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a b s t r a c t

The case study of Yves Bay (Pertuis Charentais, France) highlighted links between environmental gra-
dients (i.e. sediment characteristics and emersion time) and prey distribution and availability for the two
most numerous shorebird species overwintering in Yves Bay: the red knot Calidris canutus and the dunlin
Calidris alpina. Two hundred and fifty-two stations were sampled on a predetermined 250 m regular grid
covering the intertidal mudflats of this major wintering site in France for east-Atlantic migratory
shorebirds. The distribution of principal benthic species abundance and biomass was modelled along two
environmental gradients: sediment structure (particularly pronounced northesouth sand-mud gradient)
and emersion time. The effect of emersion time combined with sedimentary structure strongly explained
abundances and biomasses of the main prey for C. canutus and C. alpina in the bay (Cerastoderma edule,
Hydrobia ulvae,Macoma balthica, Scrobicularia plana, and Nephtys hombergii). This study highlighted prey
species-specific spatial segregation/overlapping as well as spatial interferences in the trophic niche of the
two shorebirds.

© 2016 Elsevier Ltd. All rights reserved.
1. Introduction

The niche relationships between sympatric species have
received early interest in ecology (Hutchinson,1957,1959) and have
been developed through the study of community structure
(M'Closkey, 1976), inter-species interactions (Trainor et al., 2014),
and behavioural ecology (MacArthur, 1958; Schoener, 1965).
Feeding resource partitioning (i.e. trophic niche) in sympatric
predators is the result of specialisation and co-evolutionary change
in response to competition and complex interspecific interactions
(Schoener, 1974). The prey spatial distribution together with prey
size and taxa, plays a crucial role in the resource partitioning of
predators, since it proceeds also from interspecific interactions
among predators (Wells, 1978).
ippe).
Most shorebird species are dependent on intertidal flats as
feeding areas during the non-breeding period. Several species
forage regularly together in the same habitat (intertidal mudflats)
and share the same potential benthic invertebrates as a trophic
resource. They often experience trophic niches overlap, and their
segregation is partly the result of morphology, feeding methods,
and a highly specialised diet (Baker and Baker, 1973; Nebel and
Thompson, 2011). The trophic segregation between shorebird
species can be described qualitatively (e.g. different prey species,
prey quality, or preference), quantitatively (e.g. different prey sizes),
as well as temporally (e.g. night/day foraging, different season) or
spatially (e.g. in relation with the vertical or horizontal distribution
of their prey). In the present study we investigate the spatial tro-
phic segregation in two sympatric shorebird species: Calidris can-
utus and Calidris alpina, through the distribution of their feeding
resource.

The red knot Calidris canutus and the dunlin Calidris alpina are
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long-distance migratory shorebirds that overwinter in intertidal
mudflats. These two species are common and dominant shorebirds
in the European mudflats, including the Pertuis Charentais and
Yves Bay in France (Delaney et al., 2009). Locally, their trophic
resource is composed exclusively of macrobenthic species with
overlapping distribution on mudflats (Compton et al., 2008);
however, both species exploit contrasted trophic niches (Bocher
et al., 2014). Their trophic niches differ chiefly because of distinct
ecomorphological patterns (digestive capacity/flexibility), and
dunlin are smaller individuals that are much more constrained by
prey sizes and digestive quality. Dunlin can be described as gen-
eralists (i.e. eating molluscs and worms), and their regime shifts
according to environmental conditions (Kuwae et al., 2010). Red
knot are predominantly deposit-suspensivorous mollusc eaters,
with Hydrobia ulvae as a principal prey in the Pertuis Charentais
(Quaintenne, 2010; Bocher et al., 2014).

In the present study, prey habitat preference was modelled to
better understand spatially the trophic niche of dunlin and red
knot. Two environmental gradients were used to model prey dis-
tribution: median grain size (MGS) and emersion time (ET). The
change in distribution between prey species depending on their
availability for both predator species was analysed in the specific
context of Yves Bay in October 2010, just before the peak of pre-
dation pressure.

In tidally structured ecosystems such as intertidal mudflats,
benthic distribution is influenced by a large set of environmental
variables with complex interactions (Ysebaert et al., 2002). How-
ever, benthic distribution is mainly driven by two of them: MGS
and ET (Thrush et al., 2003; Kraan et al., 2010; Compton et al., 2013).
Indeed, among physical gradients, ET and MGS play a particularly
important role in the functioning of intertidal areas, their biotic
composition, and processes (Gray, 1974): these two gradients affect
mobility, adsorption capacity, and desiccation resistance and are
themselves correlated with other environmental variables such as
particularities of local hydrodynamics or salinity (especially in es-
tuaries). Links between sediment characteristics and animal dis-
tribution are complex two-way relationships (Rhoads and Boyer,
1982).

Previous studies used MGS or both gradients to predict/describe
benthic species distributions (Sanders, 1958; Wells, 1978; Dankers
and Beukema, 1981; Creutzberg et al., 1984; Beukema, 1993; Yates
et al., 1993). The recent development of ecological modelling has
allowed ecologists to describe these non-linear and asymmetric
animalesediment relationships in soft-bodied ecosystems with
often zero-inflated data (Anderson, 2008; Compton et al., 2009)
and taking account spatial autocorrelation (Kraan et al., 2010). We
propose to model the complex habitat preferences of main prey of
shorebirds along two gradients, ET andMGS, in Yves Bay in order to
study the trophic segregation of dunlin and red knot according to
prey availability distribution.

Yves Bay is a wintering site of international importance in most
years for dunlin and red knot and of national importance every year
for no less than nine shorebird species (Delaney et al., 2009). Dunlin
and red knot account formore than 2/3 of overwintering shorebirds
in this bay. Shorebird densities of dunlin observed in winter during
the peak of presence of shorebirds are among the highest recorded
with approximately four birds per hectare (Santos et al., 2005), with
highest densities between October and January (see
Supplementary Materials Annex xx [add at proof]).

In the present work, we firstly describe the main macrobenthic
prey distribution in the specific context of Yves Bay and analyse
how this distribution changes between the prey species, and also
depending on the available fraction for red knot vs. dunlin. Then,
we aim to predict their respective niches spatially by means of the
two main abiotic environmental gradients of mudflats determinant
for their prey distribution, MGS and ET. Wewill first model the prey
distribution depending on these two environmental gradients. We
hypothesise that (1) our results will confirm the conclusions of
previous studies in comparable mudflats concerning prey site-
specific and species-specific habitat preferences (Bocher et al.,
2007; Compton et al., 2009). Based on our knowledge of diets for
red knot and dunlin in the Pertuis Charentais, we will compare this
first distribution (i.e. the distribution of the total resource) with the
distribution of available resources for red knot on the one hand and
dunlin on the other hand. Due to quantitative and qualitative dif-
ferences in their trophic niches (Bocher et al., 2014), we hypothe-
sise (2) spatial differences in the distribution of their respective
available prey along the two explanatory gradients. The final
objective is to compare benthic distributions along these two
environmental gradients and describe how environmental gradi-
ents can help predict the available biomass for shorebirds in a
spatially structured environment.

2. Materials and methods

2.1. Study area

Yves Bay (46�020N, 01�030W) is located in the Pertuis Charentais,
a series of straits around the islands of Ol�eron and R�e in the central
part of the French Atlantic Coast (Fig. 1). This intertidal bay covers
an area of 1200 ha of mudflat with a strong northesouth substra-
tum granulometric gradient. The sandier area in the north is partly
covered with a seagrass bed, while the muddy-soft substratum
towards the south is purely bare mudflat (Bocher et al., 2007). The
lower tidal area of the bay is dedicated to oyster and mussel cul-
tures. At the north of the bay, the coastal marshes are included in a
nature reserve (RNN duMarais d’Yves, 192 ha) and used as a roost by
shorebirds at high tide during the spring tide.

2.2. Sediment characteristics

Within each 500 m, a sediment sample was collected (Fig.1) to a
maximum depth of 8 cm. MGS (mm) and the percentage of silt
(fraction < 63 mm) were determined using a Malvern Mastersizer
2000 diffraction laser (particle sizes analysed from 0.04 to
2000 mm). MGS was preferred to the silt fraction d both are highly
correlated with each other in our study case (r ¼ �0.90, n ¼ 62,
Pearson)d to facilitate later comparisonwith the literature. For the
stations where sediment samples were not taken, MGS was esti-
mated by spatial interpolation using kriging with a “gstat” R
package (Pebesma, 2004).

2.3. Emersion time (ET)

The time interval during which the mudflat stays emerged was
estimated by using sea level predictions from a regional tidal
model. This model resolves the shallow water equations on a high-
resolution finite element grid by using the TELEMAC software
(Hervouet, 2007). The spatial resolution of the grid varies from
several km in deep water to about 30e50 m near the coast. More
details about the method, open boundary forcing, and the calibra-
tion can be found in (Nicolle and Karpytchev, 2007; Nicolle et al.,
2009), where the model was applied for predicting tides and
storm surges.

The current model version uses a recently updated finite
element grid based on the latest bathymetric surveys and Lidar data
as described in (Guizien et al., 2014) and in (Fossette et al., 2015),
where the model was applied for tracking passive tracers and jel-
lyfish in the Pertuis Charentais.



Fig. 1. Map of Yves Bay and the sampling grid, with location in France.
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2.4. Benthic macrofauna sampling

From 18 October to 2 November 2010, benthic macrofauna were
collected over a predetermined 250 m grid covering estuarine
intertidal mudflats of Yves Bay (Fig. 1) following a proven sampling
protocol (Bocher et al., 2007; Kraan et al., 2009; Bijleveld et al.,
2012). Each station was located using a handheld GPS device. Out
of 252 stations sampled, 74 were sampled by foot (during low tide)
using a sediment core covering an area of 0.018m2 down to a depth
of 20e25 cm. The top fraction (first 4 cm in the sediment) was
separated from the bottom fraction to be able to segregate the
accessible benthos fraction for red knot and dunlin. We took an
additional core (70 mm diameter) covering 0.0038 m2 to a depth of
4 cm for sampling exclusively the very abundantmudsnailHydrobia
ulvae (Pennant) (Bocher et al., 2007). When the tide covered the
mudflats with water (0.4e2.0 m) and for the very soft and inac-
cessible southern part of the bay, sampling was done from boats
using inflatable zodiacs or other small vessels. From the boats, two
mud cores (100 mm diameter) covering a total of 0.018 m2 to a
depth of 20e25 cm were taken. Only one core was taken into ac-
count for Hydrobia ulvae, and both were taken into account for any
other macrobenthic species. Sampling from boats or by foot yielded
identical estimates (Kraan et al., 2007). The top fraction in the cores
sampled by boat was interpolated from the proportions observed in
cores sampled by foot, based on size-species-specific proportions in
the top fraction as in (Kraan et al., 2009).

The cores were sieved over a 1 mmmesh, except for the H. ulvae
cores, which were sieved over a 0.5 mm mesh. All living molluscs
were collected in plastic bags and frozen until laboratory treatment.
Polychaetes and crustaceans were preserved in 70% ethanol.
2.5. Determination of benthic densities and biomasses

Later in the laboratory, molluscs were determined and counted,
and their maximum length was measured to the nearest 0.1 mm
with Vernier callipers.H. ulvaewere size-categorized from 0mmup
to 6 mm (e.g. size class 2 consists of individuals with lengths
ranging from 2 to 2.99 mm). The flesh of every mollusc specimen
exceptH. ulvaewas detached from the shell and placed individually
in crucibles (pooled by size, class, flesh and shell together). Cruci-
bles containing molluscs were dried in a ventilated oven at
55e60 �C to a constant mass and then weighed (DM ±0.01 mg).
Dried specimens were then incinerated at 550 �C for 4 h to deter-
mine their ash mass and then a proxy of their energy content: the
ash free dry mass (AFDM). H. ulvae flesh biomass (AFDMflesh) was
estimated for each station from the total biomass (AFDMfleshþshell)
with the following linear regression:
AFDMflesh ¼ 0.6876 � AFDMfleshþshell þ 7E-05 (R2 ¼ 0.99;
N ¼ 60 ind.).

Crustaceans and polychaetes were also identified, counted, and
measured, but AFDM was not determined for these phyla. Crusta-
ceans and polychaetes were not weighed due to insufficient
numbers of entire individuals to build regression equations.
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2.6. Available resources for shorebirds

Available prey biomasses for red knot Calidris canutus and
dunlin Calidris alpina were determined from the original benthic
dataset, first by isolating the accessible fraction (the top 4 cm of the
core, corresponding to the maximal length of the bill for both
species) and then considering suitable sizes of the prey (Piersma
et al., 1993). Harvestable prey were discriminated by size based
on previous studies of feeding ecology of both species in the French
Pertuis Charentais (Quaintenne, 2010; Drouet, 2014). Red knot are
considered exclusive molluscivore shorebirds, and thus only
mollusc species were kept according to profitable and ingestible
size (i.e. all Abra spp., Cerastoderma edule [3e10 mm], Macoma
balthica [3e15 mm], Scrobicularia plana [4e12 mm], and all
H. ulvae). For the dunlin, molluscs and annelids were kept (i.e. all
Abra sp., Cerastoderma edule [2e8 mm], Macoma balthica
[8e10 mm], Scrobicularia plana [2e12 mm], all H. ulvae, all Retusa
obtusa, all Nephtys hombergii, and all Hediste diversicolor). However,
part of their diet may consist of bivalve siphons, especially of large
and deeply buried S. plana, which are highly localized in the
mudflats of the Pertuis Charentais (Bocher et al., 2007). Siphon
cropping was never quantified in our ecosystem, but represented a
significant fraction of the diet in both shorebird species in previous
studies (Zwarts, 1986; Moreira, 1997; Martins et al., 2013).

2.7. Modelling of benthic spatial distribution

Generalised linear models (GLMs) were used to model the
benthic distribution of the principal benthic species in our system
according to ET and MGS gradients (C. edule, M. balthica, Nephtys
hombergii, H. ulvae, and S. plana), assuming the adequate family
distribution depending on the prey species and dataset considered
(e.g. Gaussian, Negative Binomial, Binomial). Variograms of model
residuals were produced to confirm the absence of spatial auto-
correlation, and models were validated by a visual inspection of the
residuals. Explanatory variables included ET, MGS, their interaction,
and their quadratic terms (Kraan et al., 2010). The response vari-
ables were the counts per core of the most occurring species
(C. edule, M. balthica, N. hombergii, S. plana), presence/absence of
macrobenthos, and biomass of H. ulvae and M. balthica for the total
resource sampled, the available fraction for dunlin, as well as the
available fraction for the red knot. Model selectionwas based on the
Akaike information criterion considering best models with D AIC
>2 (Akaike, 1974; Burnham et al., 2011). In the case of models with
equivalent AIC or when D AIC <2, the principle of parsimony was
applied, keeping the model with the lower number of parameters.
H. ulvae density and biomass showed some high residual values in
the models, due to some local aggregations of individuals. Despite
the difficulty to adjust the models with these values, we chose to
keep them in the dataset because of their biological relevance for
shorebirds, corresponding to a known fact and not to a sampling
error (i.e. high densities of H. ulvae in ridges as a result of specific
hydrodynamic conditions or floating ability of this mudsnail
(Armonies and Hartke, 1995; Haubois et al., 2002)]).

Statistical analyses of the data were performed using R version
3.2.1 (R Development Core Team, 2015) using packages gstat
(Pebesma, 2004) and MASS (Venables and Ripley, 2002). ArcGIS®

software version 10.1 by ESRI was used for mapping results.

3. Results

3.1. Sediment characteristics

The sediment size distribution in Yves Bay (Bay of Biscay,
France) revealed a strong gradient of sandy to muddy sediment
(i.e. less than 8 km) with MGS ranging from 269 to 20 mm and silt
fractions ranging from 0 to 51% (from north to south) and could
be the result of coarse sand coming from beach replenishment in
the north (M-L. Cayatte and C. Goulevant, pers.com). This
gradient is steeper than in previous studies analysing the effect of
sediment size on benthic distribution (e.g. in Creutzberg et al.,
[1984] MGS ranged from 100 mm to 300 mm and silt fraction
from 0 to 20%, in Kraan et al., [2010] MGS ranged from 100 mm to
250 mm) and provides us with a quasi-experimental setting for
testing the combined effects of physical substrate characteristics
and ET on species distribution and densities, as well as the
biomass distribution of macrobenthic prey in this mudflat
ecosystem.

Original values revealed a strong northesouth granulometric
gradient with a significant increase of MGS values with increasing
latitude (linear regression; p-value <0.0001). MGS values predicted
by the model were much lower in the south (minimum 20 mm)
compared to the north (maximum 269 mm) for a given distance to
the coast (Fig. 2).
3.2. Emersion time (ET)

Across the stations, ET ranged from 0 to 9.2 h for a mean tidal
cycle of 12.5 h, with three stations located in the limit subtidal/
intertidal (ET ¼ 0 h) (Fig. 2). The sampling stations did not cover all
of the intertidal area, but the number of stations with low ET values
was sufficient to apply our models. In our study system, the two
variables (ET and MGS) were weakly correlated (Pearson
coefficient ¼ 0.39).
3.3. Benthic macrofauna

A total of 32 OTUs (operational taxonomic units) were identified
for all macrobenthic organisms collected, with 26 identified to the
species level. Among these 32 OTUs, 13 belong to the phylum
Mollusca (8 bivalves and 5 gastropods), 7 to the subphylum Crus-
tacea, and 12 to the phylum Annelida (Table 1). The mudsnail
Hydrobia ulvae accounted for more than 91% of the total number of
macrobenthos individuals, and four other taxa composed more
than 70% of the remaining macrobenthos: the bivalves Cera-
stoderma edule, Macoma balthica, Scrobicularia plana, and the
polychaete Nephtys hombergii. The most common and widespread
main occurring species (i.e. present in more than 9% of the stations)
were Cerastoderma edule, Macoma balthica, Scrobicularia plana,
Hydrobia ulvae, and Nephtys hombergii (Table 1). The four common
mollusc species represented more than 99% of the total molluscan
biomass in the bay.

The spatial distribution of these four dominant mollusc spe-
cies and the polychaete Nephtys hombergii in the bay were
different (Fig. 3). Scrobicularia plana formed a belt along the coast
with the highest densities in the upper intertidal zone, and
mostly in the south. Hydrobia ulvae was the most occurring
species (present in more than 70% of the sampling stations), with
lower densities in the lowest part of the intertidal. Cerastoderma
edule was patchily distributed and occurred in less than 10% of
sampling stations, mostly concentrated in the north of the bay.
Macoma balthica abundances were concentrated in the upper
intertidal zone, but equally spread in latitude. The overall mollusc
biomass was located mostly in the upper intertidal area, with no
perceptible preference between the north and the south.
N. hombergii was present in nearly 40% of the stations, with
highest densities in the middle and lower intertidal area, mostly
in the north of the bay.

http://pers.com


Fig. 2. (A) Median sediment grain size distribution in Yves Bay, empirical values þ interpolated values using kriging (on the right, in mm); (b) ET per sampled station using sea level
predictions from a regional tidal model (on the left, in h).
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3.4. Modelling of benthos densities and biomass along the two
environmental gradients

GLMs were applied to total resource and available resources for
dunlin and red knot, respectively (Table 2).

Predictions were represented in two dimensions when only one
gradient was used in the model (Fig. 4). When the interaction be-
tween the two gradients better predicted benthos densities or
biomass, we represented the predictions in three dimensions: X
and Y axes horizontally projected representing MGS and ET,
respectively, and Z axis vertically projected representing the pre-
diction of response variable (Fig. 5.). Depending on the species, the
data constrained us to only model densities or biomass.

Macoma balthica numbers were predicted to reach 3 individuals
per core in areas with the highest ET, and the available fraction
predicted for the shorebirds followed the same perceived habitat
preference, reaching 2e2.5 individuals per core for the dunlin and
the red knot (Fig. 4a).

Macrobenthos was predicted to be absent from the samples
(oligotrophic areas) with the lowest ET, with a maximal probability
of 60% when the total macrobenthic resource is considered. The
predicted distribution for the available fraction for dunlin and red
knot was comparable, with highest probabilities (90% for both
shorebird species when the ET was null) (Fig. 4b).

Cockles were predicted to be found in higher numbers in areas
with a large MGS (150 mm�250 mm), with a maximum total
resource predicted of z3 ind/core, z 2 ind/core for dunlin and
z2.5 ind/core for red knot (Fig. 4c).

Scrobicularia plana was predicted in higher densities in areas
with the longest ET and the lowest MGS for the total resource as for
the available fraction for dunlin (Fig. 5a and b). Available S. plana
numbers for red knot were predicted to be found in areas with the
highest ET (Fig. 5c). The number of individuals per core was pre-
dicted to reach 40.00 g m�2 for the total resource, and the pre-
dictions for dunlin and red knot dropped down to 3.00 g m�2 and
0.60 g m�2, respectively.
The highest biomasses of Macoma balthica (0.70 g(AFDM).m�2)

were predicted in areas with the longest ET for the total resource.
Individuals available for dunlin were situated in areas combining
large grain sizes and also long ET (up to 0.15 g(AFDM).m�2), and for
red knot in areas with higher ET (up to 0.40 g(AFDM).m�2) (Fig. 5def).

Nephtys hombergii numbers were predicted to reach no less than
120 individuals per core in areas with the highest MGS and a
minimal ET of 4 h. The available fraction for dunlin followed the
same predicted distribution but with lower numbers (only the
accessible fraction is available) (Fig. 5g, h).

Hydrobia ulvae biomass was predicted in higher density (up to
6.00 g(AFDM).m�2) in habitats combining long ET and an MGS of
about 150 mm (Fig. 5i).
4. Discussion

This study presents the macrobenthic fauna distribution on an
intertidal mudflat, with a strong granulometric gradient. This small
bay appears as a rare opportunity for testing independently the
influence of ET gradient and sediment structure on the distribution
of macrobenthic species as these two variable are uncorrelated in
this study case. The independence of these usually highly corre-
lated variables may be explained by anthropogenic causes. Such a
steep granulometric gradient is probably caused by the conjunction
of natural hydrodynamic conditions and anthropogenic input of
sand from beaches on immediate northern coasts of the entrance of
the Bay, (Prof. Eric Chaumillon, LIENSs laboratory, pers. comm.),
resulting in extremely coarse sediment in the north of the Bay. This
study highlighted species-specific distributions for benthic species
along the two gradients considered, with sometimes overlapping
perceived habitat preferences. The existence of animalesediment
relationships in mudflat ecosystems is undisputed (Anderson,
2008), but many other factors can influence prey spatial distribu-
tion. In this study, we only used two environmental gradients to



Table 1
Frequency of occurrence (Occ), mean densities with min. and max. values, total biomass, total number, and mean sizes with min. and max. values of benthic macrofauna, Yves
Bay (2010).

Species Abr. Occ.
(%)

Density
(ind/m2)

AFDM
(mg/m2)

Nb Size
(mm)

Bivalves
Nucula nitidosa 3.2 2.8 ± 17.3 (0e191.0) e 11 4.5 ± 2.8 (2.1e10.6)
Mytilus edulis 0.4 0.3 ± 4.0 (0e63.7) <0.1 1 e

Cerastoderma edule CER 9.1 8.8 ± 32.3 (0e282.9) 307.6 37 10.7 ± 4.8 (2.1e23.9)
Ruditapes sp 1.6 1.0 ± 7.8 (0e63.7) <0.1 4 e

Macoma balthica MAC 24.6 27.5 ± 64.7 (0e573.0) 1159.0 114 10.3 ± 4.0 (2.4e21.6)
Scrobicularia plana SCR 9.1 13.6 ± 55.2 (0e445.6) 2152.4 55 18.4 ± 10.1 (3.5e35.5)
Abra tenuis 0.8 0.5 ± 5.7 (0e63.7) <0.1 2 e

Corbula gibba 2.0 1.3 ± 8.9 (0e63.7) <0.1 5 6.9 ± 2.3 (5.0e10.1)
Gastropods
Gastropoda sp. 0.4 0.3 ± 4.1 (0e63.7) e 1 e

Hydrobia ulvae HYD 73.4 6148.4 ± 11,687.3 830.6 8267 2.4 ± 1.4 (0e6)*
(0e78,213.3)

Retusa obtusa 2.0 2.5 ± 20 (0e254.6) e 10 2.7 ± 0.7 (0e3.4)
Bittium reticulatum 0.4 1.8 ± 28.5 (0e452.7) e 8 e

Cyclope neritea 0.4 0.3 ± 4.0 (0e63.7) e 1 e

Crustaceans
Cyathura carinata 0.4 0.2 ± 3.6 (0e56.6) <0.1 1 e

Idotea chelipes 0.4 0.2 ± 3.6 (0e56.6) e 1 e

Gammarus locusta 1.6 2.3 ± 25.0 (0e382.0) <0.1 9 6.7 ± 2.0 (5.7e10.9)
Urothoe marina 0.4 0.7 ± 10.7 (0e169.8) e 3 e

Corophium volutator 2.0 68.1 ± 1015.1 e 66 e

(0e16,110.4)
Pagurus sp. 0.4 0.3 ± 4.0 (0e63.7) e 1 e

Carcinus maenas 0.8 0.5 ± 5.4 (56.6e63.7) e 2 e

Polychaetes
Arenicola marina 1.2 0.7 ± 6.1 (0e56.6) e 3 e

Notomastus latericeus 1.6 1.0 ± 8.0 (0e63.7) e 4 e

Diopatra spp 2.0 1.8 ± 13.2 (0e127.3) e 7 e

Glycera convoluta 0.4 0.2 ± 3.6 (0e56.6) <0.1 1 e

Nepthys spp 2.4 1.5 ± 9.7 (0e63.7) e 6 e

Nephtys hombergii NHO 36.9 40.5 ± 66.0 (0e339.5) 230.4 169 22.2 ± 5.7 (10.5e42.2)
Nereis spp 0.8 0.4 ± 5.0 (0e56.6) e 2 e

Hediste diversicolor 4.0 3.1 ± 17.6 (0e191.0) e 13 60.8 ± 12.6 (31.0e77.4)
Allitea succinea 2.8 2.4 ± 16.6 (0e191.0) e 10 53.1 ± 21.6 (21.1e93.1)
Neanthes irrorata 0.4 0.2 ± 3.6 (0e56.6) e 1 e

Pectinaria koreni 0.4 0.3 ± 4.0 (0e63.7) e 1 e

Owenia fusiformis 2.0 1.2 ± 8.1 (0e63.7) e 5 e

*Hydrobia ulvae individuals were categorized by 1 mm size classes.
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model macrobenthic distribution. However, in the context of the
present study, given the spatial scale covered by the sampling grid
(<12 km2), environment variables like pollution or factors affecting
colonisation could be considered constant across the study site.

Among prey species, the principal occurring prey (species found
in more than 20 stations out of 252, i.e. Cerastoderma edule,
Hydrobia ulvae, Nephtys hombergii, Macoma balthica, and Scrobicu-
laria plana) showed different distribution. Macrobenthos was
concentrated in areas with the highest ET (i.e. near the coast) d a
result that is consistent with all previous studies in intertidal
mudflats, to the best of our knowledge d and explained mainly by
the highest productivity of the upper intertidal areas, usually richer
in nutrients thanks to a combination of reduced solute transport
and increasedmicrobial processes (Kuwae et al., 2003) and a higher
exposition to light. When compared to previous studies, the dis-
tribution of the main species showed distributional trends consis-
tent with those previously described for the Pertuis Charentais
(Bocher et al., 2007; Compton et al., 2009).

Our predictions were applied on grids covering the entire range
of ET values and MGS values interpolated. However, the combina-
tion of a highMGS (<200 mm) and low ET (<5 h) was not realistic for
Yves Bay, and did not represent any observable combination in the
field. We therefore predicted prey distributions on their potential
niche (including unrealistic combinations between ET values and
MGS values) instead of their 'realised' niche (taking into account
only the realistic combinations between the two variables) (Kraan
et al., 2013). This bias forced us to constrain the grid representing
Nephtys hombergii numbers, for instance (Fig. 5), and yielded light
over-predictions for Scrobicularia plana in the grid cells corre-
sponding with low MGS and high ET values as well as for Macoma
balthica for high ET values.

The comparative analysis of the trophic niches of two dominant
shorebird species in Yves Bay (Calidris canutus and Calidris alpina),
based on the fraction of benthos that is potentially available to
them (in terms of depth, size and taxa), highlighted trophic habitat
overlap as well as segregation between the shorebird species via
their prey habitat perceived preferences. Available resources for red
knot and dunlin encompassed the main macrobenthic species in
the system in terms of abundance and biomass. We showed con-
trasting distribution between prey species, but also depending on
the harvestable sizes considered for a given species: habitat dis-
tribution was different between the available fraction for dunlin
and red knot (i.e. for M. balthica and S. plana abundances).

All Hydrobia ulvae were available for dunlin and red knot;
however, only a small portion of S. planawas available to them (1/3
for dunlin and 1/4 for red knot). As Hydrobia were dominant and
widely spread over the bay, we could consider them as ad libitum
for shorebirds. Segregation in space between the two shorebird
species should therefore concern preferred species which differ in
terms of quality and accessibility.



Fig. 3. Spatial distribution of the four main mollusc species, the most abundant annelid species, and the total macrobenthos collected in Yves Bay: the cockle Cerastoderma edule, the
mud snail Hydrobia ulvae, the tellinid bivalve Macoma balthica, the peppery furrow shell Scrobicularia plana, and the polychaete Nephtys hombergii. Due to much higher densities for
H. ulvae and the total biomass, the two maps on the left are presented with a distinct legend (in black), whereas other species are represented with a grey legend.

A.S. Philippe et al. / Estuarine, Coastal and Shelf Science 174 (2016) 71e81 77
The available fraction for dunlin was always smaller than the
available fraction for red knot when we considered only bivalve
species abundances and biomass. Dunlin aremore restricted by size
and quality of their prey. Energy requirements of dunlin are smaller,
since their body mass is less than half the body mass of red knot in
the Pertuis Charentais (van de Kam et al., 2004).

Through the modelling of perceived habitat preferences of their
main potential prey, we could highlight spatial trophic niches
overlap, but models also showed potential segregation. We can
hypothesise that trophic overlap carries over effects in terms of
competition, particularly for very abundant and easily accessible
species such as H. ulvae. However, the available fraction of
M. balthica biomass and also S. plana numbers have highlighted
distinct habitat preferences, and their distribution changed
depending on the size of the fractions considered. Moreover,
N. hombergii is a prey that is absent from the diet of red knot and
could potentially constitute a sort of trophic way out for dunlin.
Besides, N. hombergii could very well be a spatially segregative prey
species for dunlin, as this prey was predicted in higher densities in
lower ETand higher grain sizes in the north-western part of the bay,
as opposed to nearly all other potential prey for the two shorebird
species considered. Since dunlin have shown to experience trophic
shifts depending on environmental conditions or seasons (Kuwae
et al., 2010; Martins et al., 2013) and were described successively
as worm eaters (Bocher et al., 2014) or principally mollusc eaters in
spatially close environments (Drouet, 2014), it would be interesting
to test whether this trophic shift demonstrated in the Pertuis
Charentais is linked with the competition pressure between our
two dominant shorebird species and translates into changing
feeding areas in the Bay. Do dunlin feed more on worms and small
S. plana, for instance, when red knot are found in very high
numbers in the same area?

We underline the fact that the present study is a snapshot study.
Models presented here should not be used to predict the distri-
bution of species in distant spatial and temporal contexts as the
distribution of species in amudflat ecosystemhas shown important
inter-annual variability (van der Meer, 1999; Kraan et al., 2013).
However, the study showed prey species distribution to be
consistent with previous studies, particularly with studies of prey
species distribution in other mudflats in the Pertuis Charentais in
2004 (Bocher et al., 2007; Compton et al., 2009).

On the small spatiotemporal scales (e.g. tidal scale, mudscale),
knowledge of the distribution of MGS and ET in a mudflat of the
Pertuis Charentais can help predict abundances of macrobenthos
and can potentially affect directly the distribution of Calidris alpina
and Calidris canutus. And it is very likely that shorebirds, especially
C. alpina and C. canutus, would be foraging in areas with higher ET
(i.e. on the upper intertidal areas) and progressively follow the
water line with changing prey accessibility and availability. It is
expected that shorebirds would change their foraging preferences
according to environmental gradients influencing the distribution
and biomass of their prey as it has been described for other



Table 2
Selection of the minimal adequate model (bold) based on AIC values (D AIC >2) for
the most occurring prey in the system and in the diets of shorebirds, in counts (n),
biomass (b), or presence/absence (P/A) depending on the species. Six models are
compared; the ‘Full’ model represents the interaction of ET and MGS and their
quadratic terms. Distribution family of the data is detailed, ‘NB’ for negative bino-
mial, ‘B’ for binomial, ‘G’ for Gaussian. Abbreviations refer to Table 1.

Total resource

(1) HYD- (b) (2) MAC e (b) (3) CER e (n) (4) NHO e (n)
Family NB Family G Family NB Family NB
Model DAIC Model DAIC Model DAIC Model DAIC
Full 0 ET 0 MGS 0 ET � MGS 0
ET 30.88 ET þ MGS 0.35 ET þ MGS 1.46 Full 0
ET þ MGS 30.15 ET � MGS 0.89 ET 4.12 MGS 14.38
ET � MGS 32.07 Full 1.23 ET � MGS 3.42 ET þ MGS 15.25
MGS 141.32 Null 7.69 Full 3.42 Null 21.69
Null 144.69 MGS 9.66 Null 6.2 ET 23.68

(5) SCR e (n) (6) MAC e (n) (7) Benthos e P/A
Family NB Family NB Family B
Model DAIC Model DAIC Model DAIC
ET þ MGS 0 ET 0 ET 0
ET � MGS 1.00 ET þ MGS 1.95 ET þ MGS 1.78
Full 1.00 ET � MGS 3.87 ET � MGS 0.92
ET 18.46 Full 3.87 Full 0.92
MGS 30.30 Null 30.88 MGS 19.06
Null 35.93 MGS 30.17 Null 23.18

Available resource for C. alpina

(1) HYH e (b) (2) MAC e (b) (3) CER e (n) (4) NHO e (n)
Family NB Family G Family NB Family NB
Model DAIC Model DAIC Model DAIC Model DAIC
Full 0 ET þ MGS 0 MGS 0 ET � MGS 0
ET 30,88 ET � MGS 1.62 ET 1.85 Full 0
ET þ MGS 30.15 Full 0.57 ET þ MGS 1.50 MGS 14.92
ET � MGS 32.07 MGS 4.51 Null 3.13 ET þ MGS 16.19
MGS 141.32 ET 4.64 ET � MGS 3.48 Null 19.36
Null 144.69 Null 17.36 Full 3.48 ET 21.35

(5) SCR e (n) (6) MAC e (n) (7) Benthos e P/A
Family NB Family NB Family B
Model DAIC Model DAIC Model DAIC
ET þ MGS 0 ET 0 ET 0
ET 2.2 ET þ MGS 0.49 ET þ MGS 1.83
ET � MGS 1.85 ET � MGS 2.19 ET � MGS 3.83
Full 1.85 Full 2.19 Full 3.83
Null 7.73 MGS 16.26 MGS 50.02
MGS 8.69 Null 19.63 Null 61.24

Available resource for C. canutus

(1) HYD e (b) (2) MAC e (b) (3) CER e (n) (4) NHO e (n) *
Family NB Family G Family NB Family NB
Model DAIC Model DAIC Model DAIC Model DAIC
Full 0 ET 0 MGS 0 e e

ET 30.88 ET þ MGS 0.14 ET 1.13 e e

ET þ MGS 30.15 ET � MGS 2.04 ET þ MGS 0.26 e e

ET � MGS 32.07 Full 2.29 ET � MGS 2.25 e e

MGS 141.32 Null 8.23 Full 2.25 e e

Null 144.69 MGS 10.23 Null 4.95 e e

(5) SCR e (n) (6) MAC e (n) (7) Benthos e P/A
Family NB Family NB Family B
Model DAIC Model DAIC Model DAIC
ET 0 ET 0 ET 0
ET þ MGS 1.23 ET þ MGS 2,00 ET þ MGS 0.93
ET � MGS 0.54 ET � MGS 4.00 ET � MGS 1.73
Full 0.54 Ful 4.00 Full 1.73
Null 5.03 Null 27.93 MGS 66.85
MGS 6.29 MGS 26.43 Null 71.94

*Species not ingested by C. canutus.

Fig. 4. (A) M. balthica abundances distribution predicted along ET gradient, (b) benthic
macrofauna absence probability modelled along ET gradient, and (c) C. edule abun-
dances modelled distribution depending on MGS. Lines indicate the predictions and
dots indicate the original data. In black the distribution for the total resource, in grey
the resources available for dunlin, and in lighter grey the resources available for red
knot.
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waterbirds (Takekawa et al., 2009).
Can the potential trophic niche described here be directly linked

with the spatial distribution of shorebirds in the field? One study
could directly link sediment characteristics to bird densities (Yates
et al., 1993), and another succeeded in linking habitat loss to
shorebird densities (Kraan et al., 2009). In the latter study, a solu-
tion to link benthic resource with bird distribution was developed
using intake rates based on a functional response model to assess
variations in suitable foraging area due to cockles dredging, and not
directly using environmental variables. Such studies cannot be
generalised and are based on local peculiarities. On a small spatial
scale, for predicting foraging areas, one needs to assess prey pref-
erence through the analysis of quality (van Gils et al., 2006). Diffi-
culties appear when we want to predict bird densities in time and



Fig. 5. (A) S. plana abundances modelled distribution along two environmental gradients for total resource, (b) resources available for dunlin, and (c) depending on ET for red knot;
(d) M. balthica biomass modelled distribution along ET gradient for the total resource, (e) along ET and MGS for dunlin, and (f) only ET for red knot; (g) N. hombergii abundances
modelled distribution along two environmental gradients, MGS and ET, for the total resource and (h) for the resources available for dunlin; (i) H. ulvae modelled distribution along
two environmental gradients, MGS and ET, for the total resource, the resources available for dunlin, and the resources available for red knot.
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space. Such models cannot deal with complex interspecific and
intraspecific interactions (Folmer et al., 2012), as well as flyway
population trends (Rolet et al., 2015).

Anthropogenic causes to this north-south strong granulometric
gradient described in this study is plausible and can be the
consequence of beach replenishment given north south longshore
drift together with beach replenishment since the late 1980's, this
gradient can be the consequence of increased erosion, with long
shore transport also directed from north to south (Schoeman et al.,
2004). Multiple studies have addressed the issue of human activity
(e.g. dredging, aquaculture, and coastal management) directly
impacting mudflat macrofauna through hydrodynamics and sedi-
ment characteristics (Leguerrier et al., 2004; Kraan et al., 2007;
Masero et al., 2008; Compton et al., 2009). Few studies have inte-
grated higher trophic levels into the picture, and revealed the
potential of macrobenthos as a bioindicator of habitat characteris-
tics as well as an indicator of available food resources of top-
predators or densities of shorebirds (Yates et al., 1993; Newton,
1998; Kraan et al., 2009). However our study could not directly
connect beach replenishment, to macrobenthos density and
shorebird distribution on the mudflat; this link could only be tested
by reiterating the same field and laboratory effort in the future.

However, the present study emphasises the integrative poten-
tial of macrobenthic fauna to assess the impacts of habitat change
(e.g. dikes, storms, land use) on intertidal and/or estuarine mudflat
ecological functioning and approach the complex interactions
among physical gradients, prey habitat preferences, and potential
niche of two dominant shorebird species. We aim at supporting the
idea that any change in the habitat (e.g. in grain size distribution,
inundation time, or hydrodynamics) implies direct changes in
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benthic abundances and biomass (Cozzoli et al., 2014) and could
cascade up to the highest trophic levels (e.g. shorebirds distribution
and densities, in our case). However, insufficient data were avail-
able to our knowledge for our study site concerning the temporal
evolution of the gradients and the spatial distribution of shorebirds
in the bay to conduct an integrative study. Local or national con-
servation measures for shorebird populations should not rely only
on total feeding resource estimates or single-species carrying ca-
pacity calculations. Shorebirds experience competition and flexible
foraging behaviour, and as migratory species, their population is
affected by a large set of variables (van de Kam et al., 2004). Pro-
tecting these long distance migrants supposes a thorough under-
standing of their behaviour and long-term monitoring of the
ecosystems they inhabit.
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