(DAR) became interested in developing management strategies
to promote recovery of its coral reef communities, as well
as resilience to likely future events (University of Hawaii
Social Science Research Institute, 2017). Their systematic review
of the literature and synthesis of expert opinion highlighted
two proposed actions that addressed the management goal of
promoting coral recovery (University of Hawaii Social Science
Research Institute, 2017): (i) the establishment of a network
of permanent no-take marine protected areas (MPAs) and (ii)
the establishment of a network of herbivore management areas.
MPAs are a widely-used conservation tool that function by
protecting the diversity, density, and size of targeted species
found within the reserve. By preserving ecosystem function, it
is believed that MPAs create stability in community assemblages
and increase resilience to future disturbance events (Mellin et al.,
2016). Herbivorous fishes, in particular, are believed to play a
disproportionately large role in ecosystem processes of coral
reefs, with different herbivorous functional groups mediating
different ecological processes. For example, by keeping algal
communities in a cropped and productive state, browsers have
been implicated in preventing the establishment of macroalgae,
while grazers, scrapers, and excavators may facilitate the
settlement, survival and growth of crustose coralline algae and
coral (Hatcher and Larkum, 1983; Hay et al., 1983; Steneck, 1988;
Bellwood and Choat, 1990; Green and Bellwood, 2009). Overall,
by managing coral-algal dynamics, herbivores can enhance coral
reef resilience to bleaching events by preventing algal overgrowth
(Graham et al,, 2015). Given the interest from local managers in
the potential for both no-take MPAs (i.e., protection of all reef
fishes) and herbivore management areas (i.e., protection of just
herbivorous fishes) in coral reef resiliency planning (University of
Hawaii Social Science Research Institute, 2017), here we focus on
both total reef fish community biomass, as well as the herbivorous
fish component of the assemblage.

Specifically, we use a large-scale dataset [NOAA's Pacific Reef
Assessment and Monitoring Program (Pacific RAMP, Coral Reef
Ecosystem Program: Pacific Islands Fisheries Science Center,
2007)] to characterize coral reef fish assemblages throughout the
main Hawaiian Islands. We implement a Bayesian, hierarchical
framework to: (i) account for the hierarchical nature of processes
affecting coral reefs (MacNeil et al, 2009) as well as the
hierarchical design of Pacific RAMP (i.e., sites nested within
sectors nested within islands nested within region); (ii) model
spatially nested effects such that broad-scale processes are
allowed to vary among locations, allowing for prediction at local
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scales relevant to management; and (iii) quantify uncertainty in
our estimation of both baseline biomass and recovery potential
(Ellison, 1996). We do this by first modeling herbivore and
total reef fish biomass as response variables to multiple habitat,
oceanographic, and human drivers. Then, by setting human
population density to the minimum level found in our dataset,
(i.e., minimizing the effect of humans on fish biomass), we
estimate: (i) baseline biomass and (ii) percent recovery potential
or the proportional increase from present-day to baseline
biomass across the main Hawaiian Islands, while incorporating
the uncertainty associated with the effect of humans.

METHODS

Data Collection

Fish surveys were conducted throughout the main Hawaiian
Islands in 2012, 2013, and 2015 (Coral Reef Ecosystem Program:
Pacific Islands Fisheries Science Center, 2007) using a stratified
random design sampling 25 sub-island sectors (Figure 1; Maui-
Hana was not analyzed because only one site was available
here, and no data was available for Maui-Southeast). Refer
to Heenan et al. (2017) for a more in-depth description of
our data, including how the survey method used by this
monitoring program compares with the more commonly used
belt transect method for surveying fish. These 3 years of data
were selected to represent a recent snapshot, i.e., what we refer
to as “present-day” biomass in our analysis. Sector divisions
were based on broad-scale categorizations (i.e., presumed fishing

pressure, including shoreline accessibility, and coarse habitat
type), and are currently being used as part of the survey design
for NOAA’s Pacific RAMP.

Each survey consisted of a pair of divers, simultaneously
collecting data for adjacent survey areas (7.5 m radius cylinders)
(Ayotte et al., 2011). Diver comparisons are published annually
in our monitoring reports as quality control measures that assess
whether any large diver-associated bias exists with regards to
either the total biomass and/or species diversity being recorded;
none were found in the datasets analyzed here (Heenan et al,
2012; McCoy et al., 2015). Site-level total and herbivorous reef
fish biomasses (g m~2) were calculated by using species-specific
length-weight conversion parameters (Froese, and Pauly, 2016)
and by averaging the two diver replicates. For our list of herbivore
reef fish species, we follow the trophic classifications of Sandin
and Williams (2010) (Supplementary Table S1). Finally, roving
predators (e.g., sharks, large jacks, rays, barracudas, tunas) were
excluded from all biomass calculations, because they are not
well sampled by small-scale survey methods and because there is
potential for bias due to behavioral differences of those species
in relation to divers (i.e., diver-attracted and diver-avoiding
behaviors) at different levels of fishing pressure and human
presence (Gray et al, 2016). Other targeted species that may
exhibit these behaviors are still included in our analysis which
would tend to exaggerate differences between heavily-fished and
remote locations. For Hawaii, bias from fish behavior appears
to be limited to locations with the heaviest fishing pressure
(i.e, Oahu). While this effect should certainly be controlled for
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FIGURE 1 | Sub-island sectors of the main Hawaiian Islands, used in the NOAA Pacific Reef Assessment and Monitoring Program’s survey design, as well as in our
hierarchical analysis. Sector names, as they appear in the text, include: 1, Hawaii-Kona; 2, Hawaii-Southeast; 3, Hawaii-Puna; 4, Hawaii-Hamakua; 5, Oahu-Kaena; 6,
Oahu-South; 7, Oahu-East; 8, Oahu-Northeast; 9, Oahu-Northwest; 10, Kauai-Na Pali; 11, Kauai-East; 12, Niihau-West; 13, Niihau-East; 14, Niihau-Lehua; 15,
Molokai-West; 16, Molokai-South; 17, Molokai-Pali; 18, Molokai-Northwest; 19, Lanai-South; 20, Lanai-North; 21, Maui-Lahaina; 22, Maui-Kihei; 23, Maui-Southeast;
24, Maui-Hana; 25, Maui-Northeast; 26, Maui-Kahului; 27, Maui-Northwest. Note that sector widths are not to scale (i.e., the sampling domain for fish surveys only
extends from the shoreline to 30 m depth).
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in certain contexts (e.g., smaller scale, site-level comparisons),
observed biomasses at broader scales such as the scale of this
study are still large enough to allow for relative comparisons.

Based on the numerous studies that have utilized the Pacific
RAMP reef fish dataset, we expect a priori the following broad
categories to be important for our model: benthic cover (Williams
et al., 2015; Heenan et al., 2016), physical characteristics of
the habitat (Williams et al., 2015; Cinner et al., 2016; Heenan
et al,, 2016; Robinson et al., 2017), oceanographic environment
(Williams et al., 2015; Cinner et al., 2016; Heenan et al., 2016;
Robinson et al., 2017), and human population density (Williams
et al.,, 2015; Heenan et al., 2016; Robinson et al., 2017). However,
the relative strength of these different variables for different
locations at a sub-island scale—crucial information for local
management decisions—remained unclear. A list of all candidate
variables can be found in Table 1.

To estimate benthic cover, a photo quadrat transect (n = 30
photos taken through the middle of the survey area) was taken
at each fish survey site. Photos were then processed using point
count software (n = 10 points per photo), either CPCe (2012-
2014 data) or CoralNet (2015 data). At each site, divers also
recorded in situ physical characteristics including depth, water
clarity, and substrate complexity. Here, we consider underwater
water clarity to be an environmental driver rather than a proxy
for detectability—as surveys were not conducted when visibility
was low. Divers assessed substrate complexity by estimating the
proportion of the survey area that fell into five substrate height
categories: 0-25; 25-50; 50-100; 100-150 cm; and >150 cm, later
summarized as a weighted mean of each bin’s midpoint. Other
metrics of substrate complexity included the maximum substrate
height and the standard deviation of the difference between each
substrate bin and the overall weighted mean (i.e., a measure of
substrate height variability).

Biophysical oceanographic variables were derived from
remotely-sensed data to provide site-level estimates related
to sea surface temperature, chlorophyll-a concentration,
photosynthetically active radiation (i.e., irradiance), and wave
power. For ocean color metrics (i.e., chlorophyll concentration
and photosynthetically active radiation), a “quality control
mask” (Gove et al., 2013; Wedding et al., 2017) is applied that
removes data pixels known to be optically erroneous due to
issues associated with shallow water bottom reflectance. Wave
power, which incorporates both wave period and wave height and
therefore represents a more realistic estimate of wave-induced
stress on coral reefs, was obtained using University of Hawaii’s
high-resolution SWAN (Simulating WAves Nearshore) wave
model (Li et al., 2016). All metrics were based on 2003-2014
time series data (other than wave energy, which was based on
data through 2013), summarized by various standard temporal
statistics (Table 1), and joined to our fish dataset at the site-level
based on averaging the three nearest pixels to each fish survey
site. In other words, all oceanographic metrics are summary
statistics, for which temporal variation has been compressed.

We use human density as a coarse proxy for human impacts
on the fish community including coral reef fishing catch and
effort, as well as other human related stressors, such as the
indirect effects of land-based sources of pollution. Site-level

TABLE 1 | List of all candidate drivers for modeling total and herbivorous reef fish
in the main Hawaiian Islands.

Driver Full list of candidate drivers

categories

Benthic
habitat
cover

% cover of:

Hard Coral

Macroalga

Turf Alga

Crustose Coralline Alga
Sand

Physical
habitat
characteristics

Diver-collected site characterization including:

Depth (m)

Visually-estimated water-column clarity or visibility (m)
Three separate measure of substrate complexity including:
(1) Mean substrate height

(2) Substrate height variability

(8) Maximum substrate height

Satellite-derived measures of:

Sea surface temperature (SST; C) — 5 km resolution
Chlorophyll-a concentration (mg m*S) — 4 km resolution
Photosynthetically active radiation (PAR; Einstein m—2 d=1) -
4 km resolution

Wave energy (KW m~) — 500 m resolution

Summarized by their:

Mean

Standard deviation

Maximum monthly climatological mean

Mean of maximum annual anomalies

Mean frequency of annual anomalies (presented as a fraction
of a year)

Oceanographic
characteristics

Number of humans within 20 km
Number of humans within 200 km

Human
density

human-related impact was characterized as the number of people
(United States Census Bureau, 2010) within a certain distance of
each fish survey site. Two spatial scales were explored for this
purpose: number of people within 20 km and within 200 km.

Model Construction
All site-level data and metadata needed for this analysis can be
found in Supplementary Text S1A,B. A total of N = 717 fish
surveys were used for this analysis (Figure 2; four sites had no
herbivores and were not included for the herbivore analysis, as
all data were log-transformed; Supplementary Figure S1A). We
removed all sites that fell in areas where fishing was restricted
or prohibited (Friedlander et al., 2014). We log-transformed our
positive fish biomass densities to obtain normally distributed
residual errors, and thus model the response as a normal
distribution. All logs mentioned herein refer to the natural log.
Furthermore, site-level maps of all covariate data were produced
in order to verify the appropriate scale(s) at which they should
enter the analysis. All (Supplementary Figures S1B-K) exhibited
intra-sector variation (e.g., Figure 3 coral cover), indicating that
they could potentially be informative at this scale and thus,
should enter the analysis at the site-level.

All covariates were first checked for correlation (Pearson’s
r > 0.5). Correlations were found within each suite of

Frontiers in Marine Science | www.frontiersin.org

39

May 2018 | Volume 5 | Article 162


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

Gorospe et al.

Hawaiian Reef Fish Recovery Potential

» g @ @
,,.%
21
Q
=]
2
ks
—
20
log Biomass [ N |
19 0o 2 4
—160 —158 —156
Longitude

FIGURE 2 | Observed log biomass of total reef fish at 717 surveys conducted around the main Hawaiian Islands between 2012 and 2015.
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FIGURE 3 | In situ percent coral cover for 717 reef fish surveys conducted around the main Hawaiian Islands between 2012 and 2015.

oceanographic variables (e.g., mean SST was correlated with
other temporally averaged metrics of SST, but not with any
other oceanographic variable) as well as within the full suite
of substrate complexity measures (Supplementary Table S2).
While island-scale wave energy and SST have been shown to
be strongly correlated at other spatial scales (Heenan et al,
2016), we did not find this pattern at the site-level. Retaining
the most straightforward variable from each set of correlated
variables resulted in the list of variables in the first column

of Supplementary Table S3. In order to account for multi-
collinearity, variance inflation factors (VIFs) were calculated for
the remaining set while removing variables with the highest VIF
in a stepwise manner until all VIFs < 5. We initially retained coral
cover and turf algae cover despite their high negative correlation
and allow the VIF calculation to decide which should be dropped
first (Supplementary Table S3). The result was a set of 17 non-
collinear variables retained for further consideration (last column
of Supplementary Table S3 and first column of Table 2).
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To address the non-linear relationship between human
population density and reef fish biomass and following Nadon
et al. (2012) and Williams et al. (2015), we used log(no.
of humans) for our human population density variables.
Furthermore, we include a squared term for coral cover and
wave energy (i.e., coral + coral’ and wave + wave?) to capture
the known non-linear relationship between those drivers and
reef fish biomass (Friedlander et al., 2003; Williams et al., 2015;
Heenan et al., 2016).

We model fish biomass, yi, at the site-level, using a hierarchical
linear model. This allows us to account for the multi-scale,
nested structure of our data observations as well as our model
parameters. Specifically, our model structure has site i nested in
sector j, nested in island k, nested in region, such that

log(yi) ~ normal(XiBj[i],G}Z,) (1)
for i = 1,..,N sites, where X is the n x P matrix of P predictors
including the intercept (i.e., the first column is a column of 1%),
and Bj is a vector of regression coefficients, such that XiB;(;) is the
linear regression model for site i in sector j.

We then nest Bj[;) within the island-level such that

Bj(ij ~ multivariate normal(MBygj;, X Bygj)) (2)
for j = 1,...,] sectors, and k = 1,...,K islands, where B is the ] x P
matrix of regression coefficients and Bj[;) is a vector of length P
of regression coefficients for sector j; MByg;) is a vector of length
P corresponding to the means of the distribution of the intercept
and slope of all sectors in island k; and X'Bygj) is the P x P matrix
of the covariances between the intercept and slopes for island k.

We then nest MBy;) within the regional-level (i.e., the main

Hawaiian Is- lands) such that

MBygj) ~ multivariate normal(MB, X B) (3)
where X'B is the P x P matrix of the regional-level (i.e., overall)
covariances between the intercept and slopes.

Following Gelman and Hill (2007) and Barnard et al.
(2000), we then model the covariance matrices using a scaled
inverse-Wishart distribution, the over-all effect of which, is
to set a uniform distribution between —1 and +1 on the
individual correlation parameters of the covariance matrix
(See Supplementary Text S2). Finally, because our regression
coeflicients are nested, we only have to give a prior to the regional
level such that each regression coefficient in the vector MB is
given a normal distribution with a mean of 0 and a variance of
10. All scaling parameters (see Supplementary Text S2) are given
a uniform prior distribution between 0 and 1.

Model Fitting and Analysis

We first ran our model with the full list of non-collinear variables
(first column of Table2) using Markov Chain Monte Carlo
(MCMC) algorithms in JAGS (Just Another Gibbs Sampler;
Plummer, 2003) called from R (R Core Team, 2016) using the
R package, rjags (Plummer, 2011). We ran three parallel chains
of length 500,000 with a burn-in period of 400,000 and 1/10

TABLE 2 | List of all non-collinear variables, with those in bold retained in the final
model, and their abbreviations in the manuscript.

Non-collinear variables Abbreviations of retained variables

Crustose Coralline Alga CCA

Hard Coral Coral + Coral x Coral*
Macroalga

Sand Sand
Depth Depth
Visually-estimated water-column Water clarity
clarity

Mean substrate height Complexity
Chlorophyll-a: mean

Chlorophyll-a: annual anomaly frequency

PAR: mean

PAR: maximum annual anomaly

SST: mean SST

SST: SD

SST: annual anomaly frequency
Wave energy: mean Waves + Waves x Waves*
Wave energy: maximum annual anomaly
Number of humans within 20 km Human density

Number of humans within 200 km

*In the final model, squared terms were included for both coral cover and wave energy.

thinning leaving a total of 10,000 samples from the MCMC
history to be used in calculating Bayesian credible intervals for
all parameters. We then followed Gelman and Hill (2007) as
our framework in deciding which drivers to include in the final
model. Briefly, we removed those drivers that did not have a
significant effect on fish biomass (i.e., its 95% confidence intervals
overlapped with zero for at least 80% or 20 out of the 25 analyzed
sectors) and only retained those (Table 2) that had a clear effect.

We then re-ran our final model with the final list of
retained drivers (final column of Table 2) using the same MCMC
specifications above. Convergence was assessed by: (i) inspecting
traceplots of all estimated parameters and ensuring that all
chains were well-mixed and stable and (ii) calculating Gelman-
Rubin statistics (Gelman and Rubin, 1992)—all were close to 1,
indicating that variance within and between chains were close to
equal. Our JAGS code can be found in Supplementary Text S3.
Posterior predictive checks were used to assess model fit (i.e., a
step was added in each MCMC iteration to simulate data based
on our model’s posterior predictive distribution, which we then
compare to our observed dataset).

Goodness of fit was evaluated using Bayesian p-values, which
are based on comparing the discrepancies between observed and
simulated data. Bayesian p-values for the mean (p = 0.50) and
standard deviation (p = 0.61) were both close to 0.5, indicating
that differences between observed and simulated data are likely
due to chance. Furthermore, we checked full model residuals
as well as individual covariate residuals against predicted
values to verify they are normally-distributed, uncorrelated and
homoscedastic.

Next, we checked predictive power at both the sector and site-
level. At the site-level, the model appeared to show some bias
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at the extremes (Supplementary Figures S2A,B), but the model’s
predictions of sector-level total (Figure4) and herbivorous
(Supplementary Figure S3) reef fish biomass (median: black
dots; gray rectangles: 95% Bayesian credible intervals) agree with
observed levels of fish biomass (red diamond and whiskers).
We consider this model performance to be appropriate since
we summarize our simulation of biomass baselines at the
sector-level. For all other results, we report 66% Bayesian
credible intervals to express “likely” outcomes, following the
United Nations - Intergovernmental Panel on Climate Change’s
guidance for expressing uncertainty (Mastrandrea et al., 2010).
To estimate the impact of human population density on both
total and herbivorous fish biomass throughout Hawaii, we first
used our final model to estimate the effect of human population
density—given the variation in fish biomass that is attributable to
spatial differences in environmental habitat and oceanographic
drivers—at each location. Then, we added a step in each MCMC
iteration to simulate fish biomass baselines, by setting human
population levels to its minimum value found in the main
Hawaiian Islands (in order to keep our predictions within the
range of our data). For the 2010 U.S. Census ( United States
Census Bureau, 2010) on which our human population data
is based, the minimum population level within 20km of a
fish survey site was 117 humans, located in the Niihau-Lehua
sector (Figure 1). Because this is done within the MCMC, these
estimates of biomass baselines incorporate the model uncertainty
in the effect of human population density on fish biomass.
In addition, each MCMC iteration is coded to calculate the
percentage increase between present-day and baseline levels
of fish biomass—i.e., the percentage change from present-day
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Oahu-East el
Niihau—West L—ﬂ*—}'l—*
Niihau-Lehua | ok : — |
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Molokai—West ——
Molokai—South ,—f—[
Molokai—Pali 1
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Maui-Kahului HE—'J"‘_|
Lanai—South ==
Lanai—North —_——
Kauai-Na Pali I ‘ 1|
Kauai—East o1
Hawaii—Southeast - - — f
Hawaii—Puna e
Hawaii—Kona VI-'-O—F
Hawaii—Hamakua ——
20 40 60
Biomass (gm’z)
FIGURE 4 | Observed (red whiskers) vs. predicted (gray rectangles) 95%
quantiles for sector-level total reef fish biomass.

fish biomass if human impacts were minimized (i.e., set to
the minimum level within the current dataset)—and is termed
“percent recovery potential” here.

RESULTS

A total of 11 drivers were found to have a significant effect and
thus retained in the final model for both the herbivorous and total
reef fish analyses (Table 2 including abbreviations). Scatterplots
of each variable vs. log total reef fish biomass can be found
in Supplementary Figures S4A-I (and Supplementary Figures
S5A-1 for log herbivorous reef fish biomass). For each driver,
and for each analysis (herbivorous and total reef fish biomass),
the model provided estimates of driver coefficients for multiple
levels: sector, island, and region. The regional-scale (i.e., overall)
effect of all drivers were largely similar for total and herbivorous
reef fish (Figure 5; Supplementary Table S4). The consistency
of these results is not surprising given that the correlation
between site-level total and herbivorous reef fish biomass was
high (Pearson’s r = 0.81); nevertheless because of interest from
the local coral reef management community, we provide results
from both analyses. Drivers with a positive effect on fish biomass
were: CCA, Complexity, Depth, and Water Clarity. Drivers with
a negative effect on fish biomass were: Human Density, Sand, and
SST. Coral and Waves exhibited non-linear relationships with
fish biomass (positive with Coral and Waves, negative with Coral
x Coral and Waves x Waves). Finally, for the remainder of this
article, we focus our results and discussion on our analysis of
total reef fish biomass. All outputs for our herbivorous reef fish
analysis can be found in the Supplementary Materials.

At lower, nested spatial scales (i.e., islands, sectors), spatial
variation in driver effects was more apparent (Figure 6;
Supplementary Figures S6A-K for total reef fish; Supplementary
Figures S7A-L for herbivores). For example, the median sector-
level effect of human density on total reef fish log biomass
ranged from —0.18 in Hawaii-Kona to —0.46 in Niihau-Lehua
(Figure 6). In contrast to human density, other drivers had
relatively consistent effects. For example, the coefficient for
wave energy (Supplementary Figure S6]) was relatively consistent
across sectors and islands (only ranging between 0.22 and 0.25
despite site-level, mean wave energy ranging between 0.43 and
35.5 kW m™!). The means of all island-level coefficient estimates
are shown as light gray bars (See Supplementary Tables S5A,B for
means and credible intervals).

Since the effect of human density is negative for all sectors
(Figure 6), we see the model’s median prediction of baseline
biomass to always be greater than the median of present-
day fish biomass for each sector (Figure7; Supplementary
Figure S8 for herbivores). Among sectors, however, there is
considerable variation in the difference between the present-day
and baseline biomass distributions, such that some sectors are
considerably more different from baseline biomass than others.
The proportional difference between these distributions is what
we call “percent recovery potential” here (i.e., difference between
present-day and baseline biomass as a proportion of present-
day biomass; Figure 8; Supplementary Figure S9 for herbivores).
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FIGURE 5 | Region-scale (.e., overall) effect of all drivers on total (red) and
herbivorous (blue) reef fish log biomass in our hierarchical model for the main
Hawaiian Islands. Mean (circle) and 66% Bayesian Credible Intervals (whiskers)
are shown for each driver.

Human Density

0'0 AAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAA
-0.2
-
2 > |
.2
S AR EEE D
4
o — -
5 —0.4
Q
Qo
-0.6
-0.8
SR RS g S 5c SRS SRResRRsRRg
CEEE8RSEE22c58885882885883
sya 2 SoE20EgssTeaeE S0
ETLELSAPSTIEEE P L LR L L¥ESETD
S50 8T LY 755658 588L3ELS565
TS ENSsEELlELAZZz8 8L E8S8E42 5
258 LM ESSESEL LIS ZE2"SLTS
s [} Z
SETE 2775 353E°33 7 53
< —
fus] T E§ o

FIGURE 6 | Sector-level effect (vertical whiskers) of human density on total
reef fish log biomass in our hierarchical model for the main Hawaiian Islands.
The mean (diamond) effect and 66% Bayesian Credible Intervals (whiskers) are
shown for each sector. Island-level mean effects are also shown (gray
horizontal bars).

Estimated baseline biomass and percent recovery potential are
also displayed spatially in Figures9, 10 (and for herbivores
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FIGURE 7 | Sector-level model predictions of present-day (black whiskers) vs.
baseline (blue rectangles) biomass for total reef fish in the main Hawaiian
Islands. Means and 66% Bayesian Credible Intervals are shown. Baseline
biomass is calculated by setting human density to its present-day minimum
across all fish-survey sites.

in Supplementary Figures S10, S11). For those interested in
absolute, rather than proportional change in fish biomass, bar
graphs (Supplementary Figure S12) and maps (Supplementary
Figure S13) for both total and herbivorous reef fish are also
provided.

DISCUSSION

Overall, our analysis provides two potential lenses with which the
heterogeneity of coral reef fishery systems in the main Hawaiian
Island can be understood. Our biomass baseline estimates
highlight areas that have the greatest capacity to support reef
fish biomass, given multiple habitat and oceanographic drivers
and after removing the effect of human population density. This
approach reveals considerable spatial variability in the natural
carrying capacity of reef fish throughout the archipelago. The
sector with the greatest baseline biomass (Niihau-Lehua) could
support more than three times as much total reef fish biomass
as the sector with the lowest baseline biomass (Kauai-East)
(Figures 7, 9). And for herbivorous fish (Supplementary Figures
S8, S10), this difference was even greater - the sector with the
highest ability to support herbivorous reef fish (Maui-Northwest)
could support ten times as much herbivorous biomass as the
sector with the lowest baseline herbivorous fish biomass (Kauai-
East). For total reef fish (Figure 9), the north coasts of Niihau,
Maui, Molokai, and Hawaii have the greatest biomass baselines
across all sectors. On the other hand, the four sectors with

Frontiers in Marine Science | www.frontiersin.org

May 2018 | Volume 5 | Article 162


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

Gorospe et al.

Hawaiian Reef Fish Recovery Potential

Oahu-East (7)
Oahu-Northwest (9) F
Maui-Lahaina (21) F i
Oahu-South (6) F i
Oahu—Northeast (8) i

Maui-Kihei (22)
Kauai—East (11) L |
Oahu-Kaena (5) k |
Maui—Kahului (26) ——
Lanai—North (20) —
Maui—-Northeast (25) ———
Hawaii—Puna (3) —
Molokai—South (16) ——
Lanai-South (19) ——k
Maui-Northwest (27) | |
Molokai—-Northwest (18) ——
Molokai—Pali (17) ——
Kauai—Na Pali (10) e
Hawaii—Hamakua (4) ——
Molokai—West (15) ——
Hawaii—Kona (1) ——
Hawaii—Southeast (2) = o=
Niihau—East (13) F——d
Niihau—West (12) i
Niihau-Lehua (14) = F=—e=—vdi
0 200 400 600

Biomass (gm™2) Percent Recovery Potential
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and 66% Bayesian Credible Intervals are shown.
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FIGURE 9 | Map of sector-level, mean baseline biomass for total reef fish in
the main Hawaiian Islands. Sectors with limited data are shown in red.

the greatest herbivorous fish biomass baselines are found on
Maui, with the north coasts of Molokai, Niihau, and Kauai
also having appreciable capacities to support herbivorous fish
(Supplementary Figure S10).

An alternate perspective with which the variation in reef
fish assemblages can be assessed is to consider which areas
have the greatest capacity for recovery. Here, we defined
recovery potential as the proportional increase in fish biomass
after minimizing the effects of human density (i.e., percent
recovery potential). While our simulation of minimizing human
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FIGURE 10 | Map of sector-level, mean percent recovery potential for total
reef fish biomass in the main Hawaiian Islands. Sectors with limited data are
shown in red.

population density shows an increase from present-day to
baseline biomass across all sectors, some sectors appear to be
more sensitive to this reduction than others. For example, total
reef fish biomass (Figures 8, 10) in Oahu-East was predicted to
be able to experience a 280% increase from present-day levels if
human impacts could be minimized. On the other hand, Niihau-
Lehua was only predicted to have a 57% recovery potential.
For herbivorous reef fish, the percent recovery potential was
even greater (Supplementary Figures S9, S11), ranging from a
minimum of 287% (Niihau-Lehua) to a maximum of 1764%
(Oahu-Northwest). Overall, areas with the highest percent
recovery potential for total reef fish are located throughout all
of Oahu, as well as in the Maui-Lahaina and Maui-Kihei sectors
(Figure 10). For herbivores (Supplementary Figure S11), the
northern coast of Oahu as well as all of Maui island, especially the
Maui-Kihei sector, had the greatest percent recovery potential.
The two perspectives we provide here, baseline biomass
and recovery potential, however, do not have to be mutually
exclusive criteria for designing an overall management plan for
the main Hawaiian Islands. Through its creation of multi-use
ocean zoning plans and the delineation of different marine zones
for different uses, MSP has the ability to implement multiple
management objectives across time and space (Crowder and
Norse, 2008; Day, 2008). Environmental management objectives
can be broadly divided into conservation (e.g., preservation
of areas that are near-pristine) and restoration (e.g., revival
of areas with high recovery potential) activities (Hobbs et al,,
2009). Specifically, sectors such as Niihau-Lehua, could be highly
valued (e.g., for tourism purposes or as source of spillover into
adjacent areas) due to the fact that they have a high baseline
biomass and because their present-day biomass already closely
matches their baseline. Areas like this could be prioritized for
conservation management strategies aimed at preventing human
impacts that cause biotic and abiotic changes to the system.
On the other hand, sectors with high recovery potential (e.g.,
Oahu-East, Northwest, South, and Northeast as well as Maui-
Lahaina and Kihei) could be prioritized for restoration purposes.
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In contrast to conservation-focused management activities,
areas with high recovery potential would benefit instead from
restoration management actions designed to reverse biotic and
abiotic changes and promote recovery toward a previous state
(Hobbs et al., 2009).

In the absence of a reliable time series that predates coral
reef degradation, we estimated baseline biomass through the
use of spatial gradients, along a spectrum of most to least
impacted reef areas in the region. Such an approach is not
without caveats. The ability for an ecosystem to rebound from
the present-day state to a baseline, requires that several other
assumptions be met. For example, if present-day environmental
conditions are not able to fully account for the observed
current state of an ecosystem due its historical trajectory (i.e.,
hysteresis) or if other processes such as larval recruitment
patterns and successional dynamics are not fully understood,
then the recovery pathway may not simply be the reverse of
the decline pathway (Diaz and Rosenberg, 2008). Furthermore,
if the ecosystem has been tipped past a threshold into an
alternative stable state threshold, recovery to its original state
may not even be possible (Hughes et al., 2017). In light
of these caveats, our estimate of recovery potential should
be considered as a robust estimate of current levels of
depletion from baselines, but actual recovery trajectory remains
uncertain. Although we could not address these issues related
to ecosystem recovery, we did address at least one critical
challenge by providing estimates at a scale that is relevant to local
managers.

Our ability to bring previous island-level analyses (Williams
et al., 2015) to the sub-island (sector) scale stems from our use of
a hierarchical analytical framework, which considers the effects of
drivers as being spatially-nested and operating on multiple scales.
At the regional-scale, the strongest drivers of fish biomass in the
main Hawaiian Islands were from coral cover and complexity
(Figure 5). Coral had a negative non-linear relationship with
fish biomass (positive for Coral and negative for Coral x Coral);
other studies (Williams et al., 2015; Heenan et al., 2016) have
indicated that intermediate levels of coral cover tend to have
the highest levels of fish biomass. One possible explanation
of this nonlinear effect of coral cover is that increasing coral
cover and associated substrate complexity provide refugia for
reef fish against predation (Beukers and Jones, 1998; Almany,
2004), but as coral cover increases to become the dominant
benthic organism, this may eventually lead to the exclusion of
other benthic organisms (e.g., turf, endolithic algae) that are
important food sources for certain functional guilds (Wismer
et al., 2009). Although increasing coral cover can help to build
and maintain high complexity reef habitats, the two variables
were not correlated at the site-level for our dataset and are
likely mediating different dynamics for different groups of reef
fish (e.g., changes in coral cover vs. complexity will likely have
different effects on corallivores vs. other groups) (Emslie et al.,
2014). Wave power produced a similar non-linear effect (positive
for Waves and negative for Waves x Waves). This has also been
demonstrated previously on this scale (Friedlander et al., 2003;
Rodgers et al., 2010), and one potential mechanism for this may
have to do with the availability of algae and accumulation of

detritus in areas of intermediate wave forcing (Crossman et al.,
2001).

In general, the model coefficients for human density tended
be more variable among sectors than those for environmental
drivers (Figure 6 vs. Supplementary Figures S6A-K). In our
analysis, we transformed both fish biomass and human density
so that their relationship would be linear on the log-log scale
(Supplementary Figures S4E, S5E), which means that their
coeflicients should be interpreted as elasticities, i.e., a human
density coefficient of X means that a 10% increase in human
density results in a X*10% decrease in fish biomass, regardless
of the human density of the sector. In other words, a 10%
increase of human density will have a larger effect on fish biomass
on Niihau (4.1%) than on Oahu (3.3%; Figure 6). However, as
Oahu’s population is so large, the effect of minimizing human
population density there corresponds to a large total effect on fish
biomass. Therefore, in contrast to Niihau’s sectors, the biomass
baselines for Oahu are quite different from their present-day
biomass levels (Figure 7). Overall, the linear, log-log relationship
between fish biomass and human population density that we find
in this study, and corresponding interpretation of the human
density coefficient as elasticities, is consistent with other studies
(Nadon et al., 2012; Heenan et al., 2016).

As is becoming increasingly recognized, the effects of local
human populations are highly context- and scale-dependent, and
in some cases other, related, metrics such as distance to markets
are stronger drivers of coral reef fisheries conditions (Cinner and
McClanahan, 2006; Brewer et al., 2009; Cinner et al., 2013). The
exact mechanism by which human population density negatively
affects standing reef fish biomass was not explicitly tested here,
although others have suggested this to be related to a combination
of fishing pressure and/or degraded water quality from land
development (Mora et al.,, 2011). Thus, independently of any
change in human populations in the main Hawaiian Islands,
managing the human footprint as it relates to these ecosystem
stressors will be crucial to ensuring the sustainability of coral reef
fisheries.

In order to address the diversity of human activities
that impact coral reef ecosystems, advocates of MSP suggest
a hierarchical management approach, whereby larger (e.g.,
national) levels of management provide context for nested,
lower (e.g., local) levels (Gilliland and Laffoley, 2008). Coral
reefs, in turn, are hierarchically-structured ecosystems, lending
themselves to hierarchical analyses (MacNeil et al., 2009); yet
rarely has this analytical approach been explicitly applied toward
guiding coral reef MSP efforts. Our study should highlight the
applicability and utility of hierarchical analyses to providing
management-relevant input to MSP. Specifically, our analytical
framework allowed for the characterization of biophysical and
human impact drivers operating at multiple levels, as well as
the downscaling of coral reef ecosystem benchmarks to a scale
relevant to local managers. This allowed for the identification
of areas with the greatest scope for recovery (e.g., heavily
impacted areas with high background oceanic productivity and
high-quality habitat) and conversely, areas which, because of
poor habitat quality and other factors, are not likely to be
able to ever support high levels of fish biomass. Furthermore,
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by taking a Bayesian approach, our estimates of baseline
biomass and recovery potential incorporated the uncertainty
of all modeled parameters, including the effect of humans.
Uncertainty is a common denominator in resource management
and conservation, with scientists asked to quantify it and
managers asked to buffer against it. Being transparent about the
uncertainty around modeled predictions is critical to effective
collaboration between science and management.

MSP has the potential to reconcile the multiple economic,
social, and environmental demands placed on coral reef
ecosystems (Gilliland and Laffoley, 2008). Controlling for
multiple habitat, oceanographic, and human factors in the way
we have done makes it possible to reveal the natural heterogeneity
of coral reef ecosystems as well as how they have been affected by
human impacts. Our estimates of baseline biomass and recovery
potential can guide MSP efforts as managers integrate multiple
sources of information and begin to delineate management
actions across heterogeneous stretches of coasts and seascapes.
Ultimately the decision of which management objectives to
prioritize is a societal choice, but these decisions should be
informed by scientific input. By providing spatially-explicit,
locally-relevant benchmarks (Crowder and Norse, 2008; Day,
2008), scientists can guide MSP efforts and enable managers to
make informed decisions of how and where to prioritize their
efforts.
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Climate change and other anthropogenic disturbances have created an era characterized
by the inability of most ecosystems to maintain their original, pristine states, the
Anthropocene. Investigating new and innovative strategies that may facilitate ecosystem
restoration is thus becoming increasingly important, particularly for coral reefs around
the globe which are deteriorating at an alarming rate. The Great Barrier Reef (GBR)
lost half its coral cover between 1985 and 2012, and experienced back-to-back
heat-induced mass bleaching events and high coral mortality in 2016 and 2017. Here
we investigate the efficacy of interspecific hybridization as a tool to develop coral stock
with enhanced climate resilience. We crossed two Acropora species pairs from the
GBR and examined several phenotypic traits over 28 weeks of exposure to ambient
and elevated temperature and pCO». While elevated temperature and pCO» conditions
negatively affected size and survival of both purebreds and hybrids, higher survival and
larger recruit size were observed in some of the hybrid offspring groups under both
ambient and elevated conditions. Further, interspecific hybrids had high fertilization rates,
normal embryonic development, and similar Symbiodinium uptake and photochemical
efficiency as purebred offspring. While the fitness of these hybrids in the field and
their reproductive and backcrossing potential remain to be investigated, current findings
provide proof-of-concept that interspecific hybridization may produce genotypes with
enhanced climate resilience, and has the potential to increase the success of coral reef
restoration initiatives.

Keywords: hybridization, restoration, coral reefs, climate change, Acropora, assisted evolution, genetic rescue,
hybrid vigor

INTRODUCTION

The rapid increase in atmospheric CO; to levels not documented for millions of years (Honisch
et al, 2012) and associated ocean warming and acidification have profoundly transformed
the marine realm (Pandolfi et al,, 2011). Higher-than-usual seawater temperatures can cause
coral bleaching, the breakdown of the symbiotic relationship between the coral host and
its dinoflagellate endosymbionts (Symbiodinium spp.), and associated coral mortality (Hoegh-
Guldberg, 1999). Ocean acidification is reducing carbonate ion availability in seawater and
can depress calcification rates of calcifying organisms like corals (Langdon et al., 2000; Doney
et al, 2009; Chan and Connolly, 2013). These global changes, coupled with local stressors
such as pollution, overfishing, and outbreaks of crown-of-thorns starfish, have drastically
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Fitness Consequences of Interspecific Hybridization

altered coral cover and community composition at a global
scale. In the last three decades, multiple mass bleaching events
have decimated coral reefs worldwide including in 1998, 2010,
and 2014-2017 (Eakin et al., 2016; Heron et al., 2016; Hughes
et al, 2017, 2018). The Great Barrier Reef (GBR) is no
exception with 50-80% coral mortality recorded on many
northern reefs following the 2016 mass bleaching event (Great
Barrier Reef Marine Park Authority, 2017), followed by another
high mortality mass bleaching event in 2017. Climate models
predict a <5% chance of reaching the Paris agreement target
of limiting the global temperature rise to <2°C compared to
pre-industrial times by 2100 (Raftery et al, 2017), and most
coral reefs are forecasted to experience annual severe bleaching
before the end of the century (van Hooidonk et al, 2016).
Several observations of an increase in tolerance of coral bleaching
after successive bleaching events suggest that adaptation and/or
acclimatization are possible under certain conditions (Maynard
et al., 2008; Berkelmans, 2009; Guest et al., 2012; Penin et al.,
2013). Nevertheless, over 50% of the world’s coral reefs has been
lost in the last three decades, with the Caribbean having lost over
80% of its coral cover (50 Reefs, 2017)}, indicating that the rates
of natural adaptation and acclimatization are overall insufficient
to keep pace with the rate of environmental changes (van Oppen
etal., 2017).

Active reef restoration is one way to assist the recovery of coral
reefs that are degraded, damaged or destroyed. Reef restoration
is still in its infancy and all of the few successful efforts so far
occurred on a small spatial scale (e.g., Nakamura et al., 2011;
Omori, 2011; Villanueva et al., 2012; Guest et al., 2014; dela Cruz
and Harrison, 2017). Traditionally, locally sourced biological
material is used for restoration based on the assumption that
these populations are locally adapted and therefore most
likely to survive (Breed et al., 2013). However, anthropogenic
disturbances are rapidly changing the environment and
shifting selection pressures (Becker et al., 2013), and locally
sourced stock is therefore potentially mismatched with the
altered environment. An effective restoration strategy should
thus incorporate an understanding of present day ecological
characteristics of species, characteristics of future available
habitats, and adaptive potential of species (Becker et al.,
2013). The use of non-local and climate resilient materials is
controversial, but is gaining traction in wildland restoration
(Jones and Monaco, 2009), revegetation (Sgro et al., 2011; Breed
et al., 2013), and coral reef restoration (Rau et al., 2012; van
Oppen et al., 2017).

One possible way to improve the adaptive potential of
species is via hybridization, which can increase genetic variation,
break genetic correlations that constrain evolvability of parental
lineages, and assist species to acquire adaptive traits (Hoffmann
and Sgro, 2011; Becker et al., 2013; Carlson et al., 2014; van
Oppen et al., 2015; Hamilton and Miller, 2016; Meier et al., 2017).
Hybridization can be conducted either via targeted crossing of
individuals or species carrying desired phenotypic traits (e.g.,
high thermal tolerance) or via crossing between species with
the goal of increasing genetic diversity and new variation for
natural selection to act upon, and potentially generating hybrid

Uhttps://50reefs.org/ (Accessed April 3, 2018).

vigor. The relative fitness of F1 hybrids (Figure 1) depends on
whether there are additive (i.e., hybrids are of intermediate
fitness between the parental species), dominant (i.e., hybrids
are of equal fitness to the dominant parent species), over-
dominant (i.e., hybrids are more fit than both parental species),
under-dominant (i.e., hybrids are less fit than both parental
species) gene effects, and/or maternal effects (i.e., hybrids are
of equal fitness to their maternal parent species) (for review,
see Lippman and Zamir, 2007; Li et al., 2008; Chen, 2013).
Reciprocal hybrids are predicted to have equal fitness, except
under maternal inheritance. With maternal effects, the fitness
of the hybrids is directly affected by the fitness of the maternal
parental species, regardless of the offspring’s own genotype
(Roach and Wulff, 1987; Bernardo, 1996). In the context of
restoration, hybrid vigor which can be driven by dominant or
over-dominant mechanisms, is a desirable outcome. The value
of hybridization in enhancing fitness has been demonstrated in
multiple cases. For instance, hybridization has provided genetic
variance in morphology for adapting to changing environments
in Darwin’s finches (Grant and Grant, 2010), altered chemical
defense of hybrid Brassicaceae plants and aided their survival
through the Last Glacial Maximum (Becker et al., 2013), and
facilitated extensive adaptive radiation in haplochromine cichlid
fishes (Meier et al., 2017).

Hybridization is known to occur naturally in some
scleractinian corals and has played an important role in the
evolution and diversification of the genus Acropora (van
Oppen et al., 2001; Willis et al., 2006). In the Caribbean, recent
environmental degradation and massive population decline
in Acropora cervicornis and Acropora palmata have favored
hybridization and expansion of their F1 hybrid, Acropora
prolifera (Fogarty, 2012). These hybrids either have equivalent or
higher fitness relative to the parent species in most life history
stages examined (Fogarty, 2012). In recent years, A. prolifera
has been reported in increasingly high abundance in many reef
locations (Fogarty, 2012; Japaud et al, 2014; Aguilar-Perera
and Hernandez-Landa, 2017) and the hybrid has expanded to
marginal environments where parent species are absent (Fogarty,
2012).

Although interspecific hybridization is a potential tool to
enhance restoration outcomes, it is often dismissed in restoration
initiatives. Concerns raised include the possibility of outbreeding
depression in later generations (i.e., F2, F3, backcross), and the
loss of diversity through losing part of the parental species’
genome (for review, see Hamilton and Miller, 2016). Most
examples of outbreeding depression, however, are associated with
the admixture of populations or species that are geographically
distant, or when life history or phenological differences are
large (Hwang et al., 2012; Whiteley et al., 2015). Outbreeding
depression can also be transient and can be overcome by natural
selection (Jones and Monaco, 2009; Aitken and Whitlock, 2013;
Hamilton and Miller, 2016). Instead of reducing genetic diversity,
hybridization may conserve diversity by protecting the parental
genome from the risk of extinction, and can also increase genetic
diversity by combining two divergent genomes within a single
organism (Garnett et al., 2011). For example, hybridization has
successfully enhanced genetic diversity, improved the population
size and rescued the highly inbred, remnant population of Florida
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panther (Johnson et al., 2010) and the Mt. Buller mountain
pygmy-possum (Weeks et al., 2017) from extinction (i.e., genetic
rescue).

Here we investigate interspecific hybridization as a novel
tool to increase genetic diversity and develop coral stock
with increased climate resilience. Parental species were not
chosen for their relative climate resilience, but based on our
expert knowledge of the probability that they would cross-
fertilize as well as their evolutionary relatedness. We examined
the performance of hybrids from reciprocal crosses of two
Acropora species pairs raised under ambient and elevated
seawater temperature and pCO, conditions, and assessed (1)
whether prezygotic barriers exist in interspecific hybrids of
Acropora corals from the GBR, and (2) whether hybrids show
enhanced fitness and resilience compared to the purebreds.
Four phenotypic traits (i.e., survival, recruit size, Symbiodinium
uptake, and photochemical efficiency) were measured in hybrid
and purebred offspring as proxies for fitness. Surviving hybrids
and purebreds at the end of the experiment were transplanted to
long-term grow-out tank for rearing with the aim to allow future
assessment of their reproductive and backcrossing potential
when they reach sexual maturity at ~4 years of age. We continued
to monitor these survivors for survival and size during the
grow-out period.

MATERIALS AND METHODS

Coral Spawning, in Vitro Fertilization, and

Experimental Design

A detailed timeline of the experiment, sampling and
measurement of each trait is shown in Figure S1. Parental
colonies were collected from Trunk Reef, central GBR, prior to
full moon on 22nd Nov 2015 and maintained in flow-through

aquaria of the National Sea Simulator (SeaSim) at the Australian
Institute of Marine Science (AIMS). When signs of imminent
spawning were observed (“setting,” i.e., where the sperm-egg
bundles begin to protrude through the mouth of the polyps),
colonies were isolated in individual tanks to avoid uncontrolled
mixing of gametes prior to in vitro crossing. The five most
profusely spawning colonies of each parental species were used
for crossing to form (1) an Acropora tenuis X Acropora loripes
cross, and (2) an Acropora sarmentosa x Acropora florida cross
(Figure 2). These two species pairs were chosen to represent a
phylogenetically divergent cross and a phylogenetically closely
related cross. The phylogeny of Acropora spp. is divided into two
distinct groups: the “early spawners” and the “late spawners,”
where the “late spawners” spawn about 1.5-3 h before the other
group (Fukami et al., 2000; van Oppen et al.,, 2001; Marquez
2002). A. tenuis (early spawner) and A. loripes (late
spawner) are phylogenetically divergent, while A. sarmentosa
and A. florida (both are “late spawners”) are closely related and
fall within the same phylogenetic clade (Fukami et al., 2000;
van Oppen et al., 2001; Marquez et al., 2002). Little information
is available from the literature about the relative resilience of
these four parental species, but this has limited relevance for
this study as our purpose was to increase genetic diversity (and
thus adaptive potential) via hybridization, and not to conduct
targeted breeding with species of known relative bleaching
tolerance. Only two A. florida colonies spawned on the same
night as A. sarmentosa, therefore, only two colonies were used
for this species.

Egg-sperm bundles of individual colonies were collected and
eggs and sperm were separated using a 100 um filter. Eggs
were washed three times with filtered seawater to remove any
residual sperm and placed in a 3L bowl until crosses were
set up (within 3h). Sperm concentration of every colony was
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measured with a hemocytometer on a compound microscope
with 40x magnification. Similar quantities of sperm from each
conspecific colony were pooled to create a mixed sperm solution.
For the hybrid crosses, the mixed sperm solution of the other
parental species was added to the eggs of each interspecific
colony. This method prevented intraspecific fertilization by
possible remaining sperm that was not washed off the eggs
(note that no self-fertilization was observed in any of the
crosses performed). Fertilization was conducted under ambient
conditions at a sperm concentration of 10® sperm mL~!. Three
samples of 100 eggs were collected for each species as a self-
fertilization test and a “no sperm” control. Each species pair
cross produced four offspring groups, two purebreds and two
hybrids (Figure 2). Embryos of each offspring group were
then placed in rearing tanks for development under ambient
conditions.

Fertilization Rates and Embryonic

Development

Fertilization rates were assessed at 3.5h, and embryonic
development at 9, 15, 21, 33, 45, 57, and 93h after sperm
was added to the eggs. All embryos had reached planula stage

and were ready to settle by 93h. Triplicate samples of 100
embryos of each offspring group were collected and fixed in 4%
formaldehyde. Developmental stages were assessed and counted
under a dissecting microscope based on the stages described in
Randall and Szmant (2009).

Larval Settlement and Symbiodinium
Uptake

Prior to coral spawning, ceramic plugs of eight different colors
were preconditioned in the outdoor SeaSim flow-through aquaria
under ambient conditions for 6 weeks to develop crustose
coralline algae (CCA) and a microbial biofilm to provide
a larval settlement cue. Five days after fertilization, planula
larvae of the eight offspring groups were each settled onto
one assigned color of the pre-conditioned plugs under ambient
conditions. Plugs of eight different colors were used so that each
offspring groups could easily be identified and randomized in
the experimental PVC trays holding the plugs (Figure 2). During
settlement, Symbiodinium (i.e., algal symbionts) isolated from
the parent colonies were added to achieve a final density of
2 x 10% cells mL™! in each settlement tank. Larvae of each
offspring group only received Symbiodinium from their parental
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species. To isolate the Symbiodinium, an ~6 cm fragment with
three branches was removed from each parental colony with
a bone cutter. Soft tissues of the fragment were then removed
using an airbrush. The mixed soft tissues/seawater solution
was collected and centrifuged at 200 g for 5min to pellet the
Symbiodinium. The Symbiodinium cells were resuspended and
washed three times with filtered seawater before being added to
the larvae. Symbiodinium uptake was assessed under a dissecting
microscope prior to exposure to elevated conditions. Recruits
(n = 20 per offspring group) were categorized as either with or
without Symbiodinium.

Settled recruits were randomized and evenly distributed
on 24 tailor-made PVC trays to rear under (1) ambient
conditions of 27°C, 415 ppm pCO;, or (2) elevated conditions
of ambient +1°C, 685 ppm pCO, (Figure 2). Recruits for the
elevated conditions were ramped to the target temperature and
pCO; from ambient at a rate of +0.2°C and + ~50 ppm
per day. There were 12 replicate tanks for each of the two
treatment conditions and tank positions in the experiment
room were randomized (Figure 2). Every tank held one PVC
tray with 20 plugs of each offspring group, with the exception
of A. florida purebred (FF) and hybrid (FS) which had
only 10 plugs due to fewer larvae being available. To avoid
sediments from accumulating on top of the recruits, the trays
were placed at an approximately 45° angle. Experimental
conditions followed Davies Reef (18.83°S, 147.63°E) diurnal
and annual temperature variations, a reef in proximity to
Trunk Reef were the adult corals used for spawning were
collected. A mixed marine microalgae diet of Isochrysis, Paviova,
Tetraselmis, Chaetocerous calcitrans, Thalassiosira weissflogii,
and Thalassiosira pseudonana was fed to the recruits twice
a day at a final concentration of ~5,000 cells mL~! in the
tank.

Survival and Recruit Size

Recruits from each tank were imaged using a high-resolution
camera (Nikon D810) mounted on a quadpod with a waterproof
case. Imaging was conducted fortnightly in the first 8 weeks
of the experiment, thereafter every 4 weeks until 28 weeks.
The numbers of surviving recruits were visually counted and
recorded. Detailed images were taken at 28 weeks for size
measurement. Recruit size was estimated as surface area of
a circle from the measured recruit diameter since recruits
were circular in shape and were not yet forming upright
branches. Measurements were made using the software Image]
and calibrated on the scale chart presented on every image.
Recruits were maintained under the treatment conditions for 28
weeks. Surviving juveniles were thereafter relocated to long-term
grow-out tanks to accommodate their larger size and maintained
under ambient raw water (i.e., unfiltered seawater) to cater for
higher feeding demand. Due to the small size of some recruits
at 28 weeks and therefore difficulty to make comparisons, size
was again measured at 1 year of age (i.e., about 5 months after all
surviving recruits were moved to ambient raw water conditions)
using the same measurement method. Furthermore, a set of
photos of the median sized juvenile were taken at 2 years of
age.

Photochemical Efficiency

Photochemical efficiency (ie.,, dark adapted maximum
photosystem II quantum vyield, Fv/Fm) was measured at
week 28 as a proxy for coral health. Measurements were made
using Imaging- Pulse Amplitude Modulation (I-PAM) derived
by the software ImagingWin (v2.40b). Recruits (n = 15 per
offspring group per treatment) were dark adapted overnight, and
remained submerged in the treatment seawater during imaging.
A recruit would only be measured if: (1) it was not obscured
by filamentous algae, and (2) its size was no smaller than the
software’s area of interest requirement.

Seawater Chemistry

Automated controls of seawater chemistry were provided
by SeaSim via the SCADA (Supervisory Control and Data
Acquisition) system. Experimental conditions are summarized
in Table 1. Seawater temperature and pH were recorded every
hour using resistance temperature detector (RTD) and a
pH probe (Tophit CPS471D). pCO, was measured bi-weekly
using a CO; equilibrator calibrated to a standard gas of
500 ppm. Total alkalinity (Ar) was measured using VINDTA
calibrated to Dickson’s Certified Reference Material. Salinity was
measured weekly with an HACH IntelliCAL™ CDC401 Standard
Conductivity Probe calibrated with IAPSO Standard Seawater.
Seawater carbonate chemistry parameters, including Qarag, DIC
(dissolved inorganic carbon), CO?, and HCOj were calculated
using the measured values of seawater At, pCO;, temperature
and salinity, with the program CO2SYS (Lewis and Wallace, 1998
as implemented in Microsoft Excel by Pierrot et al., 2006).

Statistical Analysis

Survival

Generalized linear mixed models (GLMM) (McCulloch and
Neuhaus, 2013) for binomial data with logistic link functions
were used to estimate the effects of treatment and offspring
group on recruit survival at week 28. Analyses were conducted
separately for the offspring groups of the A. tenuis x A. loripes

TABLE 1 | Experimental conditions of the ambient and elevated treatment.

Parameter* Ambient Ambient Elevated Elevated
Mean SD Mean SD
Temperature (°C) 26.5 2.1 27.5 21
pCO; (pnatm) 399 5 666 36
pHT 8.04 0.00 7.86 0.02
AT (wmol kg™7) 2327 21 2327 21
Qarag 3.6 0.3 2.7 0.3
HCO3 (wmol kg™ 1766 25 1915 21
CO%’ (wmol kg~ ™) 226 15 167 15
DIC (wmol kg™ ) 2004 15 2100 12
Salinity (ppt) 35.5 0.8 355 0.8

Means and standard deviations (SDs) are given.

*pCOs, partial pressure of CO» of air in equilibrium with seawater; pHr, pH in total
scale;, Ar, total alkalinity; $2aag, aragonite saturation state; HCO; , bicarbonate ion
concentration; CO3™, carbonate ion concentration; DIC, dissolved inorganic carbon.
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cross and the offspring groups of the A. sarmentosa x A. florida
cross using R Core Team (2016) with packages Ime4 (Bates
et al., 2014) and multcomp (Hothorn et al, 2008). In order
to account for tank differences in the experimental design, a
random tank effect was included in the models. Models were
checked for overdispersion using a Chi-square test (Bolker
et al, 2009) and goodness of fit using Akaike Information
Criteria (Akaike, 1974). AIC of the GLMM of the A. tenuis x
A. loripes cross was 397, the A. sarmentosa x A. florida cross
was 331. Tukey’s pairwise comparisons were then conducted
and p-values were corrected using the Benjamini-Hochberg
method (Benjamini and Hochberg, 1995). To obtain a visual
overview of survival over time, longitudinal generalized linear
models (GLM) for binomial data were used to estimate
the survival for the offspring groups across all time points,
and the combined hybrid offspring vs. purebred offspring. A
summary table of the mean survival is provided in Table 7.
Survival data were also analyzed with Cox proportional hazards
regression as a comparison to GLMM. Results of the Cox
regression were very similar to those of the GLMM and are
shown in the Supplementary Methods and Results section
(Table S1).

Size

Statistical analyses of size were conducted separately for the
offspring groups of the A. tenuis x A. loripes cross and the
oftspring groups of the A. sarmentosa x A. florida cross at
28 weeks and at 1 year of age. For the 28-week time point,
the absence of growth in a large number of samples under
elevated conditions resulted in non-normality of the data, and
non-parametric Kruskal-Wallis tests were undertaken followed
by Dunn’s pairwise comparisons (Dunn, 1964). P-values for
the multiple pairwise comparisons were adjusted with the
Benjamini-Hochberg method. For the 1 year time point, due
to the absence of survivors in some offspring groups, not all
size comparisons could be undertaken. Offspring groups with
no or less than three survivors were excluded from the analyses.
The remaining size data were normally distributed (tested using
Shapiro-Wilk tests; Shapiro and Wilk, 1965) and variances were
homogeneous (tested by Levene’s tests; Levene, 1960) and five
pairwise comparisons were undertaken using combined variance
t-tests. For the A. tenuis x A. loripes cross, three t-tests were
possible for offspring groups that were previously exposed to
ambient conditions (note they have been relocated to long-term
grow-out tank under raw ambient seawater after 28 weeks).
The p-values of these comparisons were adjusted using the
Benjamini-Hochberg method. The above analyses were run in
R (version 3.3.1). A summary of the mean sizes of the recruits is

photochemical efficiency (ie., dark adapted yield, Fv/Fm),
generalized linear models were also used to test the effects of
offspring group and treatment on the response. Tukey pairwise
comparisons were then used and the p-values were adjusted with
the Benjamini-Hochberg method. These analyses were run with
R packages Ime4 (Bates et al., 2014) and multcomp (Hothorn et al.,
2008).

RESULTS

Spawning Time, Fertilization Rates, and
Embryonic Development

The date and time of spawning of the Acropora spp. used in
this study are summarized in Table 2. The A. tenuis x A. loripes
cross was conducted on the 6th day after the full moon, where
A. tenuis spawned at ~19:00-19:30 and A. loripes at ~21:45.
The A. sarmentosa x A. florida cross was conducted on the
7th day after the full moon, where A. sarmentosa spawned at
~20:30-20:45 and A. florida at ~21:15-21:30. Fertilization rates
of all but one hybrid offspring group were high (averaged 93%)
(Figure 3). Hybrid LT had lower fertilization rates (averaged
79%) compared to all other offspring groups. No fertilization
was observed in the “no-sperm” control and self-fertilization
tests. Purebred and hybrid embryos developed normally and
reached the planula stage 93h after fertilization (Figure S2).
The hybrid LT also had a slower initial embryonic development
rate with the majority of the LT embryos being at the 2-4
cell stage at 3.5h after fertilization, while embryos of all other
offspring groups were at the 8-16 cell stage (Figure S2). From
9h onwards, however, all offspring groups developed at similar
rates.

Survival

Offspring Groups

Opverall, maternal effects were observed in the hybrid offspring
groups of the A. tenuis x A. loripes cross and over-dominance
in the A. sarmentosa x A. florida cross, with some variations
between treatment conditions (Figure4). Offspring groups
differed significantly for survival both in the A. tenuis x A. loripes
cross (GLMM, x2 = 2522, df = 3, p < 0.001), and the
A. sarmentosa x A. florida cross (GLMM, x? = 32.2, df = 3,
p < 0.001). The values present below are mean survival and

TABLE 2 | Spawning date and time of the Acropora spp. from Trunk Reef, central
GBR.

Date Species Days after Setting Spawning
shown is Table 7. full moon time time
Symbiodinium Uptake and Photochemical Efficiency 30/11/2015 A. tenuis 4 1,815 1900-1930
Generalized linear models (GLM) (McCulloch and Neuhaus, — 1/12/2015 A tenuis 6 1,830 1,900
2013) were used to test the effect of offspring group on rates  1/12/2015 A foripes 6 2,000-2,045 2,145
of Symbiodinium uptake, which was treated as a binomial  2/12/2015 A /oripes 7 1,930 2,145
distributed variable (i.e., Symbiodinium taken up/not taken up). ~ 2/12/2015 A sarmentosa 7 1,930 2,030-2,045
Treatment was not included in this model as Symbiodinium  2/12/2015 A florida 7 2,030 2,130
uptake was assessed prior to the start of treatment. For  3/12/2015 A. florida 8 2,000 2,115
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the associated 95% confidence intervals are shown in Table 3.
For the A. tenuis x A. loripes cross, survival of hybrid LT
(49%) and purebred LL (46%) was higher than that of TT
(13%) and TL (16%) under ambient conditions (p < 0.001
for all) (Tables 3, 4, 7). Under elevated conditions, survival of
hybrid LT (41%) and purebred LL (36%) was also higher than
that of TT (7%) and TL (23%) (Tables 3, 4, 7). Survival of
hybrids was similar to that of their maternal parental purebred
offspring. Under elevated conditions, survival of hybrid TL (23%)
was also higher than that of purebred TT (7%) (p < 0.001;
Tables 3, 4, 7).

For the A. sarmentosa x A. florida cross, survival of both
hybrid SF (51%) and FS (53%) was higher than that of the
purebred FF (31%) (p = 0.014, p = 0.006, respectively) and
SS (35%) (p = 0.022, p = 0.007, respectively) under ambient
conditions (Tables 3, 4, 7). Under elevated conditions, only
hybrid FS (32%) had higher survival than purebred SS (18%)
(p = 0.007; Tables 3, 4, 7). When combining the data for all
hybrid and purebred offspring groups for an overall comparison,
hybrid offspring had a consistently higher survival than purebred
offspring (Figure S3).

Treatments

Treatment had a significant effect on survival of both the A. tenuis
x A. loripes cross (GLMM, x2 = 26.9, df = 1, p < 0.001), and
the A. sarmentosa x A. florida cross (GLMM, x2 = 13.6,df = 1,
p < 0.001). Tukey pairwise comparisons suggest that T'T, SS, SE,
and FS had lower survival under elevated conditions compared
to ambient conditions at week 28 (p = 0.025, 0.002, 0.007, 0.015,
respectively; Table 5).

TABLE 3 | Mean survival, SE, as well as lower and upper 95% ClI of offspring
groups from the Acropora tenuis (T) x Acropora loripes (L) cross and the
Acropora sarmentosa (S) x Acropora florida (F) cross under ambient and elevated
conditions.

Treatment Offspring group Effect SE Lower CI Upper CI
Ambient T 0.13 0.23 0.09 0.19
TL 0.16 0.21 0.11 0.22
LT 0.49 0.20 0.39 0.58
LL 0.46 0.23 0.35 0.57
Elevated T 0.07 0.23 0.04 0.10
TL 0.23 0.18 0.17 0.29
LT 0.41 0.17 0.33 0.49
LL 0.36 0.19 0.28 0.45
Ambient SS 0.35 0.17 0.28 0.43
SF 0.51 0.26 0.39 0.64
FS 0.53 0.23 0.41 0.64
FF 0.31 0.24 0.22 0.41
Elevated SS 0.18 0.19 0.13 0.24
SF 0.26 0.24 0.18 0.37
FS 0.32 0.22 0.23 0.42
FF 0.20 0.25 0.13 0.29

The first letter of the abbreviation of the offspring group indicates the origin of the eggs
and the second letter the origin of sperm.

Recruit Size

Twenty-eight Weeks

For the A. tenuis x A. loripes cross, treatment had a significant
effect on recruit size (Kruskal-Wallis, x? = 33.6, df = 1,
p < 0.001) but offspring group did not (Kruskal-Wallis, x? = 6.9,
df = 3, p = 0.096; Figure 5). For the A. sarmentosa x A. florida
cross, treatment also had a significant effect on recruit size
(Kruskal-Wallis, x> = 38.2, df = 1, p < 0.001). Offspring
group had a significant effect on size under ambient conditions
(Kruskal-Wallis, x2 = 18.2, df = 3, p < 0.001), but not
under elevated conditions (Kruskal-Wallis, x2 = 1.0, df = 3,
p = 0.793). Under ambient conditions, the mean size of hybrids
FS (41 mm?) and SF (43 mm?) was larger than that of the
purebred SS (16 mm?) (z = 3.19, p = 0.003; z = 3.56, p = 0.001,
respectively), but not different in size from FF (56 mm?;
Table 7).

One Year
At the 1-year time point, several offspring groups no longer had
survivors (Figure 6, Table 7). Note that the treatment condition

TABLE 4 | Tukey's pairwise comparisons of survival between the offspring groups
from the Acropora tenuis (T) x Acropora loripes (L) cross and the Acropora
sarmentosa (S) x Acropora florida (F) cross following generalized linear mixed
models.

Treatment Offspring Logodds SE z-value p-value Odds ratio
group ratio

Ambient LT-LL 0.13 0.23 0.577 0.564 1.14
TT-TL -0.19 022 -0.831 0.437 0.83
TT-LT* —1.83 0.22 —-8.426 <0.001 0.16
TL-LT* —1.64 0.20 -8.376 <0.001 0.19
TTLL* —1.70 025 —-6.786 <0.001 0.18
TL-LL* —1.51 023 —-6.451 <0.001 0.22

Elevated LT-LL 0.19 0.18 1.063 0.323 1.21
TT-TL* —1.41 0.22 -6.328 <0.001 0.24
TT-LT* —2.28 0.22 —10.523 <0.001 0.10
TL-LT* —0.87 017 —=5.212 <0.001 0.42
T —2.09 0.23 —8.887 <0.001 0.12
TL-LL* —0.68 0.19 —8.600 <0.001 0.51

Ambient SF-FF* 0.88 0.32 2,772 0.014 2.42
FS-FF* 0.93 0.29 3.160 0.006 2.54
SS-FS* —0.74 0.24 —8.064 0.007 0.48
SS-SF* —0.69 0.27 —2.546 0.022 0.50
SF-FS —0.05 0.31  -0.154 0.878 0.95
SS-FF 0.19 0.25 0.776 0.533 1.21

Elevated SF-FF 0.38 0.32 1.209 0.302 1.47
FS-FF 0.65 0.30 2.148 0.052 1.91
SS-FS* -0.77 0.26 —3.033 0.007 0.46
SS-SF —0.51 027 —1.878 0.094 0.60
SF-FS —0.26 0.29 —-0.903 0.466 0.77
SS-FF -0.13 0.28 —-0.445 0.707 0.88

The abbreviation of the offspring groups is that the first letter represents the origin of the
eggs and the second letter the origin of sperm. An odds ratio of >1 indicates higher
survival, and <1 indicates lower survival of the first cross in the comparison. *Indicates
significant difference between this offspring group pair.
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in this section refers to the treatment conditions that the recruits
were exposed to during the 28 week period following settlement,
but that they were transferred to long-term grow-out tanks with
ambient raw (i.e., unfiltered) seawater afterward. For recruits
that were previously under ambient conditions, there were no
survivors of purebreds TT and FE, while all hybrid groups had
survivors. The mean size of LT (362 mm?) and LL (366 mm?)
offspring was larger than that of TL offspring (47 mm?) (t-
test, p = 0.008, 0.015, respectively, Tables 6, 7). The size of
the LT hybrids was the same as that of the maternal parent
species LL (i.e., maternal effect). The mean size of FS hybrids
(304 mm?) was larger than that of the pure breds SS (30
mm?) (t-test, p = 0.004, Tables 6, 7). The mean size of hybrid

TABLE 5 | Tukey's pairwise comparisons of treatment effect within an offspring
group from the Acropora tenuis (T) x Acropora loripes (L) cross and the Acropora
sarmentosa (S) x Acropora florida (F) cross following generalized linear mixed
models.

Treatment Offspring Logodds SE z-value p-value Odds ratio
group ratio
Elevated vs. TT* -0.77 0.32 -2.394 0.025 0.46
Ambient
TL 0.46 0.27 1.678  0.119 1.58
LT —-0.32 026 —1.227 0.257 0.73
LL -0.38 0.30 —1.2583  0.256 0.68
Elevated vs. SS* —0.90 0.26  —3.531 0.002 0.41
Ambient
SF* -1.08 0.36 —-3.083  0.007 0.34
FS* -0.87 032 -2.720 0.015 0.42
FF -0.59 0.35 -1.686 0.135 0.56

The abbreviation of the offspring groups is that the first letter represents the origin of the
eggs and the second letter the origin of sperm. An odds ratio of >1 indicates higher
survival, and <1 indicates lower survival under elevated treatment. *Indicates significant
differences in survival under different treatments in this offspring group.

SF (245 mm?, average of 2 recruits) was also relatively larger
than SS (30 mm?), however, statistical comparison was not
possible due to the low sample size for SF (n = 2; Table 7).
For recruits that were previously under elevated conditions,
there were no survivors of purebreds TT and SS as well as
hybrids TL and SF. The mean size of the hybrid LT recruits
(326 mm?) was the same as that of the maternal parent species
LL (290 mm?2) (Tables 6, 7). Median sized survivors of hybrid
and purebred juveniles at 2 years of age and are shown in
Figure S4.

Symbiodinium Uptake and Photochemical Efficiency
There was no significant difference in Symbiodinium uptake
between the offspring groups of the A. tenuis x A. loripes cross
(GLM, x? = 3.25, df = 3, p = 0.354) or the offspring groups
of the A. sarmentosa x A. florida cross (GLM, x? = 5.35,
df = 3, p = 0.148; Figure S5, Table 7). For the A. sarmentosa
x A. florida cross, neither treatment nor offspring groups had a
significant effect on photochemical efficiency (Treatment: GLM,
x% =0.51,df = 1, p = 0.477; offspring group: GLM, x? = 4.28,
df = 3, p = 0.233). For the A. tenuis x A. loripes cross,
treatment had a significant effect on photochemical efficiency
(GLM, x2 = 6.87, df = 1, p = 0.009) but offspring groups did
not (GLM, x? = 2.43, df = 3, p = 0.488; Figure S6). Tukey
pairwise comparisons show that purebreds TT and LL under
elevated conditions had lower photochemical efficiency than
their counterparts under ambient conditions (p = 0.035, 0.002,
respectively).

Summary Table
The results of the various traits measured are summarized in
Table 7.
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FIGURE 5 | Boxplots showing the size of the Acropora offspring groups at 28 weeks since treatment began from (A) the Acropora tenuis (T) x Acropora loripes (L)
cross and (B) the Acropora sarmentosa (S) x Acropora florida (F) cross. The first letter of the offspring groups’ abbreviation represents the origin of the eggs and the
second letter the origin of sperm. The horizontal bars represent median values, box length represents the interquartile range, and the small circles denote unusual
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FIGURE 6 | Boxplots showing the size of the Acropora offspring groups at 1 year of age (i.e., ~5 month since relocation to long-term grow-out tank under raw
ambient seawater. (A) The Acropora tenuis (T) x Acropora loripes (L) cross and (B) the Acropora sarmentosa (S) x Acropora florida (F) cross. The first letter of the
offspring groups’ abbreviation represents the origin of the eggs and the second letter the origin of sperm. Where no data are presented there were no survivors in that
offspring group. The horizontal bars indicate the medians, box length indicates the interquartile range, and the small circles indicate unusual points. Images below the
graphs show examples of median size recruits of the offspring groups reared under ambient conditions in the experiment, and the number of survivors of each
offspring group.

TABLE 6 | Results of t-tests comparing size at the 1-year time point for remaining with low fertilization (3-10%) (Willis et al., 1997; Van Oppen

offspring groups of the Acropora tenuis (T) x Acropora loripes (L) cross, and the et al., 2002). The high fertilization rates and normal embryonic
Acropora sarmentosa (8) x Acropora florida (F) cross. development of the interspecific hybrids produced in this
Treatment Offspring group t df p study indicate prezygotic barriers are limited in these species
pairs. This was unexpected in the case of the A. tenuis x

Ambient TLAT 3.204 17 0.008  A. loripes cross which involved an “early spa