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Estuaries are socio-ecological systems that can be represented as a holistic
combination of biotic and abiotic conditions in spatially explicit units defined by: (i)
the ecotope, as the integration of the physiotope (abiotic-homogeneous units) and the
biotope (biotic-homogeneous units), and (ii) the anthrotope, synthesizing data on human
drivers of ecological change. Nested physiotopes were identified in an estuary using a
hierarchical approach that integrates information about eight abiotic, and biologically
meaningful, variables. The biotope of Zostera noltei was delimited using a potential
distribution model of species and overlapped with the physiotope map to characterize
the ecotopes. The anthrotope was estimated as the cumulative impacts of anthropic
activities over the ecotopes. The diversity of Z. noltei ecotopes was compared with the
anthrotope map to estimate the potential impacts of human pressures on this species.
The hierarchical methodology and resulting maps provide flexible and interdisciplinary
tools for conservation, management, education and research.

Keywords: socio-ecological map, spatial planning, estuary, biotope, ecotope, anthrotope, multiscale
classification

INTRODUCTION

Several approaches to divide the continuous world into homogeneous units have been proposed at
different scales (e.g., from biomes to species), in different disciplines (e.g., countries in geopolitics
or ecosystems in natural sciences) and with different goals (e.g., nature conservation or land use
planning). These approaches are usually simplistic and/or very specific. In a framework of global
change, as the one in which we are now immerse, a multi-disciplinary and multi-scale approach is
required to deal with complex socio-ecological systems and accomplish a multi-goal sustainable
management. Accordingly, early proposals (e.g., European Directives as the Water Framework
Directive 2000/60/EC or Habitats Directive 92/43/EEC) emphasized the need to integrate ecological
habitat mapping with socioeconomic maps when attempting coastal zone management. However,
despite the relevance of human activities in coastal areas, the existing estuarine classifications are
only based on biological and/or environmental data (e.g., EUNIS by Davies and Moss, 2002; MESH
by Coltman et al., 2008; Dutch Ecotope System for Coastal Waters by Bouma et al., 2006; CMECS
by Madden et al., 2010; NISB by Mount et al., 2007). To date, as far as we now, the quantitative
assessment of the spatial distribution of human activities and uses in estuaries and their cumulative
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effects have not been integrated in an appropriate methodology
capable of recognizing homogenous socio-ecological units.

Throughout history, estuaries have acted as attraction spots
for human migration flows, which has intensified the impact
over their natural environment, threatening the sustainability
of many estuaries around the world. In this situation, an
effective management of the tradeoffs between human uses
and maintenance of ecosystem integrity requires synthetizing
environmental, biological and human data in manageable
and compatible units. However, operationalizing an objective
methodology to achieve it first requires an unequivocal
interpretation of concepts. Although some discrepancy in the
terminology can be detected in the literature, this paper uses
four key concepts: (i) physiotope, (ii) biotope, (iii) ecotope, and
(iv) anthrotope (Figure 1). An ecotope is a spatially explicit
and homogenous unit of biotic and abiotic components created
by overlapping the biotope (i.e., biotic-homogeneous units that
can be environmentally heterogeneous) and the physiotope (i.e.,
abiotic-homogeneous units representative of biota). The human
dimension also has a spatial component, represented by the
anthrotope in this research. Mapping activities through both the
distribution and intensity of coastal threats is essential for the
management of ecosystems by understanding the consequences
of cumulative impacts (Halpern et al., 2008).

This conceptual framework (Figure 1) agrees with the recent
advancements in the decision support tools for ecosystem-
based management, which include the assessment of cumulative
impacts of multiple pressures on multiple ecosystem components
(Holsman et al., 2016). Many of the approaches used to assess
these cumulative impacts are similar to the one developed by
Halpern et al. (2008) for the global-scale assessment of human
impacts on marine environment (Korpinen and Andersen, 2016).
However, their application at a smaller scale such as the estuary
require adapting the spatial resolution of the input data and
the methods (Borja et al., 2016). Multiple pressures in the
estuary includes environmental, ecological and anthropogenic
pressures that can be spatially explicit characterized through
physiotope, biotope and anthrotope maps, respectively. Likewise,
the target ecosystem component of the assessment can be
characterized by the biotope-ecotope. In turn, this holistic

FIGURE 1 | Conceptual framework for scaling the continuum range of
environmental, biological and human conditions into homogeneous units in
complex nature-human systems.

characterization is required at different spatial scales according to
the different meaningful social and ecological scales recognized
within the estuary. Regarding the assessment methodologies,
those approaches classified as a qualitative or semi-quantitative
ecosystem risk assessment of multiple stressor on independent
biological subjects (Level 2, Class 2 sensu Holsman et al., 2016),
like the one proposed by Halpern et al. (2008), allow optimizing
the effort and data/knowledge requirements with the obtained
results and response time.

In the context of this study, the basic spatial unit in socio-
ecological systems is delimited by the physiotope, which acts as
a surrogate for the distribution patterns of biota and human uses.
It is described based on those physical and chemical properties of
the environment that determine the spatial patterns of biota (i.e.,
biotope). In this regard, the number and nature of the specific
variables that allow explaining the distribution of species and the
ecological functioning of the estuary at different spatial scales
is the main unsolved question. In general terms, physiotopes in
estuaries can be described through a reduced number of variables,
mainly those related to salinity, depth, current velocity, sediment
composition and water renovation (Ysebaert et al., 2002; Bouma
et al., 2006; Lee et al., 2007; Foti et al., 2012).

Therefore, this paper aims at developing a multiscale spatial
classification model for estuaries by clearly representing the
distribution of environmental components and synthesizing
data on the biological components and the anthropogenic
drivers of ecological change in an estuary. The hierarchical
methodology and resulting maps provide flexible tools for
conservation, ecosystems-based management, spatial planning,
education, and research.

MATERIALS AND METHODS

Study Area
The methodology to identify homogenous units within estuaries
was applied in the Marismas de Santoña (north of Spain)
(Figure 2). This estuary is characterized by soft bottoms,
large intertidal areas (67% of the total estuarine area), meso-
tidal conditions (2.8 m of median tidal range) and irregular
hydrological regimes (16 m3/s of mean water flow of the
Asón river) that hinder water stratification. It is also one
of the largest estuaries in southern Bay of Biscay (18 km2)
with a high biological and environmental diversity. It houses
important subtidal meadows of Zostera marina (Linnaeus, 1832)
and intertidal meadows of Zostera noltei (Hornemann, 1832).
This ecosystem is protected by different legal figures: Natural
Park (local legislation), Site of Community Importance (SCI,
European Directive 92/43/CEE), Special Protection Area for
Birds (SPA, European Directive 2009/147/CE) and RAMSAR site.
Although this estuary has a good ecosystem health, it is exposed
to anthropogenic pressures mainly related to land reclamation,
urban/industrial discharges and fishing harbor activities.

Data on sediment composition was available between 1993
and 2012 for 94 stations. Data on depth, river flow, tide,
water level, shear stress and salinity were obtained from
Galván et al. (2016). The distribution of intertidal seagrasses,
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FIGURE 2 | Study site: location of Santoña estuary in the northern Spain. Spatial distribution of grain size sediment samples and distribution of seagrass meadows
of Zostera noltei in 2005.

specifically dwarf eelgrass (Zostera noltei), was obtained from a
field survey (2005).

Environmental Dimension: Physiotope
The approach to establish a classification system to identify
representative physiotopes in the estuary encompasses four main
steps: (i) selection of abiotic variables; (ii) characterization of
abiotic variables with a high spatial and/or temporal resolution;
(iii) classification of abiotic variables based on thresholds; and (iv)
hierarchical integration of abiotic variables to obtain physiotopes
at different spatial scales.

Five variables were included in the classification methodology:
substratum, bathymetry, salinity, water velocity, and water
renewal. Each one was characterized using one or more
subvariables representative of the biological variability associated
to different spatial scales, and then classified based on specific
criteria and thresholds (Table 1).

The first variable, substratum, was described grouping
sediment into hard or soft sediment, and granulometry, as the
proportion of gravel (>2,000 µm), sand (63–2,000 µm) and
mud (<63 µm). These sedimentary fractions were interpolated
at a higher spatial resolution with the geostatistical method of
cokriging (Verfaillie et al., 2006; Jerosch, 2012). The bathymetry
map was used as a cokriging parameter. A modification of the
Folk (1954) and UKSeaMap (Long, 2006) classification system
was then applied to the obtained multi-parametric sediment type
map (Table 1).

The second variable, bathymetry, was represented by three
subvariables: depth, duration of flooding and water column
height. Regarding depth, the estuary was divided into subtidal
and intertidal zones according to the lowest water level registered
in the study area (i.e., 2.5 m under the Mean Sea Level) (Table 1).
Flooding time and water column height were estimated from
the reconstructed water level variations over 15 years using
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TABLE 1 | Variables and classes (thresholds and attributes) included in the
classification system of the estuarine physiotopes.

Variables Thresholds Attributes

Substratum Sediment
consolidation

Consolidated Hard substratum

Not consolidated Soft substratum

Granulometry S/M ≤ 9; G = 5–80% Mixed

S/M > 9; G > 80% Coarse

S/M ≤ 3; G < 5% Muddy

S/M > 3; G < 5% Sandy

Bathymetry Depth (h) h > −2.5 m Intertidal

h ≤ −2.5 m Subtidal

Flooding time (ti) ti mean < 20% High intertidal

ti mean = 20–80% Middle intertidal

ti mean > 80% Low intertidal

Water column
height (Ha)

Ha mean ≤ 5 m Shallow subtidal

Ha mean > 5 m Deep subtidal

Salinity Average and
extreme
conditions of
salinity

Salinity type 1 Polyhaline, stable and
exposed

Salinity type 2 Polyhaline, stable

Salinity type 3 Meso-oligohaline,
stable

Salinity type 4 Meso-oligohaline,
variable

Salinity type 5 Polyhaline, variable

Water velocity Shear stress (Ss) Ss max < 1.8 N/m2 Weak

Ss max = 1.8 – 4 N/m2 Moderated

Ss max > 4 N/m2 Strong

Water
renovation

Dispersion
coefficient (Ctr)

Ctr ≤ 2.5 × 10−2 m2/s Low

Ctr > 2.5 × 10−2 m2/s High

G: percentage of gravel; S: percentage of sand; M: percentage of mud.

the methodology described by Galván et al. (2016). Flooding
time in intertidal areas was calculated as the inter-annual mean
inundation time (in hours). The intertidal was classified into
three categories based on two thresholds: 20 and 80% of the time
covered by water, respectively (Pennings and Callaway, 1992;
Costa et al., 2003; Table 1). Likewise, water column height in
subtidal areas was calculated as the mean inter-annual value.
A threshold value of 5 m of water column height was established
because it corresponds with the limit of penetration of 10% of the
solar irradiance in the water surface in the study area (Duarte,
1991; Greve and Binzer, 2004; Guinda et al., 2012; Table 1).

The third variable, salinity, was described based on eight
different subvariables that give information about average and
extreme conditions (Galván et al., 2016). All of them were
objectively integrated using statistical techniques in order to
identify five salinity types (Table 1).

The fourth variable, water velocity, was represented by bottom
shear stress and it was characterized as the mean inter-annual
value of the annual maximum shear stress in a reconstructed
series of 15 consecutive years (methodology described by

Galván et al., 2016). Two threshold values of 1.8 and 4 N/m2,
respectively, allowed classifying the estuary into three categories
(Coltman et al., 2008; Table 1).

Lastly, we used the dispersion coefficient as a surrogate of
water renovation or flushing time (an inverse relationship),
its spatial variability being obtained using a bidimensional
numerical model of transport (Revilla et al., 1995). For this
variable, we established a threshold value of 0.025 m2/s to
differentiate high and low water renovation zones (Gómez et al.,
2014; Table 1).

As a result of applying the previously described steps,
we obtained an independent layer for each physical-chemical
variable with information about the estuarine spatial distribution
of the different classes recognized within variables (Table 1).
Based on these layers, the physiotope was calculated in each pixel
at a specific level of detail by spatial overlapping of all the variable
layers corresponding to such level of detail (Figure 3). A different
physiotope (P) was assigned for each unique combination of
classes of the different variables, according to the equation
Pkj =

⋃
i∈k Vij, where V is the physical-chemical variable i

(composed of the classes defined in Table 1) included within the
level of detail k (Figure 3) in the pixel j. This calculation was done
in ArcGIS 10.1 with the Combine tool.

Biological Dimension: Biotope and
Ecotope
The biotope of Z. noltei at the Santoña estuary was estimated
using the maximum entropy species distribution modeling
(Maxent) (Phillips et al., 2006) and a set of environmental
predictors (Table 1) in the study area. Most of the Maxent settings
were left at their default values when constructing the model.
Ten percent of the records of presence were randomly selected
avoiding spatial autocorrelation and used to train the model,
while the remaining 90% were withheld to test it. We select the
most appropriate regularization parameter (1, 2, 3, 5, 10, 15,
and 20) for Z. noltei based on AUC (Area Under the Curve)
and omission rate.

The suitability (in terms of probability of presence) map
modeled was converted into a binary map that differentiated
between suitable and unsuitable regions for the development
of Z. noltei meadows. To distinguish between both, the best
performing threshold value was calculated to balance training
omission, predicted area and threshold value.

Finally, the ecotope was calculated in each pixel by spatial
overlapping of both physiotope and biotope and assigning a
different ecotope for each unique combination of biotope and
physiotope classes. Therefore, the ecotope (E) was calculated
according to the equation Ej = Bij ∪ Pkj, where B is the biotope
of species i (in this case, only Z. noltei) in pixel j, and P is
the physiotope class at the level of detail k in the pixel j. This
calculation was done in ArcGIS 10.1 with the Combine tool.

Human Dimension: Anthrotope
The main human pressures in the target estuary were classified
into eight categories: hydro-morphological alterations (i.e., tidal
mill, dikes, roads, bridges), non-native species, dredging works,
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FIGURE 3 | Scheme of the hierarchical integration of abiotic variables and subvariables to obtain the estuarine physiotopes at five scales or levels of detail.

tourism (i.e., recreation trails) and diffuse/point organic/non-
organic discharges (Supplementary Table S1).

First, the affected area of all the pressure sources was delimited
based on different criteria: (i) a buffer of 500 m for non-native
species and dredging works; (ii) a buffer of 1,000 m for residual
and industrial discharges into the estuary; (iii) a variable buffer,
proportional (factor = 1.5) to the length of the dikes and
tidal mills; (iv) a buffer of 10 m at both sides of roads and
bridges; and (v) the area covered by recreation trails. Then,
the magnitude of each pressure source was calculated using
a ranking scale of three points (i.e., low, moderate, and high
magnitude). The methodology and criteria applied to assign the
ranking scale to each anthropogenic pressures are described in
the Supplementary Data (Supplementary Method S1). Next,
the extension and magnitude of each pressure category was
characterized as the maximum value of all pressure sources
belonging to such category in each pixel.

Finally, the anthrotope was estimated as the pressure footprint
in each spatially independent unit of the physiotope map (Fp)
according to the equation FP =

(∑j = N
j = 1

∑i = n
i = 1 Mi

)/
N

(Halpern et al., 2008), where M is the magnitude of pressure
i in pixel j, and N is the number of pixels per independent

unit of the physiotope map. The interaction between the
anthrotope and the ecotope was assessed as the potential impact
of accumulated pressures on Z. noltei (Ic) based on the equation
IC =

(∑i = n
i = 1 Mi × Si

)/
N, where S is the impact weight score

for seagrasses to anthropogenic pressures of type i (Halpern et al.,
2008; Supplementary Table S1).

RESULTS

Physiotope
All abiotic variables included in the physiotope model showed a
strong variability within the estuary (Supplementary Figures S1,
S2). In Santoña, subtidal areas mainly consist of deeper channels,
which are characterized by high values of shear stress and
sandy sediments. Conversely, intertidal areas are characterized by
sediments rich in mud grain size, especially in areas under the
direct influence of river inputs. A continuous gradient from the
river to the sea was observed for salinity and a gradient from land
to water was observed for flooding times.

The integration of the regions delimited for each
environmental variable showed a mosaic of physiotopes
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(Figure 4): 10, 23, 57, 77, and 93 physiotopes from level of detail
1 to 5, respectively. The highest diversity of physiotopes was
detected in the large central zone where the largest intertidal flats
and channels of the estuary are located. On the other hand, the
lowest richness of physiotopes was linked to areas near the river.

Biotope and Ecotope of Zostera noltei
The most important variables in the obtained optimized model
(regularization multiplier equal to 10, Supplementary Figure S3)
were the percentage of mud in the sediment (27%), frequency of
drought events on salinity (19.4%), water renovation (16.7%), and
variations in salinity (12%). The highest values of environmental
suitability for Z. noltei were observed in areas near the mouth
of the estuary and close to the main channels (Supplementary
Figure S4). Based on a logistic threshold value of 0.1013, a total
surface of 4.78 km2 was identified as the potential distribution
area of the species in the estuary. The relatively large range
of environmental conditions within the biotope of Z. noltei
encompassed different physiotopes, giving rise to a mosaic of
ecotopes: from 4 ecotopes in level 1 to 28 in level 5 (Figure 5).

Anthrotope
The map of cumulative footprints highlighted the widespread
distribution of all the pressure categories (Supplementary
Figures S6, S7). Most physiotopes were affected by multiple
stressors, but the relative importance of different pressure
sources varied among them. Hydro-morphological alterations
showed the largest and broadest contribution to the footprint
in the estuary, though locally, the contribution of non-organic
discharges was higher. The mouth of the estuary had the lowest
footprint of accumulated pressures, while the higher footprint
was concentrated around urban and industrial areas.

Lower levels of detail attenuate the lowest and highest
footprint values and scores of cumulative impact on Z. noltei
(Figure 6). The highest probability of occurrence of Z. noltei
were observed in those anthrotopes with a lower cumulative

impact score (<9) and, specifically, with a low or null impact of
non-organic discharges. Those areas near the sand spit and/or
urban/industrial areas were exposed to the highest cumulative
impact scores (>17), indicative of locally high impacts linked to
non-organic discharges.

DISCUSSION

Multiscale classification models provide a holistic view of
estuarine socio-ecological systems avoiding information losses
in any of the relevant parts of the system. As opposed to
conventional and sectorial approaches of limited uses, the
proposed methodology combined biological, environmental and
human dimensions in manageable units that can be directly
applicable for a wide range of purposes such as ecosystem-
based management and conservation (Guarinello et al., 2010;
de Jonge et al., 2012). Besides, this classification system can
capture the different spatial scales at which ecological processes
and human pressures operate within ecosystems, using a versatile
hierarchical approach.

An important advance of this approach with respect to existing
methods is related with the scale of the application at an estuarine
level. A high number of examples are available for the marine
environment and broad-spatial scales (Holsman et al., 2016),
but few studies have been developed in estuaries (Lonsdale
et al., 2018). Improvements of the methods were needed for
representing the social complexity (estuaries are one of the most
pressured ecosystems) and ecological complexity (estuaries are
highly dynamic transitional ecosystems) of estuaries. Specifically,
a detailed methodology for characterizing the extent and
magnitude of different types of pressures within the estuary was
developed in this study (Elliott et al., 2014; Stelzenmüller et al.,
2018). Accordingly, the cumulative pressure assessment method
developed by Halpern et al. (2008) for the marine environment
was adapted here to be applied using the anthrotope map and the
ecotope map. Unlike Halpern et al. (2008) and most of the current

FIGURE 4 | Spatial distribution of physiotopes in the Santoña estuary at five scales (10, 23, 57, 77 y 93 biotopes from level 1 to level 5, respectively). Different colors
represent different physiotopes within each level of detail.
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FIGURE 5 | Spatial distribution of the ecotopes of Zostera noltei in the Santoña estuary at five scales (4, 8, 17, 25 y 28 ecotopes from level 1 to level 5, respectively).
Different colors represent different ecotopes within each level of detail.

FIGURE 6 | Cumulative impact scores, for all the pressure types used in this analysis, per spatially independent unit of the ecotope map of Zostera noltei at five
spatial scales.

existing tools, instead of using presence or absence data of target
species, it is used the ecotope that provides explicit additional
information on the range of environmental characteristics in
which such species is present. This is an important point in
estuaries because the need to account for the environmental
variability in pressure assessment increases at small scales (Borja
et al., 2016). Thus future scientific research should be focused on
developing weighing scores (sensu Halpern et al., 2008) sensitive
to such local factors.

In the proposed methodology, the scale-dependent
within-estuary complexity is represented by physiotopes,
biotopes, ecotopes and anthrotopes at five nested spatial scales,
providing a gradually increasing description of biological and
social processes. In turn, this methodology is also susceptible
to being nested within other classification systems that operate

at a regional scale. Hydrological, morphological, and climatic
factors determine these large differences among estuaries
(Galván et al., 2010). However, this challenge of incorporating
the within-estuary and inter-estuary variability into a single,
universal estuarine classification system remains a challenge for
the scientific community that should be addressed in the future.

The availability of information is one of the main limitations
in the use and application of this type of mapping methodologies,
which generally have high data requirements. In this case, the
hierarchical approach of the methodology has the advantage
of adapting the scale of the study to, among other things,
data availability. The higher the level of detail, the more data
needed. To meet such increasing data requirements, in our case,
complex interpolation techniques and numerical models could
be used to distinguish among the various socio-ecological units
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nested in the estuary at finer-scales. Both techniques allowed
characterizing estuarine environmental conditions at high spatial
and temporal resolutions, while reducing the costs and efforts in
comparison with field surveys and laboratory work (Diaz et al.,
2004; Ducrotoy, 2010). Nevertheless, several assumptions and
limitations are inherent to the application of these techniques.
Specifically, in this study, the variables used for the salinity
characterization did not allow detecting small changes in the
physiotopes over periods shorter than a year.

There are two other major limitations in this study that
could be addressed in future research. The first is that indirect
interactions between the human activities and the ecology have
not been taken into account in the model (e.g., pressure on
predators of target species could reduce density of predators
and indirectly increase density of target species). Addressing
this task would require an extensive knowledge of the ecology
of the target species (e.g., food chain or biotic interactions
such as facilitation or competition) (Holsman et al., 2016),
in addition to the characterization of the distribution area of
interacting species (i.e., their biotope). Therefore, a multispecies
biotope map is needed, which can be addressed by using
techniques such as joint species distribution models (Wilkinson
et al., 2021) or combined approaches (Pellisier et al., 2013).
In this context, the role of the present approach is identifying
vulnerable components that can be further analyzed considering
indirect interactions between human activities and target species
through impacts on interacting species. The second limitation
is that the proposed approach is a one-way coupled socio-
ecological model, which limits the type of questions that the
model can answer (Kasperski et al., 2021). Here, outputs from
anthrotope model are inputs into the ecotope model with no
feedback to the first model. A two-way couple model can be
potentially developed based on the physiotope, biotope, ecotope
and anthrotope maps. Nevertheless, new linkages between these
maps and indicators should be developed and incorporated into
the model. For example, variables that link natural and human
components, such as ecosystem services, or human variables,
such as structures of multilevel governance. Dynamics of human-
nature systems are influenced by government policies and, in the
context of the present study, by the national and international
legislative framework that has given rise to many types of
existing estuarine management plans. However, boundaries of
management systems and governance mechanisms have not
been integrated in the present approach. In the future, they
could be incorporated within the model as new additional
maps that overlap with the ecotope and anthrotope maps
(Lonsdale et al., 2015, 2018), but a further research about how
to integrate specific requirements of management plans in this
model is needed.

Biotope delimitation is a key point of the methodology that
is open to discussion because of its implications in results
interpretation and scope. Firstly, the question of how to define
the distribution area of the target species, either as a potential or a
realized area, must be considered. Secondly, there is a wide range
of tools available to define the distribution area, from field data
to remote sensing techniques and modeling. Several correlative
techniques such as Maxent (Phillips et al., 2006), which was

mainly used in this study to delimitate the potential distribution
area of Z. noltei, allow predicting suitable environments for
species establishment and survival. Other approaches with
more data requirements, such as mechanistic and hybrid
models, integrate hypotheses about niche, dispersal abilities
and biotic interactions that provide more detailed information
about patterns of species and other related properties (e.g.,
productivity or population dynamics). A rigorous exploration of
the capabilities of both correlative and mechanistic approaches
in the framework of the nested classification system should be
carried out. In any case, all these approaches are suitable to be
integrated within the proposed ecotope model.

Differences between the realized and potential biotope of
Z. noltei can be mainly explained by biotic interactions, that were
not taken into account in this study, or by human pressures.
In this regard, an innovation of the classification model is
that it provides a practical focus to combine, at the same
spatial scale, both bio-physical information and human pressures
causing impacts on the ecosystem. Integrating both ecotope
and anthrotope maps allows an assessment of the ecosystem’s
vulnerability and its spatial distribution, which is essential to
understand how estuaries are affected by human activities. The
anthrotope provides a systematic, transparent, and replicable
assessment of the multiple threats that affect ecosystems at
different scales relevant to managers. These maps are basic
for the design of productive management and conservation
actions by identifying key threats or priority ecotopes. Likewise,
they can be used to identify areas and species where a
better management of human activities could render a higher
return on management/conservation investments (Halpern et al.,
2008). The future will inevitably be aimed at developing
further studies and experimental works to quantify ranges of
tolerance of species against different pressure types under varying
environmental conditions. New empirical information will allow
improving anthrotope maps and impact assessment through the
enhancement of predictive capacities, and increasing the wide
variety of applications of this type of models.

A sustainable management of estuaries depends on an
exhaustive diagnostic procedure able to generate a holistic
understanding of the system. In this sense, the interdisciplinary
research developed in this study combines natural (ecotope)
and human (anthrotope) data to operationalize a spatially
explicit analysis of estuaries at different levels of detail and
to bridge the gap between social and ecological sciences.
Therefore, the resulting nested socio-ecological maps are a
powerful spatial planning instrument essential for the design
and implementation of estuarine governance, conservation
policies and ecosystem-based management approaches. They
allow exploring effects of environmental and social changes, such
as climate change or transitions to a green economy, on the
estuarine ecosystem and their capacity to provide goods and
services. In fact, ecosystem services are themselves the expression
of complex interactions between the three components included
in the classification system: biophysical context (e.g., landscape
heterogeneity, biodiversity composition), ecological processes,
and human interventions (Bennett et al., 2015). In this way,
the proposed methodology can be adapted to understand and
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manage the trends observed in ecosystem service provision,
minimizing their potential future reduced supply.
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