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ABSTRACT

Environmental buffer

Coastal zones are biodiversity hotspots and deliver essential ecosystem functions and services, yet they are
exposed to multiple and interacting anthropogenic and environmental constraints. The individual and cumula-
tive effects of these constraints on benthic communities, a key component of coastal ecosystems, and their
variability across space and time, remains to be thoroughly quantified to guide conservation actions. Here, we
explored how the presence of biogenic habitats influences the response of benthic communities to natural and
anthropogenic constraints. We investigated this effect in both intertidal and subtidal habitats exposed to different
pressures. We used data collected in the North-East Atlantic over 15 years (2005-2019) as part of the REBENT
monitoring program, covering 38 sites of bare sediments, intertidal seagrass beds and maerl beds. We collected a
range of environmental variables and proxies of anthropogenic pressures and used variation and hierarchical
partitioning with redundancy analyses to estimate their relative effect on macrobenthic communities. We used
descriptors modeling spatial and temporal structures (dlbMEMs) to explore the scale of their effects and potential
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missing predictors. The selected variables explained between 53 % and 64 % of macrobenthic p diversity
depending on habitat and depth. Fishing pressures, sedimentary and hydrodynamics variables stood out as the
most important predictors across all habitats while proxies of anthropogenic pressures were overall more
important in intertidal habitats. In the intertidal, presence of biogenic habitat strongly modulated the amount of
explained variance and the identity of the selected variable. Across both tidal levels, analysis of models’ residuals
further indicated that biogenic habitats might mitigate the effect of extreme environmental events. Our study
provides a hierarchy of the most important drivers of benthic communities across different habitats and tidal
levels, emphasizing the prominence of anthropogenic pressures on intertidal communities and the role of
biogenic habitats in mitigating environmental changes.

1. Introduction

Coastal zones accommodate a large proportion of human population
(Burke et al., 2001) and the ecosystems they support provide a variety of
resources and valuable services (Costanza et al., 1997). However, they
harbor some of the most threatened natural systems (Lotze et al., 2006;
Halpern et al., 2008) since intensified human activities lead to degra-
dation of key coastal habitats, their biodiversity, functions and
ecosystem services they provide (Barbier et al., 2011; Bernhardt and
Leslie, 2013). In addition to local human impacts, anthropogenically
induced climate change is an increasing threat to coastal marine eco-
systems, where it is occurring at a faster rate than on land (Burrows
et al., 2011). Human activities can change the extent, frequency and
magnitude of natural disturbances (He and Silliman, 2019) and these
multiple stressors can interact (Thrush et al., 2021b), often in complex
synergistic ways in marine systems (Crain et al., 2008). Therefore, the
interactions between local, regional and global human impacts need to
be considered to set up effective coastal management strategies (He and
Silliman, 2019). In this context, long-term studies allow for detecting
and quantifying ecological responses to drivers of ecosystem change and
thereby enhancing our understanding of ecosystem processes (Linden-
mayer et al., 2012), as already reported from various monitoring pro-
grams in coastal waters over the past decades (Cloern et al., 2016).

Benthic macrofauna is often used in monitoring programs of coastal
marine ecosystems as indicator of changes, since most macrobenthic
species have limited mobility (thus are exposed to the local physical
environment), show various life spans and exhibit different tolerances to
environmental stresses (Dauer, 1993). Moreover, they play important
roles in marine ecosystems such as nutrient cycling, bioturbation and
secondary production (Snelgrove, 1998). Many studies focusing on
marine benthic ecology aimed to identify the different drivers respon-
sible for spatial patterns structuring the communities and disentangle
human impacts from natural gradients (e.g., Dutertre et al., 2013; Sil-
berberger et al., 2019). However, we still have a limited understanding
of the relationships between temporal and spatial variation in abiotic
variables and the biological patterns in macrobenthic assemblages, and
how they change over time (Ysebaert and Herman, 2002; McArthur
etal., 2010). One central topic in community ecology is the estimation of
the relative importance of the different processes controlling the
changes in species composition and abundances in space and time
(Anderson and Cribble, 1998). Using canonical analyses, the total
variation of a species abundance matrix can be explained by partitioning
it between different fractions (e.g., environmental variation, environ-
mental variation without the spatial component, temporal variation
etc.) (Borcard et al., 1992; Anderson and Cribble, 1998). Each of these
fractions can be linked to different ecological processes (i.e., species
sorting, mass-effect, neutral model or patch dynamics) (Leibold et al.,
2004; Cottenie, 2005; Soininen, 2014; Legendre and Gauthier, 2014).
The environmental fraction has often been shown to be the most
structuring fraction of community variation compared to other fractions
(e.g., spatial), especially in marine ecosystems (Cottenie, 2005; Soini-
nen, 2014).

The environmental drivers mostly structuring the distribution of
macrobenthic organisms are productivity, temperature and sediment

composition (McArthur et al., 2010). Many studies have shown that
sedimentary variables often explained most of the community variation
at local and regional scales (e.g., Chauvel et al., 2024) although other
variables clearly structure macrobenthic communities depending on the
habitat considered, such as bathymetry, hydrodynamic conditions or
physico-chemical properties of the water column (Ysebaert and Herman,
2002; Dutertre et al., 2013, 2015; Veiga et al., 2017; Couce et al., 2020).
These environmental variables vary spatially and temporally and their
relationship with biological patterns and processes in macrobenthic
communities still needs to be assessed (Ysebaert and Herman, 2002;
McArthur et al., 2010). In addition to these parameters, the type of
habitat has also a significant influence on the variation of macrobenthic
assemblages, as it is a major factor determining the occurrence of
benthic species (Cottenie, 2005; Couce et al., 2020). For example, the
presence of a foundation species can modify the extent of species niches
through facilitation (Bulleri et al., 2016).

Anthropogenic pressures can also play a major role in macrobenthic
B diversity (defined as the variation in community structure and
composition among a set of sample units within a given spatial or
temporal extent; Anderson et al., 2011, Legendre and De Caceres, 2013)
as they can strongly modify community structure and composition
through direct or indirect effects (Thrush et al., 2021a). For example,
fishing pressures can induce changes in community composition
through the direct removal of species or by affecting food webs and
sediment characteristics (Hily et al., 2008; Sciberras et al., 2018).
Increasing human density and activity can induce an increase in waste
and sewage, while land development for industrial and agricultural
activities can lead to pollution, habitat destruction or degradation, and
eutrophication (He and Silliman, 2019). Causes of coastal eutrophica-
tion are often bound within coastal ecosystems and their watersheds
(Duarte et al., 2009) and can for example result in the development of
green tides affecting benthic communities (Cloern, 2001; Quillien et al.,
2018). Thus, human population density and activity have been widely
used as a reasonable proxy of the relative magnitude of local human
impacts (He and Silliman, 2019).

Brittany (France) is a biogeographic transition zone between the
Northern European seas and the Lusitanian province (Spalding et al.,
2007), which is characterized by a high diversity of benthic habitats and
which is a hotspot of macrobenthic richness (Gallon et al., 2017),
although subject to different aspects of global change and anthropogenic
threats (e.g., Quillien et al., 2015, 2018; Ragueneau et al., 2018). It
harbors widely distributed bare sedimentary habitats and more spatially
limited biogenic habitats created by foundation species, but nonetheless
important for the taxonomic and functional diversities of macrobenthic
assemblages (Boyé et al., 2019). Maerl and seagrass beds are the two
main biogenic habitats that can be found along the coasts of Brittany in
soft substrates. They are both fragile and complex biotopes providing
resources and shelters for a large variety of biota while being threatened
by human activities (Airoldi and Beck, 2007). These habitats may
mitigate the strength of abiotic factors’ effects on macrobenthic com-
munities by dampening environmental variation through the reduction
of physical stress for example (Bulleri et al., 2018).

In this study, we used 15 years of benthic macrofauna monitoring, in
38 sites distributed along 500 km of Brittany coasts and located in four
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different soft-bottom habitats exposed to different abiotic constraints:
two biogenic habitats associated with foundation species (i.e., seagrass
and maerl beds) in the intertidal and the subtidal zones respectively, and
two bare sedimentary habitats also in these two different tidal zones. To
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our knowledge, this is the first study of such spatial and temporal
coverage using variation and hierarchical partitioning of macrobenthic
communities between space, time, environmental and anthropogenic
fractions. The main objectives were to (i) identify and compare spatial
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Fig. 1. A) Map of the sites in the four monitored habitats along the coasts of Brittany (France). (Sources: OpenStreetMap, European Environment Agency). B) Number
of samples (cores in the intertidal and grabs in the subtidal) that were aggregated to estimate taxon abundances for each site in each habitat from 2005 to 2019.
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and temporal patterns of benthic communities’ structure and composi-
tion between four different habitats and (ii) identify and disentangle the
importance of the different environmental and anthropogenic variables
that drive the spatiotemporal dynamics of the benthic communities of
the different habitats. We expect (i) differential community responses to
the same abiotic conditions in biogenic versus bare soft bottom habitats,
irrespective of the tidal zone. Indeed, biogenic habitats might mitigate
the effects of environmental pressures on communities compared to bare
ones (e.g., Bulleri et al., 2018; Jurgens et al., 2022). We also expect (ii)
differential community responses between intertidal and subtidal hab-
itats, as intertidal communities are exposed to both terrestrial and ma-
rine constraints (Helmuth et al., 2006), and communities’ responses to
environmental constraints might therefore occur more rapidly than in
subtidal environments (Hinz et al., 2011).

2. Material and methods
2.1. Macrofauna sampling

Benthic communities have been monitored yearly since 2003 along
the coasts of Brittany (France) within the REBENT program (htt
p://www.rebent.org). We focused on four sedimentary habitats: inter-
tidal sandy beaches, intertidal seagrass beds (formed by Zostera marina),
subtidal soft sediments and subtidal maerl (or rhodolith) beds (princi-
pally formed by Lithothamnion corallioides and Phymatolithon calcareum).
These four habitats are respectively referred to as intertidal bare habitat
(IBAR), intertidal biogenic habitat (IBIO), subtidal bare habitat (SBAR)
and subtidal biogenic habitat (SBIO) from this point forward.

At each site, three faunal samples were taken at each of three fixed
sampling points distributed 200 m apart (using a 0.03 m? core in the
intertidal and a 0.1 m? Smith-McIntyre grab in the subtidal; see Boyé
etal., 2019), except for the Pierre Noire site (number 12 in Fig. 1), where
10 grab samples were taken at one point of the site. Sampling was
performed between the end of February and the beginning of May,
before the recruitment of most species in the region (Dauvin et al., 2007;
Boyeé et al., 2019). In the laboratory, specimens were sorted, counted
and identified to the lowest possible taxonomic level (usually species).
Since the acquisition and identification of specimens were not system-
atically carried out by the same people over the years, each recorded
taxon was scrutinized by experts in benthic taxonomy and their names
were checked thanks to the World Register of Marine Species (WoRMS
Editorial Board, 2021) to ensure for taxonomic resolution consistency
and minimize variation artefacts in the data.

To minimize the impact of missing data on the analyses, we selected
sites that both had at least 3 core or grab samples in any particular year
and <4 sampled years missing (out of 15). Samples were pooled to es-
timate abundances at the site level. This led to a selection of 38 sites
monitored from 2005 to 2019 while keeping a spatial resolution
covering the coasts of Brittany and encompassing most of the environ-
mental settings found in this region (Boyé et al., 2017, 2019). Of these
38 sites, 12 were in IBAR, 8 in IBIO, 9 in SBAR and 9 in SBIO (Fig. 1). In
total, over the 15 years and 4 habitats, the dataset included 550 obser-
vations and 967 taxa (Appendix A).

All data from the REBENT monitoring program (https://rebent.
ifremer.fr) are available in the Quadrige database (https://envlit.ifre
mer.fr/Quadrige-la-base-de-donnees) and in the database of the ma-
rine observatory of the IUEM (available upon request: https://www-iu
em.univ-brest.fr/observatoire).

2.2. Explanatory variables

2.2.1. Spatial and temporal patterns

To model spatial patterns, we used distance-based Moran’s Eigen-
vector Maps (dbMEMs) which are linearly independent spatial de-
scriptors that allow for modeling spatial structures over a wide range of
spatial scales (Borcard and Legendre, 2002; Dray et al., 2006). For
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dbMEMs computation, distances among sites were calculated as the
shortest paths along the coast following the methodology described in
Appendix B. We also modeled a spatial linear trend using, at each site,
the shortest distance along the coast from the northernmost site,
consecutively to the southernmost site. Similarly, temporal patterns
were modeled using dbMEMs on the temporal coordinates of the sam-
pling dates among the 15 years monitored (Legendre and Gauthier,
2014). Because the temporal linear trend was not significant, we did not
include it in the final models. In both cases, we only selected the
dbMEMs accounting for positive spatial or temporal correlation (Bor-
card et al., 2018).

2.2.2. Abiotic and biotic explanatory variables

Abiotic and biotic explanatory variables included environmental
variables, abiotic and biotic descriptors of the habitats, and proxies of
anthropogenic pressures. These variables were extracted in situ at the
time of the REBENT macrofauna sampling, or numerically computed a
posteriori (see Appendix B). All data were estimated at the site level,
some varying in time (spatiotemporal variation) and others not (spatial
variation only) (Table 1).

Natural environmental variables included sediment characteristics
(e.g., grain-size distribution), morphometric data of Zostera marina beds
(i.e., Zostera marina morphological and structural traits), seawater
properties and hydrodynamics variables (hydrology and hydrody-
namics), climate data on land (meteorology), a proxy of wave exposure
(fetch) and bathymetry (depth) (Table 1).

Proxies of anthropogenic pressures included the number of in-
habitants (hab) in the vicinity of sites, the land surfaces covered by
artificial (artif) or agricultural (agri) areas in the vicinity of sites or in
watersheds in the vicinity of sites (see Appendix B for details), and
fishing pressures according to the type of fishing carried out in each of
the four habitats (Table 1 and Appendix B). The number of inhabitants
stood as a proxy for human frequentation of the sites and activities in
their vicinity as well as urbanization of the coastline, while land use and
watersheds stood as a proxy for potential runoffs from industrial and
agricultural areas, but also human activity in the vicinity of sites and
potential eutrophication processes.

The in situ data had an annual temporal resolution since they were
collected every year at the occasion of the macrofauna sampling.
Spatiotemporal data from numerical models (i.e., “Hydrology & Hy-
drodynamics” and “Meteorology” data sets, Table 1) had a daily reso-
lution. In order for these data to have the same temporal resolution as
the macrofauna and in situ natural environmental data (i.e., one value
per year), while taking into account their variability in the months
preceding the sampling dates, we calculated the mean, standard devia-
tion, minimum and maximum values of each variable, at each site, from
the 1st of November of the previous year to the date of sampling. We
made this choice in order to account for winter storms (typical of North-
West France between November and March) (Leckebusch et al., 2006;
Poppeschi et al., 2021) that could have an influence on the sampled
communities (e.g., Harris et al., 2011; Corte et al., 2017). We did not
consider the summer and autumn conditions in the year prior to sam-
pling as they were considered too distant in time to be relevant pre-
dictors of the observed communities (Lessin et al., 2019).

All variables were quantitative and continuous, except for the semi-
quantitative fishing pressure coded ‘No’, ‘Low, ‘High’ according to the
type of fishing practiced in each habitat.

The details of the protocols, numerical model products and tech-
niques used to extract and calculate each of the variables can be found in
Appendix B.

2.2.3. Natural environmental variables selection

Given the high number of explanatory variables, variable selection
was performed for natural environmental variables (green color in
Table 1). Within each dataset (corresponding to the column “Data” of
Table 1), collinear variables were first removed using Variance Inflation
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Factors (VIF) (Legendre and Legendre, 2012) with a threshold of 10 Legendre, 2012) were performed, with the response matrix being the

(Appendix C). Then, variable selection was performed for each habitat community matrix of Hellinger-transformed taxa abundances in a given
separately. Redundancy analyses (RDA) (Rao, 1964; Legendre and habitat, and the explanatory matrix including all natural environmental
Table 1

List of the abiotic and biotic explanatory datasets and their variables before selection, their abbreviations, how they were
acquired, for which habitat, and examples of studies where these variables have been shown as potential drivers of mac-
rofaunal B diversity. *For each variable of the “Hydrology & Hydrodynamics” and “Meteorology” datasets, the mean,
standard deviation, minimum and maximum values from November 1st of the previous year to the date of sampling were
taken. Number of inhabitants and land use surfaces were estimated at the buffer and/or watershed scale (see Appendix B).
IBAR = intertidal bare habitat, IBIO =intertidal biogenic habitat, SBAR = subtidal bare habitat, SBIO = subtidal biogenic
habitat. References cited in the table: Rees et al., 1977; Currie and Parry, 1996; Thrush et al., 1998; Snelgrove, 1998;
Bostrom and Bonsdorff, 2000; Lerberg et al., 2000; Ellingsen, 2002; Gray, 2002; Ysebaert and Herman, 2002; Hovel et al.,
2002; Lercari and Defeo, 2003; Dauvin et al., 2004; Blanchet et al., 2005; Lercari and Defeo, 2006; Lotze et al., 2006;
Bostrom et al., 2006; Cardoso et al., 2008; Hily et al., 2008; Bouma et al., 2009; Grilo et al., 2011; Dutertre et al., 2013;
Cloern et al., 2016; Veiga et al., 2017; Sciberras et al., 2018; Couce et al., 2020; Chauvel et al., 2024; Millot et al., 2024.

Acquisition Data Variables Abbreviation ‘ Habitat l:aoct::ft:lln:r:i‘ilxis';tfy
Spatiotemporal data
mean (um) mean.grain Ellingsen 2002;
median (pm) D50 Ysebaert and Herman
Sediments (grain-size | trask or sorting index So 2002; Dauvin et al.
distribution and kurtosis (pum) kurtosis 2004; Blanchet et al.
organic matter gravels (%) gravel C0AA 2005; Dutertre et al.
content) sand (%) sand 2013; Veiga et al.
mud (%) mud 2017; Chauvel et al.
organic matter (%) OM 2024
In situ
density (shoot.m™) density
leaf biomass (g.m) leaf.biom Bostrém and
. root biomass (g.m) root.biom Bonsdorff 2000; Hovel
mi?;f:ﬁ)";:;i’; d mean sheath height (mm) sheath.height O et al. 2002; Bouma et
strlljlclurfl - mean leaf length (mm) leaf.length al. 2009; Millot et al.
leaf width (mm) leaf.width 2024
number of leaves per shoot leaves/shoot
percentage of broken leaves (%) broken
bottom temperature (°C) bottomT Snelgrove 1998; Gray
Hydrology & salinity (psu) sal OO A A | 2002; Lercari and
Hydrodynamics* current velocity (m.s™) current Defeo 2003, 2006;
Dutertre et al. 2013;
Couce et al. 2020
Numerie air temperature (°C) T
wind velocity (m.s™) wind Rees et al. 1977;
Meteorology* total rainfall (mm) rain Bostrom and
sy minimum air temperature (°C) minT oo Bonsdorff 2000;
maximum air temperature (°C) maxT Cardoso et al. 2008;
daily range temperature (°C) drangeT Grilo et al. 2011
Spatial data
Rees et al. 1977,
Fetch fetch (km) fetch COAA Hovel et al. 2002;
Bostrom et al. 2006
Snelgrove 1998;
Depth depth (m) depth A A Ellingsen 2002;
Dauvin et al. 2004;
Numeric Dutertre et al. 2013
Population number of inhabitants (log) hab O0AA Eerber% etl aé.o %)(200;
otze et al.
artificial surface (km?) artif Lerberg et al. 2000;
Izl e agricultural area (km?) agri O O A A Cloern et al. 2016
recreational fishing RF (No/Low/High) OO0 Currie and Parry 1.996;
e 5 5 3 Thrush et al. 1998;
Expert Fishing professional fishing PF (No/Low/High) O A Hily ot al. 2008:
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variables remaining after VIF analysis for a given group of predictors.
The Hellinger distance coefficient is equivalent to the Euclidean distance
computed on the square root of species relative abundances. It does not
give an excessive weight to rare or highly abundant species and has the
advantage of fulfilling the metric and Euclidean properties (Legendre
and Gallagher, 2001; Legendre and De Caceres, 2013). Models were
tested for significance using 999 permutations of the community data.
As they were all significant, we proceeded with a forward selection of
the environmental variables based on adjusted R? (Blanchet et al.,
2008). No variable selection was done for anthropogenic proxies that
were all retained for subsequent analyses and only positive spatial and
temporal dbMEMs accounting for positive spatial or temporal correla-
tion were kept (see Section 2.2.1) (Table 2).

2.3. Data analyses

B diversity was computed as the total variance of the Hellinger-
transformed community matrix (Legendre and De Caceres, 2013) in
each habitat. First, to explain f diversity, a RDA was conducted in each
habitat separately, between the community matrix of Hellinger-
transformed taxa abundances (response matrix) and the matrices of
selected abiotic and biotic explanatory variables (i.e., selected natural
environmental variables + proxies of anthropogenic pressures; Table 2).
In hierarchical partitioning, the individual contribution of a predictor is
defined as its unique contribution to the total model plus its average
shared contributions with the other predictors (Lai et al., 2022). As we
were not able to assess the individual contribution of each selected
abiotic and biotic explanatory variable by hierarchical partitioning as
calculation speed is currently a limitation with the R package “rdacca.
hp” (Lai et al., 2022), we estimated the importance of each selected
abiotic and biotic explanatory variables in each habitat by conjointly
looking at the proportion of variation explained (adjusted R?) by each
variable in simple (without other variables as condition) and partial
(with other variables as condition) RDAs. We also plotted the average of
residuals for each habitat and year combination to try to identify years
and/or habitats where models based on selected abiotic and biotic
explanatory variables either failed to explain the observed p diversity or,
on the contrary, performed rather well. RDA models were tested for
significance using 999 permutations of the community data.

Second, we conducted variation partitioning and hierarchical parti-
tioning based on RDA analyses (Lai et al., 2022) with all variables of
Table 2, to calculate the unique, shared and individual contributions of
each matrix of predictors (i.e., natural environment matrix, proxy of
anthropogenic pressures matrix, spatial linear trend, spatial dbMEMs
matrix, temporal dbMEMs matrix) to the explained variation of com-
munities within each habitat. We were able to compute the individual
contribution in this case as the number of individual contributions was
reduced to the number of matrices (i.e., 5). RDA models were tested for
significance using 999 permutations of the community data. Individual
contribution of each fraction in hierarchical partitioning was tested
using 999 permutations with the “permu.hp” function of the R package
“rdacca.hp” (Lai et al., 2022).

Note that analyses were carried out for each habitat separately and
that Hellinger-transformed abundances, based on relative abundances,
were used to minimize the effect of sample differences between habitats
and tidal zones in the comparisons.

All analyses were conducted with the R programming language
version 4.1.2 (R Core Team, 2021) and packages, “adespatial” (Dray
et al., 2022), “vegan” (Oksanen et al., 2022) and “rdacca.hp” (Lai et al.,
2022). Outputs from the “rdacca.hp” package were plotted using the
“UpSetVP” package (Liu, 2022).

3. Results

Simple RDAs between the community matrix and the matrix of
selected abiotic and biotic explanatory variables (i.e., selected natural
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environmental variables + proxies of anthropogenic pressures) were
significant for all habitats (p < 0.001) and explained 49.4 % of total
variation (adjusted R?) in the intertidal bare habitat (IBAR), 61.6 % in
the intertidal biogenic habitat (IBIO), 56.0 % in the subtidal bare habitat
(SBAR) and 53.8 % in the subtidal biogenic habitat (SBIO) respectively.
Based on model predictions, abiotic and biotic explanatory variables
mostly distinguished communities of different sites within each habitat
and generally better explained the spatial heterogeneity than the tem-
poral one, especially for IBAR, IBIO and SBAR (Fig. 2). The main spatial
patterns highlighted by the RDA and the identity of the predicted un-
derlying drivers differed across habitats, although some commonalities
appeared such as the important predicted role of sediment properties
and of the degree of exposure of the sites, as well as the non-negligible
role of anthropogenic pressures (Fig. 2). For instance, the number of
inhabitants (hab) seemed to be an important predictor in each habitat.

The main community gradient predicted in IBIO distinguished
sheltered muddy sites (on the left of the RDA, associated with annelids
such as Lumbrineris spp. and Golfingia (Golfingia) elongata characteristic
of fine muddy sands) from sites exposed to high wind and current ve-
locities, associated with polychaetes such as Spio spp. or the amphipod
Urothoe poseidonis which are characteristic of highly hydrodynamic en-
vironments (on the right). Proxies of anthropogenic pressures (in
particular the type of land use (artif) and the number of inhabitants
(hab)) drove the variation along the second axis of the RDA for that
habitat. Although the predicted spatial patterns were markedly different
in IBAR, an important role of site exposure and sediment properties was
also visible: the two axes distinguishing the muddiest site at the bottom
(Baie du Mont Saint-Michel (1)), from sites with highly variable sedi-
ment sizes on the top right, associated with Acrocnida spp. and Donax
vittatus often found on exposed beaches, and sites with coarse sediments
on the top left (Arcouest (8), Callot (15), Sainte-Marguerite (16) and
Gavres (30)) associated with species such as Apseudopsis latreillii or
Notomastus latericeus which proliferate in more enclosed environments
(Fig. 2). Interestingly, most of the sites on the top left of the RDA are
located close to IBIO sites (Fig. 1). However, a higher role of anthro-
pogenic proxies, in particular fishery-related variables, was reported as a
major discriminant of IBAR communities along the first RDA axis. In
SBIO, sedimentary conditions discriminated one site, Trevignon (29),
which also present a singular community dominated by Pisidia long-
icornis (Toumi et al., 2023), whereas depth and proxies of anthropogenic
pressures (i.e., number of inhabitants (hab), land use (agri and artif))
explained the community difference between the three sites of Baie de
Saint-Brieuc (6), Rade de Brest — Rozegat (22) and Camaret (24), and the
other beds of Molene (19) or Belle-ile (33). Overall, RDA failed to
explain spatial differences among the remaining SBIO sites (high convex
hull overlaps), but rather explained temporal community differences
within these sites (e.g., temporal dynamics within Morlaix (13) and
Meaban (35) predicted from changes in current velocities and sediment
properties). On the contrary, sites in SBAR were more dispersed and
bathymetry (depth), percentage of mud (mud), current velocity (sd.
current, min.current), fetch as well as fishing pressure (low professional
fishing (PF.low)) played an important role in their dispersion along the
two axes. The first axis of the RDA distinguished muddy sites with
species characteristic of these environments such as Maldane glebifex and
Amphiura filiformis (on the bottom right) from sites with fine sands and
little organic matter associated with species characteristic of these en-
vironments such as Fabulina fabula (on the bottom left).While spatial
heterogeneity was better reflected than in SBIO, it appeared from these
first two RDA axes that temporal variation remained an important
component of the explained variance in SBAR, contrary to the two
intertidal habitats.

To assess the importance of each abiotic and biotic explanatory
variable in explaining the variation of the communities in each habitat,
we looked at the adjusted R? of each predictor in simple and partial
RDAs (Fig. 3). In simple RDAs, the predictors with the highest impor-
tance in the four habitats were all related to fishing pressure (i.e.,
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recreational fishing (RF) in IBAR and IBIO, professional fishing (PF) in
SBAR and dredging (DR) in SBIO) while variables related to hydrody-
namics (i.e., fetch and standard deviation of current velocity (s.d.cur-
rent)) and sediment properties (i.e., sorting index (So) and percentage of
mud (mud)) often ranked second or third (Fig. 3). The highest per-
centage of variation explained by a single variable was >15 % in IBAR,
IBIO and SBIO but lower than 10 % in SBAR. Moreover, the explained
variation was relatively equivalent between the different predictors in
SBAR and IBIO, whereas predictors’ importance was highly uneven in
IBAR and SBIO.

In partial RDAs, explained variation of each predictor decreased in
comparison to the simple RDAs, except for artificial surfaces (artif) and
agricultural areas (agri) in IBAR. The predictor with the highest
importance in simple RDAs remained the same in all habitats (i.e., rec-
reational fishing (RF) in IBAR, professional fishing (PF) in SBAR and
dredging (DR) in SBIO), except for IBIO where the number of inhabitants
(hab) became the most important predictor after partialling out the
variation explained by all other predictors (while it was recreational
fishing (RF) in simple RDA). In SBAR, proxies of anthropogenic pres-
sures showed increased effect compared to the other abiotic variables.
This increased estimated effect of proxies of anthropogenic pressures in
partial RDAs compared to simple RDAs, indicated that they explained a
unique and different share of variation compared to the other variables,

Table 2
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a feature that is consistent across habitats. Interestingly, some predictors
became significant in partial RDA while they were not in simple RDA (e.
g., mean of maximum air temperatures (mean.maxT) in IBAR and
maximum bottom temperature (max.bottomT) in SBIO).

Mean of the residuals per year and habitat of the simple RDAs with
all selected natural environmental variables and proxies of anthropo-
genic pressures are represented in Fig. 4. The higher the mean of the
residuals, the more the models failed to explain the observed community
variation in composition and structure. Residual means are represented
for each habitat separately as total variation explained by the RDA
models are different for each habitat, preventing comparison of residual
values between habitats (unlike the adjusted R? which allows compar-
ison as conducted above). However, variability in mean residual values
can be compared between habitats, and IBAR (Fig. 4A) showed the
highest temporal variability in the residual values. In this habitat, the
model seemed to be less effective at explaining p diversity during the
first 4 years of monitoring (2005-2008) compared to the rest of the time
series. Interestingly, in IBIO (Fig. 4B), the highest mean residual values
were also found during these first 4 years of the monitoring but with less
marked differences with the rest of the time series compared to IBAR. In
the subtidal zone, the efficiency of the model to explain p diversity
appeared more stable over time in the biogenic habitat (Fig. 4D)
compared to the bare one (Fig. 4C), although the range of residual values

Selected natural environmental variables, proxies of anthropogenic pressures and dbMEMs kept in each habitat for the analyses. Z.m = Zostera marina,
Sp. Linear = Spatial linear trend, Sp. = Spatial, Tp. = Temporal, dbMEMs = distance-based Moran’s Eigenvector maps, s.d. = standard deviation, min
= minimum, max = maximum, IBAR = intertidal bare habitat, IBIO = intertidal biogenic habitat, SBAR = subtidal bare habitat, SBIO = subtidal
biogenic habitat. The number of eigenvectors (MEMs) kept in Sp. dbMEMs and Tp. dbMEMs corresponds to the number of eigenvectors accounting for
positive spatial or temporal correlation. Variables abbreviations and descriptions are detailed in Table 1.
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is still narrower in SBAR compared to IBAR.

When adding spatial and temporal predictors (i.e., spatial linear
trend (Sp.linear), spatial dbMEMs (Sp.dbMEMs), and temporal dbMEMs
(Tp.dbMEMs)) as explanatory variables in the models (on top of the
variables describing natural environmental conditions and
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anthropogenic pressures), explanatory power increased from 49.4 % to
53.2 % in IBAR, 61.6 % to 64 % in IBIO, 56.0 % to 59.5 % in SBAR and
53.8 % to 56.4 % in SBIO (Fig. 5). In hierarchical partitioning, each
group of explanatory variables had different and significant individual
contributions (Appendix D) to the global models: anthropogenic
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Fig. 2. RDA triplots (scaling 2 — weighted average) for each habitat (IBAR = intertidal bare habitat, IBIO = intertidal biogenic habitat, SBAR = subtidal bare habitat,
SBIO = subtidal biogenic habitat); only the first two canonical axes are represented. The percentages represent the proportion of total variation explained by each
axis. Arrows represent the abiotic and biotic explanatory variables. Triangular points are the centroids of each level of the categorical variables (i.e., fishing pressure).
Squares represent a subset of taxa whose variances along these two axes represent >30 % in IBAR, >40 % in IBIO, >40 % in SBAR and >30 % in SBIO of their total
variances (assessed with the function “goodness” of the “vegan” package). Points represent the fitted observations (i.e., one site at one year); all observations from a
single site are grouped within a convex hull. Species abbreviations: Aps.lat. = Apseudopsis latreillii, Not.lat. = Notomastus latericeus, Euc.spp. = Euclymene spp., Lor.
orb. = Loripes orbiculatus, Luc.bor. = Lucinoma borealis, Acr.spp. = Acrocnida spp., Don.vit. = Donax vittatus, Lum.spp. = Lumbrineris spp., Gol.elo. = Golfingia
(Golfingia) elongata, Lys.ins. = Lysianassa insperata, Not.swa. = Nototropis swammerdamei, Uro.pos. = Urothoe poseidonis, Uro.pul. = Urothoe pulchella, Spi.spp. = Spio
spp., Fab.fab. = Fabulina fabula, Apo.bill. = Aponuphis bilineata, Sco.arm. = Scoloplos armiger, Bat.spp. = Bathyporeia spp., Eus.nit. = Euspira nitida, Mal.gle. = Maldane
glebifex, Pho.ino. = Pholoe inornata, Amp.fil. = Amphiura filiformis, Syl.gar. = Syllis garciai, Leu.spi. = Leucothoe spinicarpa, Ale.gel. = Alentia gelatinosa, Oph.fra. =
Ophiothrix fragilis, Ath.nit. = Athanas nitescens, Pis.lon = Pisidia longicornis. Full description of abiotic and biotic explanatory variables’ abbreviations can be found

in Table 1.
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pressure proxy matrix (Prox.anthro) and natural environmental vari-
ables matrix (Environment) had higher individual contributions in each
habitat, followed by the multi-scale spatial structures (spatial dbMEMs
(Sp.dbMEMs)), the linear spatial trend (Sp.linear) and the temporal
structure variables (temporal dbMEMs (Tp.dbMEMs)). The latter were
significant in hierarchical partitioning but not in simple RDAs (Appen-
dix E), contrary to the fraction explained by spatial dbMEMs, suggesting
that temporal dynamics were of minor extent compared to the spatial
variation of communities. Overall, most of the spatial and temporal
structure in the variation and dynamics of the communities was well
described by the natural environmental variables and anthropogenic
predictors, as indicated by the very low individual contribution of
spatial and temporal dbMEMs (< 2.5 % for both). Nonetheless, the
partial RDAs indicated that there were still significant spatial and tem-
poral structures unexplained by these variables (Appendix E). Notably,
the fraction explained by temporal dbMEMs became significant in par-
tial RDAs (Appendix E) and explained a higher proportion of variation
than the unique fraction explained by the spatial predictors (Fig. 5),
suggesting that the environmental and anthropogenic variables mostly
captured spatial signals. This was illustrated by the amount of explained
variation cumulatively represented by the fractions shared by the spatial
predictors with either the natural environmental variables, the proxies
of anthropogenic pressures, or both (Fig. 5). There were, however,
important differences between bare and biogenic habitats in how these
different shared fractions contributed to the total explained variation,
meaning that the spatial signals captured by the anthropogenic and
natural environmental variables differed between these two habitat
types. Finally, a high proportion of community variation was explained
by the shared fraction between the anthropogenic and environmental
variables (i.e., abiotic and biotic explanatory variables) alone, repre-
senting the effects of these variables that are not spatially or temporally
structured (at least with the spatial and temporal descriptors used). The
latter is higher in biogenic habitats compared to bare ones. However, the
fraction unique to anthropogenic variables and the one unique to natural
environmental ones show the opposite pattern, being higher in bare
habitats compared to biogenic ones. Hence, the overall amount of
variation explained by anthropogenic and natural environmental vari-
ables that is not spatially or temporally structured seems fairly equiva-
lent across habitats.

4. Discussion

4.1. Efficiency of abiotic and biotic variables in explaining spatial and
temporal f§ diversity

Previous meta-analysis showed that the amount of community
variation explained by environmental variables is on average higher in
estuarine and marine ecosystems than in freshwater or terrestrial ones
(Soininen, 2014). Yet, results are highly variable across studies so that
the fraction explained by environmental variables in marine ecosystems
can be lower than 20 % or higher than 70 %, with a median value around
40 % (Soininen, 2014). Here, RDA models with the selected abiotic and
biotic explanatory variables explained from 49.4 % to 61.6 % of the p
diversity in the four habitats. In the same study area, Dutertre et al.
(2013) showed that environmental variables explained 51 % of the
diversity of subtidal soft sediments while Quillien et al. (2015) obtained
models explaining from 15 % to 72 % of community variations in sandy
beaches. Likewise, in intertidal seagrasses communities, environmental
variables explained 9 % to 76 % of § diversity in northern New Zealand
(using canonical correspondence analysis - CCA; Turner et al., 1999),
and up to 25.6 % in the northern Baltic Sea (using RDA; Bostrom et al.,
2006). In Northeast Brazil, CCA between environmental variables and
benthic invertebrate community explained 30 % of the total variance
(Costa et al., 2021). The heterogeneity of these results may bear some
methodological imprints (e.g. use of CCA or RDA, use of different sets of
environmental variables; Soininen, 2014) but may also be
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representative of meaningful ecological variation. For instance, Soini-
nen (2014) found that traits of the species considered (e.g. dispersal
mode, trophic position) could explain some heterogeneity observed
across studies. Here, we show that the amount of explained community
variation may also depend on the type of habitat (bare versus biogenic)
and the tidal zone of the ecosystems.

Here, space and time had no important individual effect compared to
the natural environmental variables and proxies of anthropogenic
pressures, indicating that our abiotic and biotic variables certainly
characterized the most important predictors of macrobenthic commu-
nity variation. In our study, the spatial structure clearly dwarfed tem-
poral variations. Time had the lowest individual importance, yet its
individual contribution in hierarchical partitioning, as well as its unique
fraction in variation partitioning, were still significant (Appendices D
and E). This unique fraction can be interpreted as neutral drift in the
communities, which means variation in species demography caused by
random reproduction and survival of individuals due to species in-
teractions (e.g, competition, predator-prey interactions, etc.) (Legendre
and Gauthier, 2014). Regarding spatial descriptors, only two positive
dbMEMs were generated to model positive spatial correlations. There-
fore, the spatial dbMEMs only achieved to model large scaled spatial
structures (Appendix F). Likewise, the spatial linear trend represented
distance from the northern to the southern site along the coast, a broad-
scale spatial structure often captured by one dbMEM especially in the
biogenic habitats (Appendix F). Thus, fine scale structures (which
represent spatial correlation produced by neutral biotic processes such
as ecological drift or random dispersal), were missed and could not be
modeled in the spatial fraction (Borcard et al., 2018). This means that, in
variation partitioning, environmental variables and proxies of anthro-
pogenic pressures captured broad-scale spatial patterns (i.e., the frac-
tions shared with spatial descriptors). Yet, most of the explained
variance was not shared with spatial or temporal descriptors. Hence,
contrary to what has been shown in other regions (Menegotto et al.,
2019; Carvalho et al., 2023) our results suggest a stronger influence of
local variation rather than broad-scale regional processes.

4.2. Relative roles of natural and anthropogenic factors

Hierarchical partitioning showed that the natural environmental
variables had a high individual importance in explaining community p
diversity. In particular, hydrodynamics and grain-size distribution var-
iables played an important role in communities’ p diversity. Sediment
characteristics are a determining factor that control the presence and
abundance of soft-bottom fauna as each species can tolerate a specific
sediment particle range (Snelgrove and Butman, 1994) and hydrody-
namics can alter these sedimentary environments, thus these variables
have often been demonstrated to be important drivers of macrofauna p
diversity (Gray, 2002; Hily et al., 2008; Dutertre et al., 2013; Veiga et al.,
2017; Couce et al., 2020; Chauvel et al., 2024).

Nearly all studies that explored the main sources of community
variation in marine ecosystems before, including the meta-analyses from
Cottenie (2005) and Soininen (2014), only took into account environ-
mental variables and did not include proxies of anthropogenic pressures.
Here, in terms of explanatory power, natural environmental variables
were followed by or at least equivalent to the proxies of anthropogenic
pressures. Adding the set of proxies of anthropogenic pressures to the
models with only selected natural environmental variables increased the
explanatory power of our models, especially in bare habitats (the per-
centage of explained variation rose from 33.1 % to 49.4 % in IBAR, 53.0
% to 61.6 % in IBIO, 43.5 % to 56.0 % in SBAR and 46.2 % to 53.8 % in
SBIO; Appendix E). This highlights the importance of understanding and
accounting for the spatial and temporal distribution of anthropogenic
pressures (e.g., Burrows et al., 2014; Halpern et al., 2015) to explain and
accurately predict the current distribution of benthic species and com-
munities, especially for ecosystems under such high anthropogenic
pressures (Korpinen et al., 2021).



C. Toumi et al.

Science of the Total Environment 946 (2024) 173919

9 IBAR 1BIO
~20- 204
c
£ 5. 154
&
=
S 104 104
o
il |l | ||
®©
S 0 1L ||||||||.II.I.||...... ok I IL I“
gL o e et e e et e e S e R o e st s e e B e s i
S A ) AAAA & AQ{QQ QAL
W &Rl &Q X <\O®a’°(o\%¢ 79%\\@ V‘;ob ¢\\ X %+®+ o in@é\ RS °<\Oi E&@i@%ﬁﬁ’%@%ﬁ‘? RO Q@\o o
& oy @ ‘-0 o b@%«»i@\ *\)"o\oo\é&\ et gb@é ’f’(\’b*@ RDA
&8 & L& S & 2 I
N & <& i
& B simple
W partial
9 SBAR SBIO
~20- 201
c
2 151 154
8
=
S 104 104
o
s JLLLLLI ||||||
©
2L Lk,  hLLLLL ||||I.I.|_
X — ;
w Q\b\x\@\v q}«\\\va/\ Q—O\K\Q\(\ & S & @ «\&/5‘\
] o&&“ @QO@Q\Q\Q o2 0@Q\ OQQ S L < (\o% \Q@ oL \«"’(\s\e}(’\g@ GQ‘Q\ O\i@%\ 3 &\q‘ A5 'DQ\O& $2
S 2 @ & & & & S o7 o LS
> o N R S & & R
© N & & @ < N & B

Abiotic variables

Abiotic variables

Fig. 3. Explained variation (adjusted R?) of each selected natural environmental variables and proxies of anthropogenic pressures separately, either in simple RDA

(without all other variables as conditions) or in partial RDA (with all other variables as conditions), within each habitat (IBAR =

intertidal bare habitat, IBIO =

intertidal biogenic habitat, SBAR = subtidal bare habitat, SBIO = subtidal biogenic habitat). Only significant abiotic and biotic explanatory variables from simple or
partial RDA models are presented (p < 0.05). Variable abbreviations are detailed in Table 1.
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Fig. 4. RDA models’ residual means for each year and habitat: A) intertidal
bare habitat (IBAR), B) intertidal biogenic habitat (IBIO), C) subtidal bare
habitat (SBAR), D) subtidal biogenic habitat (SBIO). Marginal plots represent
marginal mean (point) +/— marginal standard deviation (whiskers).
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The individual importance of proxies of anthropogenic pressures was
higher in the intertidal zone. These pressures were surely better char-
acterized for intertidal habitats since we used land data and we esti-
mated the values for the subtidal sites from the values of the closest
intertidal ones (see Appendix B). Moreover, it is also very likely that the
effect of anthropogenic pressures would be more mitigated in the sub-
tidal zone (Bacouillard et al., 2020). Among the proxies of anthropo-
genic pressures, fishing pressures explained a high proportion of
variation in simple RDAs. However, part of that explained variation
could also be explained by other variables in IBIO, SBAR and SBIO, as
shown by the reduced amount of variation it explained in the partial
RDAs. Thus, some factors may confound the perceived effect of fishing
pressures: as fishing depends on the species present in the communities
and because the sites were dominated by different taxa, the amount of
variation explained by the fishing variables could be linked to the fact
that they reflect the spatial variation of the different sites’ communities.
For instance, professional fishing is associated with sites dominated by
Donax spp. in IBAR (Fig. 2). Alternatively, specific environmental con-
ditions could be favorable or detrimental to fishing activities or the
targeted taxa: for example, Donax vittatus is characteristic of wave
exposed sandy bottoms (Allen and Moore, 1987). Moreover, there can be
an interaction between natural and fishing disturbances as communities
already exposed and adapted to high levels of natural disturbance may
show fewer variations in their composition and structure due to fishing
pressures (Hiddink et al., 2006). Yet, fishing can have a direct impact on
the fauna (e.g., by increasing mortality of certain species, favoring other
species by reducing predation etc.) and indirect ones by modifying
habitat characteristics (e.g., sediment resuspension, habitat destruction
etc.) (Hall-Spencer and Moore, 2000; Hily et al., 2008; Sciberras et al.,
2018). These effects may overlap/correlate and/or combine with natu-
ral stressors (Bowler et al., 2020; Stockbridge et al., 2020), which could
explain their shared fraction of explained variation.

Overall, the natural environmental variables and proxies of anthro-
pogenic pressures seemed, in variation partitioning, to be highly
correlated and they appeared to be spatially structured. This spatial
structure can be explained by the fact that proxies of anthropogenic
pressures do not present temporal variation (Table 1; Appendix B) and
that, at the scale of the study area, the spatial variation of natural
environmental variables can be more important than the temporal
variations (Toumi et al., 2023). Moreover, as developed above for
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Fig. 5. Variation and hierarchical partitioning between the community matrix and each explanatory matrix within each habitat (IBAR = intertidal bare habitat, IBIO
= intertidal biogenic habitat, SBAR = subtidal bare habitat, SBIO = subtidal biogenic habitat). The top left table gives the total explained variation and significance of
the global RDA models in each habitat (*** = p < 0.001). The barplot on the bottom left shows the individual contribution of each explanatory matrix assessed by
hierarchical partitioning. The plot on top represents the percentage of variation (adjusted R?) explained by the different matrices in variation partitioning (fractions
<0 are not represented). The lower panel indicates the matrices taken into account as explanatory (black dots) or conditional (gray dots).

fishing pressure, this may indicate that human activities overlap/
correlate in particular types of environments, or that environmental and
anthropogenic pressures might have a combined effect on macrofauna
communities. Interestingly however, in IBAR the high proportion of
variance explained by recreational fishing (RF) or professional fishing
(PF) explained some aspects of community variation that were not
explained by other variables (high R? in partial RDAs). Other proxies of
anthropogenic pressures (artificial surfaces (artif), agricultural areas
(agri) and number and inhabitants (hab)) also stood out as important in
partial RDAs, in the bare habitats especially. These proxies, that can
characterize pollution, eutrophication or human use of the different
sites, have therefore distinct signatures on the community variation
across this region. For example, watersheds with urban and industrial
development have already been demonstrated to alter hydrodynamics
processes, to have an impact on the levels of chemical contaminants and
to increase the severity and frequency of hypoxia episodes in tidal creeks
where macrobenthic species were characterized by a low richness and
abundances (Lerberg et al., 2000).

4.3. Role of biogenic habitats

Abiotic and biotic explanatory variables explained higher pro-
portions of variance in the intertidal biogenic habitat (61.6 % in IBIO)
than in the intertidal bare habitat (49.4 % in IBAR), while the difference
was smaller between the bare (56 % in SBAR) and biogenic (53.8 % in
SBIO) habitats in the subtidal zone.
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In IBIO, we used biotic environmental explanatory variables that
described the morphology of the foundation species, specifically shoot
density (density) and leaf widths (leaf.width) of Zostera marina. These
variables have been shown to influence the density and diversity of
benthic macrofauna in seagrass meadows (Bostrom and Bonsdorff,
2000; Hovel et al., 2002; Bouma et al., 2009; Millot et al., 2024). This
suggests that taking into account habitat complexity variables might
improve the quality of the model and better describe macrobenthic
community variation, except if these variables are collinear with abiotic
ones. Indeed, collinearity between abiotic and biotic variables may
explain the low explanatory power of seagrass descriptors (IBIO; Fig. 3).
Along the coasts of Brittany, different water bodies follow one another
and have different physico-chemical properties (Morice et al., 2020).
This environmental gradient might influence the presence of different
morphological types of the two biogenic habitats (Boyé et al., 2021;
Jardim et al., 2022) and by cascading effects, the community that lives
in. The shared fraction between abiotic and habitat complexity variables
therefore represents both indirect effect of environmental conditions,
mediated by changes in foundation species (Millot et al., 2024), and
potential interaction between abiotic variables and foundation species
(e.g, Watt and Scrosati, 2013). However, even if some indirect effects
mediated by seagrass responses were highlighted by previous studies
(Millot et al., 2024; Muller et al., 2023) in the region, the direct effects of
environmental conditions seem to be the main drivers of community
variation in intertidal seagrass beds. In the subtidal, habitat complexity
of maerl beds monitored in Brittany is currently being investigated and
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quantified (Jardim et al., 2022). Rhodolith morphologies can affect
macrofauna community structure as well (Berlandi et al., 2012; Solano-
Barquero et al., 2022). A natural perspective of this study will be to
quantify the shared and unique effects of maerl descriptors. Interestingly
however, differences between biogenic and bare habitats in the subtidal
were minor compared to those in the intertidal.

The different community response between intertidal habitats might
be explained by the fact that biogenic habitats mitigate mostly the effect
of extreme events but not of average spatial variation per se (Jurgens
and Gaylord, 2018; Jurgens et al., 2022). The highly dynamic nature of
intertidal habitats is only partially characterized by our natural envi-
ronmental variables that summarize average variation of climatological
conditions (but not extreme events or annual/seasonal variability, see
Fig. 4 and the following paragraph). By mitigating extreme events (e.g.,
Peterson et al., 2004; Maxwell et al., 2017), IBIO may lead to more
predictable communities given our dataset, while in IBAR, different
timing of disturbances across sites may blur the relationship with our set
of abiotic variables. Indeed, less disturbed communities are more likely
to show signs of deterministic niche processes than communities
frequently disturbed by extreme events, which are more prone to appear
as stochastic or neutral (Bracewell et al., 2017).

Analyzing the residuals of RDA models with only abiotic and biotic
explanatory variables allowed evaluating to what extent simple RDAs
failed to explain the community variation, on average, for each year and
habitat. In IBAR, the model was less successful in characterizing f di-
versity during the first four years of the monitoring (2005-2008),
especially in 2008 that showed the highest values of residuals. Inter-
estingly, in March 2008 a high-energy storm hit the French Atlantic
coast and the western part of the English Channel, which resulted in
morphological changes, and transport of intertidal bare sediment in the
region (Fichaut and Suanez, 2011). Such extreme modifications of beach
morphodynamics are known to have deep impacts on macrofaunal
communities (Harris et al., 2011). This supports the hypothesis that our
models did not adequately capture the effects of extreme events on the
communities. Although we tried to take into account the variability of
the temporally varying environmental variables by computing the
minimum, maximum and standard deviation of their values during the
months preceding the sampling dates, we may not have characterized
well enough the extreme events of short duration that could have
impacted the communities (e.g., Hobday et al., 2016). Moreover, drivers
of macrobenthos dynamics acting at larger spatial scales such as the
North Atlantic Oscillation (NAO) or the Atlantic Multidecadal Oscilla-
tion (AMO) were not taken into account in our models and might have
improved our capacity to model the temporal variability of the com-
munities (Drinkwater et al., 2003; Nye et al., 2014). Even though the
residual values were slightly higher during the first four years of the time
series in IBIO, they did not show as much variability as observed in
IBAR. In the subtidal zone, the efficiency of the model to explain § di-
versity also appeared more stable over time in the biogenic habitat,
although differences were less marked between the biogenic and bare
habitat. Again, this supports the hypothesis that biogenic habitats may
mitigate the effect of environmental variables, especially in extreme
physical environments such as the intertidal zone (Crain and Bertness,
2006).

5. Conclusion

This study was based on a recent method coupling variation and
hierarchical partitioning and using more than four explanatory fractions
mixing natural environmental variables, proxies of anthropogenic
pressures, space and time, rarely used all together to better understand
benthic macrofauna dynamics. It took into account proxies of anthro-
pogenic pressures acquired with an original method and which have
demonstrated their efficiency in the analyses, suggesting the importance
to characterize and integrate these variables in studies on the drivers of
benthic macrofauna p diversity. Environmental variables and proxies of
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anthropogenic pressures mostly explained local variation of the com-
munities (i.e. variance not shared with spatial or temporal dbMEMs) but
also captured broad-scale spatial patterns (shared with spatial
dbMEMs). The spatial structure clearly dwarfed temporal variations.
The individual effect of proxies of anthropogenic pressure was at least
equivalent to the environmental fraction in the intertidal, highlighting
the need to incorporate descriptors of anthropogenic pressures more
frequently in studies of this kind. Fishing pressure (Appendix B) had a
very strong importance in the beaches, more than in the other three
habitats. Overall, the amount of explained community variation varied
depending on the type of habitat (bare versus biogenic) and the tidal
zone of the ecosystems. Biogenic habitats seemed to mitigate the effect
of the environment, more so in exposed areas such as the intertidal zone.
This study shows that intertidal habitats, and in particular sandy bea-
ches, are sensitive to anthropogenic pressures, however, the indicators
of anthropogenic pressures used here varied only in space and not in
time. More precise quantification of these pressures over time would
provide a better understanding of their interactions with environmental
pressures and their synchrony or asynchrony.
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