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a b s t r a c t

The relationship between foraging shorebirds, macrobenthos and sedimentary parameters has been
widely studied across Western Europe. Megatidal areas have large zones uncovered when the water
retreats. Consequently, in such cases, the tide also influences foraging activities. This paper examines the
use of an intertidal space by waders to define how macrobenthic resource concentrates foraging activity
of birds in a large megatidal sandflat. This approach combines accurate spatial distribution of waders
(Oystercatcher, Eurasian curlew, Bar-tailed Godwit and Redknot) according to their activity with
ecological/biological parameters. A differential exploitation of the flat is clearly shown, with macro-
benthic biomass appearing as one of the main explanatory factor for the four species considered on the
western part of the bay and altitude (shore elevation) in the eastern part. The novelty of this study relates
to the large area, also presumed to be a functional unit, while considering at the same time the singu-
larities of the different parts of the flat. This multi-scale approach identifies important factors influencing
the differential distribution patterns observed. The different selected parameters present an important
variability in their contribution, underlining the complexity of explaining the distribution of foraging
birds. Consequently, the study of such complex phenomena needs to consider additional variables to
improve the relevance of explanatory models.

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

The macrobenthos is an essential element for the functioning of
estuarine and intertidal ecosystems. Many authors have high-
lighted the predominant function of this compartment in benthic
and pelagic foodwebs, in particular its nutritional importance for
coastal birds (Goss-Custard, 1980, Goss-Custard et al., 2006; Baird
et al., 1985; De Smet et al., 2013). Waders present a spatial distri-
bution strongly connected to the local food supply (van de Kam
et al., 2004). Consequently, they depend on benthic assemblages
characterized by specific species’ composition presenting high
biomasses (Evans et al., 1984; McLusky and Elliott, 2004; Moreira,
1997; Newton, 1998) especially during migration (Piersma and
roy).
Jukema, 1990; Piersma et al., 1993) and cold periods (Kersten and
Piersma, 1987; Piersma, 1990; Degr�e, 2006). Under natural condi-
tions, one of the difficulties in investigating such trophic relation-
ships is to clearly identify, at a given time, the resources and their
exploitation modalities by predators (Ponsero and Le Mao, 2011).
Furthermore, nearby roosting sites also play a key role in the
presence of an abundant and diverse wader community in terms of
species and of life cycle stages (Triplet et al., 2003; Granadeiro et al.,
2007; Le Corre et al., 2009).

Shorebirds feeding on intertidal areas are also highly mobile.
Indeed, the wader prey are influenced by the tide, consequently, a
similar tidal rhythm can be observed in these birds’ foraging ac-
tivity. (McLusky and Elliott, 2004). Each habitat has then a char-
acteristic temporal pattern of use by shorebirds related to tide time
rather than feeding time as shown by Burger et al. (1977). The way
waders use space in terms of intensity is not only a function of the
time during which the areas are available, but also of the bird
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behavior in relation to the advancing and receding tide (Granadeiro
et al., 2006). Trophic competitive exclusionmay be avoided because
species move from point to point without fully exploiting the
available food reserves (Recher, 1966). Folmer and Piersma (2012)
showed that the spatial distribution of foraging waders also de-
pends on the endogenous social variable of aggregation made up of
the opposing mechanisms of conspecific attraction and repulsion.
The shorebird tendency to aggregate causes suitable habitat to
remain unoccupied (Folmer et al., 2010; Folmer and Piersma, 2012).
Tidal cycles which cause cyclic spatial and temporal variability in
their feeding grounds, strongly constrain the foraging activity of
estuarine species, and particularly of waders (Fleischer, 1983; van
de Kam et al., 2004; van Gils et al., 2005; Granadeiro et al., 2006;
van Gils et al., 2006). The presence of feeding waders in areas
covered by a thin layer of surface water (Palomo et al., 2003) or
where the sediment is wet (Kelsey and Hassall, 1989), is frequently
attributed to a higher level of prey activity in such areas
(Pienkowski, 1983). These conclusions were confirmed by Rosa
et al. (2007) which showed that sediment drainage and associ-
ated prey rhythms greatly influenced wader foraging patterns on
sediment flats. In a study carried out at a small spatial scale in the
Tagus estuary, Granadeiro et al. (2007) concluded that factors
mostly affecting the shorebird’s distribution are the exposure
period, the sediment type and the shell bank’s extent. Unfortu-
nately, most of these papers examined the distribution of birds
feeding in estuaries or bays only in relation to environmental fac-
tors (Bryant, 1979; Symonds et al., 1984; Goss-Custard and Yates,
1992; Yates et al., 1993; Moreira, 1993; Scheiffarth et al., 1996;
Granadeiro et al., 2004, 2007; Rosa et al., 2007), without consid-
ering the macrobenthic fauna. Preferably, such studies should be
based on data collected over a large fraction of the flats but resource
and logistic constraints often force researchers to reduce sampling
(e.g. by concentrating the sampling effort near the coast line).
Consequently, important factors influencing shorebird broad-scale
distribution patterns can be overlooked (Granadeiro et al., 2007).

In this study, we examine, inside a presumed functional unit,
how waders use intertidal space. The goal is to define how mac-
robenthic resources influence birds foraging activity in a large
megatidal sandflat. This approach is based on the combination of
accurate spatial distribution of waders depending on their activity
and ecological/biological parameters.

2. Material and methods

2.1. Study area

The field work was conducted in the bay of Saint-Brieuc
(800 km2 up to the isobaths 30 m, divided in two parts by the
bays of Yffiniac and Morieux), France (48�320N; 02�400W). The
study area enclosed about 2900 ha of tidal flats mainly dominated
by fine to medium sands and under the influence of a semi-diurnal
megatidal regime (Fig. 1). In this zone, tidal range varies between
4 m at neap tides and nearly 13 m during spring tide. From 1998 to
2008, the bay of Saint-Brieuc was home to over 20,000 shorebirds
during the winter months (Sturbois and Ponsero, 2014). Further-
more, four benthic assemblages are distributed in belts along an
inshore-offshore gradient of increasing grain-size sediments [see
Sturbois et al., 2015 for more details]. Benthic populations are
particularly stable in this area as shown for the cockle Cerastoderma
edule (Ponsero et al., 2009). During overwintering, waders repre-
sent one third of the total number of birds, and some species can
reach more than 1% of the overwintering national populations,
according to the threshold defined in the Ramsar convention
(Delany et al., 2009). Waders are dominated by seven species:
eurasian Oystercatcher Haematopus ostralegus, eurasian Curlew
Numenius arquata, grey Plover Pluvialis arquata, Redknot Calidris
canutus, Dunlin Calidris alpina, Sanderling Calidris alba, and Bar-
tailed Godwit Limosa lapponica. During cold winters, the site can
be of international interest for Redknot and Bar-tail Godwit. Since
1998, 1140 ha of tidal flats are protected as a National Nature
Reserve.

2.2. Distribution of macrobenthic resources and sediment analysis

The macrofaunal distribution was assessed during a survey
conducted in October 2010 (Fig. 1). At this date, 131 stations
(located inside and outside of the reserve) covering 2900 ha of
intertidal area were sampled according to a regular sampling
network (see Godet et al., 2009a). At each station, three 25 cm deep
sediment samples were collected formacrobenthic analysis, using a
17.6 cm2 cylindrical handcorer. The content of the cores were gently
sieved on site using a 1-mm square mesh sieve. The retained ma-
terial was preserved for analysis in 5% buffered formaldehyde with
added rose Bengal. A visual description of the sediment type was
recorded. The macrofauna were identified to the highest possible
taxonomic separation (usually species) and counted. The energetic
value (biomass) of each taxon was determined as g of AFDW per
0.1 m2 (loss of weight of dry organisms after 6 h at 520 �C). Two
samples of sediment (surface of 3.2 cm2, depth of 5 cm) were
collected from additional cores and subsequently analyzed for grain
size distribution and organic matter content. Sediment samples
were cleaned with water and left to settle for 48 h. Sediments were
then dried at 70 �C for 24 h and sieved through AFNOR standard
sieves, and weighed. The dried samples were combusted at 540 �C
for 4 h in order to determine the organic content (Hedges and Stern,
1984; Salonen, 1979). Additionally, the sediment shear stress
resistancewasmeasuredwith a scissometer at a depth of 10 cm as a
proxy for cohesion (Grabowski et al., 2011). All replicates were
collected at a maximal distance of 2 m from each station, using GPS
position-fixing (GPS Etrex Garmin).

2.3. Bird counts and localization of foraging areas

Considering the large scale of the study area, observations were
carried out during winters 2010/11 and 2011/12 in the bays of
Yffiniac and Morieux respectively (Fig. 1). A particular focus was
made on four of the most abundant wader species identified as
main consumers on the station and present in sufficiently large
numbers for adequate statistical analyses: eurasian Oystercatcher,
eurasian Curlew, Bar-tailed Godwit, Redknot (Ponsero and Le Mao,
2011).

Birds were counted regularly during daytime during the months
of January and February 2010, 2011 and 2012, using a telescope
(Kite SP-ED 80). The number of feeding birds was recorded during a
total of 54 tidal cycles, under conditions varying from neap to
spring tides. For each bird group, the species, the total number of
feeding and roosting individuals and the observation time was
noted. The localization of a bird group was calculated using a
trigonometric formula based on the observer’s geographical posi-
tion (determined with a Global Positioning System) and measures
of the bird group distance and its angle with the North:

X bird ¼ X observer þ sin (angle) x distance, with X ¼ longitude

Y bird ¼ Y observer þ cos (angle) x distance, with Y ¼ latitude

Distance to observers and viewing angle with the North were
provided using laser range-finding binoculars (Newcon LRB 3000
pro, 7 � 40). The binocular model used was able to measure a
distance up to 700 m which limited the disturbance of birds.



Fig. 1. Benthic intertidal assemblages identified in the bay of Saint-Brieuc. Points correspond to the 131 stations of the regular sampling network.
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2.4. Data analysis

All the statistical analysis was performed with R v. 3.1.2 (R
Development Core Team, 2015). The statistical description of sed-
iments, based on grain-size distributions, was computed with the R
package ‘G2Sd’ (see Fournier et al., 2014). Linear regression models
were used to test the putative effect of the altitude (shore elevation)
on the distribution of sedimentary parameters such as median
grain size, mean, shear stress resistance of sediment or mud
(<40 mm) content. The normality of residuals was checked with a
Shapiro-Wilk test.

The mean values of the number of species (S), total abundance
(N), Shannon diversity (H0), Simpson diversity (D0), Pielou eveness
(J) were computed for all stations. Macrobenthic assemblages were
defined previously in Sturbois et al. (2015) and presented in Fig. 1.
The relationship between richness, abundance, total biomass, di-
versity indices (Shannon index, Simpson Index, Pielou eveness) of
the benthic macrofauna and environmental parameters were
analyzed with multiple linear regression models. The best linear
models were selected using the ‘regsubsets’ function of the R
package ‘leaps’, which plots a measure of fit against subset size (see
Miller, 2002). The ‘regsubsets’ algorithm enables to select the
optimal combination of factors that best ‘explains’ the variance of a
variable.

We used a Poisson generalized regressionmodeling approach to
evaluate the relation between the cumulated presence of wader
species during the 54 headcounts between January 2010 and
February 2012 and environmental [mean grain size (MEA), median
grain size (MED), altitude (shore elevation) (ALT), shear stress
resistance of sediment (STR), organic matter of sediment (MOR),
water content of sediment (H20)] and ecologic parameters [rich-
ness (RICH), total abundance (ABUN), total biomass of benthic
macrofauna (BIOT), biomass of Cerastoderma edule (<10 mm)
(BIOC1), biomass of Cerastoderma edule (15e25 mm) (BIOC2),
biomass of other bivalves (BIOB) and biomass of other benthic or-
ganisms (BIOO)]. C. edule was considered separately regarding the
high biomass value (56.3% of total biomass) measured in the
mudflat. Maximum likelihood (r2ML) and Cragg and Uhler’s (r2CU)
Pseudo-R2 were calculated with the R package ‘pscl’ (see Jackman,
2015). We used a logistic regression modeling approach to evaluate
the spatial exploitation modalities of the different wader species
(McCullagh and Nelder, 1989). McFadden (r2MF) Pseudo-R2 coef-
ficient was calculated with the R package ‘pscl’ (Jackman, 2015).
3. Results

3.1. Sediment distribution

A significant effect of the altitude (shore elevation) on several
sedimentary parameters was demonstrated using linear regression
models, but the low R2 value reflects a high level of variation. The
mean grain size (F(1, 127) ¼ 7.866, p < 0.01, R2 ¼ 0.05), the median
grain size (F(1, 127) ¼ 7.486, p < 0.01, R2 ¼ 0.05) and the shear stress
resistance (F(1, 127) ¼ 31.31, p < 0.01, R2 ¼ 0.14) tend to decrease in
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relation to the altitude (shore elevation). The mud content in-
creases with the altitude (shore elevation) (F(1, 127)¼ 7.891, p < 0.01,
R2 ¼ 0.05). A multiple linear regression shows that shear stress
resistance seems to decrease significantly with altitude (shore
elevation), median grain size and water content of sediment (F(6,
122) ¼ 5.933, p < 0.001, R2 ¼ 0.18).

3.2. Biomass distribution

The mean biomass value in the whole study area is
5.03 g m�2 ± 8.09 and it is strongly correlated with bivalve biomass
(S ¼ 121,270; p < 0.001). Biomass values are significantly higher in
Yffiniac (7.85 g m�2 ± 9.96) than in Morieux bay (1.56 g m�2 ± 1.81)
(F(1,127) ¼ 23.46, p < 0.001). Difference is mainly due to Cera-
stoderma edule (5.02 g m�2 ± 7.61 and 0.16 g m�2 ± 0.58) and in a
lesser extent to the others bivalves (1.12 g m�2 ± 4.61 and
0.40 g m�2 ± 0.78) and annelids (1.71 g m�2 ± 4.43 and 1.01 ± 1.38).

3.3. Relation between biological variables and environmental
parameters

The total richness is positively correlated with median grain size
(F(3, 125) ¼ 22.58, p < 0.001). The global abundance is positively
correlated with the sorting of sediment (F(6, 122) ¼ 6.642, p < 0.001)
and negatively correlated with the sediment median grain size
(p < 0.05). The total biomass is positively correlated with the
sediment organic matter content (F(3, 122) ¼ 11.99, p < 0.001) and
the sediment median grain size (p < 0.01). Finally, the diversity
(Shannon index) is positively correlated with the sediment median
grain size (F(4, 124) ¼ 19.7, p < 0.001) and negatively correlated with
the altitude (shore elevation) (p < 0.001).

3.4. Relation between waders and environmental and biological
parameters

The factors most explaining the Oystercatcher presence are the
altitude (shore elevation) (p < 0.05), the organic matter content
(p < 0.01), the macrobenthos total biomass (p < 0.001) and the
benthic macrofauna biomass excluding bivalves (Null deviance:
340.66 on 128 df; Residual deviance: 265.46 on 115 df. AIC: 546.25.
r2ML: 44%, r2CU: 44% see Table 1).
Table 1
Result of the Poisson regression for the Oystercatcher. 0 < p < 0.001 (***);
0.001 < p < 0.01 (**); 0.01 < p < 0.05 (*); 0.05 < p < 0.1 (.). Null deviance: 340.66 on
128 df; Residual deviance: 265.46 on 115 df. AIC: 546.25. r2ML: 44%, r2CU: 44%. MEA:
mean grain-size of sediment; MED: median grain size; ALT: altitude (shore eleva-
tion); STR: shear stress resistance; MOR: organic matter of sediment; H2O: water
content of sediment; RICH: richness: ABUN: total abundance; BIOT: total biomass of
benthic macrofauna; BIOB: total biomass of bivalves except Cerastoderma edule;
BIOO: total biomass of benthic macrofauna except bivalves; BIOC1: total biomass of
C. edule (<10 mm); BIOC2: total biomass of C. edule (15e25 mm).

Estimate Std. error z value2 Pr(>r)

(Intercept) �0.3197565 1.1179183 �0.286 0.77486
MEA 0.0000438 0.0010195 0.043 0.96573
MED 0.0123173 0.0063370 1.944 0.05193.
ALT 0.0785106 0.0310502 2.529 0.01145 *
STR 0.0034907 0.0834056 0.042 0.96662
MOR �2.0117009 0.7728592 �2.603 0.00924 **
H2O 0.0031136 0.0126700 0.246 0.80588
RICH �0.0160452 0.0190788 �0.841 0.40035
ABUN �0.0001926 0.0001284 �1.500 0.13366
BIOT 0.0487339 0.0080401 6.061 1.35e-09 ***
BIOB �0.0512041 0.0483713 �1.059 0.28980
BIOO �0.0608961 0.0233600 �2.607 0.00914 **
BIOC1 �2.5403100 2.9671243 �0.856 0.39191
BIOC2 0.1637277 0.3160671 0.518 0.60445
The factors most explaining the Bar-tailed Godwit presence are
themean grain size (p < 0.05), the shear stress resistance (p < 0.01),
the sediment water content (p < 0.05), the richness (p < 0.01), the
macrobenthos total biomass (p < 0.001), the macrobenthos
biomass excluding bivalves (p < 0.001) and the small common
cockle biomass (Cerastoderma edule) (p < 0.01) (Null deviance:
273.96 on 128 df; Residual deviance: 168.27 on 115 df. AIC: 306.32.
r2ML: 56%, r2CU: 59% see Table 2).

The factors most explaining the Redknot presence are the
sediment median grain size (p < 0.01), the altitude (shore eleva-
tion) (p < 0.001), the sediment organic matter content (p < 0.01),
the total abundance (p < 0.05), the total macrobenthos biomass
(p < 0.001), the benthic macrofauna biomass excluding bivalves
(p < 0.05), the biomass of small common cockles (Cerastoderma
edule, p < 0.01) and the biomass of large common cockles (p < 0.05)
(Null deviance: 326.26 on 128 df; Residual deviance: 226.33 on 115
df. AIC: 463.46. r2ML: 54%, r2CU: 54% see Table 3).

The factors most explaining the presence of the eurasian Curlew
are the altitude (shore elevation) (p < 0.01), the sediment organic
matter content (p < 0.05) and the macrobenthos total biomass
(p < 0.001) (Null deviance: 297.28 on 128 df; Residual deviance:
241.23 on 115 df. AIC: 509.71. r2ML: 35%, r2CU: 35% see Table 4).

3.5. Spatial distribution of foraging waders

Spatial analysis of the bird distribution shows the existence of
twomain patches, one in thewestern (Yffiniac) and the other in the
eastern (Morieux) part of the Saint-Brieuc bay, with a deficit of
foraging birds in Morieux especially for Bar-tailed Godwit (only
0.65% of the total foraging birds are observed in Morieux), Oyster-
catcher (16.28%) and in a lesser extent for Redknot (26.95%). The
distribution of Curlew is more balanced. The distribution of Bar-
tailed Godwit and Redknot looks patchy and the distribution of
eurasian Curlew and Oystercatcher is patchy in Yffiniac and more
diffuse in Morieux (Fig. 2).

3.6. Co-exploitation of the flat by waders

The sandflat is not evenly used by the different wader species.
Results of the logistic regression (Null deviance: 156.40 on 128 df;
Residual deviance: 66.02 on 125 df; AIC: 74.02; c2

(3) ¼ 90.7;
Table 2
Result of the Poisson regression for the Bar-tailed Godwit. 0 < p < 0.001 (***);
0.001 < p < 0.01 (**); 0.01 < p < 0.05 (*); 0.05 < p < 0.1 (.). Null deviance: 273.96 on
128 df; Residual deviance: 168.27 on 115 df. AIC: 306.32. r2ML: 56%, r2CU: 59%. MEA:
mean grain-size of sediment; MED: median grain size; ALT: altitude (shore eleva-
tion); STR: shear stress resistance; MOR: organic matter of sediment; H2O: water
content of sediment; RICH: richness: ABUN: total abundance; BIOT: total biomass of
benthic macrofauna; BIOB: total biomass of bivalves except Cerastoderma edule;
BIOO: total biomass of benthic macrofauna except bivalves; BIOC1: total biomass of
C. edule (<10 mm); BIOC2: total biomass of C. edule (15e25 mm).

Estimate Std. error z value2 Pr(>r)

(Intercept) �0.0087997 2.2261730 �0.004 0.996846
MEA �0.0035123 0.0017364 �2.023 0.043102 *
MED 0.0187538 0.0099972 1.876 0.060668.
ALT 0.1206525 0.0617671 1.953 0.050779.
STR �0.4378411 0.1691989 �2.588 0.009661 **
MOR �1.4463169 1.3644583 �1.060 0.289148
H2O �0.0875412 0.0399573 �2.191 0.028461 *
RICH 0.1010384 0.0325173 3.107 0.001889 **
ABUN �0.0001773 0.0002070 �0.857 0.391585
BIOT 0.0814475 0.0132128 6.164 7.08e-10 ***
BIOB 0.0213667 0.0364459 0.586 0.557702
BIOO �0.0952007 0.0281146 �3.386 0.000709 ***
BIOC1 9.3714129 3.1204585 3.003 0.002671 **
BIOC2 �0.9236862 0.4771441 �1.936 0.052884.



Table 3
Result of the Poisson regression for the Redknot. 0 < p < 0.001 (***); 0.001 < p < 0.01
(**); 0.01 < p < 0.05 (*); 0.05 < p < 0.1 (.). Null deviance: 326.26 on 128 df; Residual
deviance: 226.33 on 115 df. AIC: 463.46. r2ML: 54%, r2CU: 54%. MEA: mean grain-
size of sediment; MED: median grain size; ALT: altitude (shore elevation); STR:
shear stress resistance; MOR: organic matter of sediment; H2O: water content of
sediment; RICH: richness: ABUN: total abundance; BIOT: total biomass of benthic
macrofauna; BIOB: total biomass of bivalves except Cerastoderma edule; BIOO: total
biomass of benthic macrofauna except bivalves; BIOC1: total biomass of C. edule
(<10 mm); BIOC2: total biomass of C. edule (15e25 mm).

Estimate Std. error z value2 Pr(>r)

(Intercept) �1.6941008 1.2873507 �1.316 0.188188
MEA �0.0012881 0.0012185 �1.057 0.290451
MED 0.0213185 0.0074194 2.873 0.004062 **
ALT 0.1318445 0.0379411 3.475 0.000511 ***
STR �0.1028163 0.0999419 �1.029 0.303592
MOR �3.0537988 0.9759913 �3.129 0.001754 **
H2O 0.0147721 0.0115074 1.284 0.199246
RICH �0.0036629 0.0221951 �0.165 0.868918
ABUN �0.0003203 0.0001585 �2.021 0.043278 *
BIOT 0.0622807 0.0091535 6.804 1.02e-11 ***
BIOB 0.0084376 0.0325122 0.260 0.795233
BIOO �0.0558689 0.0230024 �2.429 0.015148 *
BIOC1 6.7335521 2.1764525 3.094 0.001976 **
BIOC2 �0.6578962 0.3053595 �2.154 0.031201 *

Table 4
Result of the Poisson regression for the eurasian Curlew. 0 < p < 0.001 (***);
0.001 < p < 0.01 (**); 0.01 < p < 0.05 (*); 0.05 < p < 0.1 (.). Null deviance: 297.28 on
128 df; Residual deviance: 241.23 on 115 df. AIC: 509.71. r2ML: 35%, r2CU: 35%. MEA:
mean grain-size of sediment; MED: median grain size; ALT: altitude (shore eleva-
tion); STR: shear stress resistance; MOR: organic matter of sediment; H2O: water
content of sediment; RICH: richness: ABUN: total abundance; BIOT: total biomass of
benthic macrofauna; BIOB: total biomass of bivalves except Cerastoderma edule;
BIOO: total biomass of benthic macrofauna except bivalves; BIOC1: total biomass of
C. edule (<10 mm); BIOC2: total biomass of C. edule (15e25 mm).

Estimate Std. error z value2 Pr(>r)

(Intercept) �0.4230010 1.2293700 �0.344 0.7308
MEA �0.0016402 0.0011857 �1.383 0.1666
MED 0.0135974 0.0071422 1.904 0.0569.
ALT 0.1033964 0.0332944 3.106 0.0019 **
STR �0.0327893 0.0897975 �0.365 0.7150
MOR �2.0910867 0.8417232 �2.484 0.0130 *
H2O 0.0010671 0.0125864 0.085 0.9324
RICH �0.0055788 0.0202596 �0.275 0.7830
ABUN �0.0001548 0.0001218 �1.271 0.2038
BIOT 0.0449887 0.0090429 4.975 6.52e-07 ***
BIOB 0.0146128 0.0238827 0.612 0.5406
BIOO �0.0421487 0.0231803 �1.818 0.0690.
BIOC1 1.1491195 2.4134586 0.476 0.6340
BIOC2 �0.1027113 0.2822657 �0.364 0.7159
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p < 0.001; r2MF ¼ 57%) show that the Oystercatcher presence is
positively related to the Bar-tailed Godwit (OP¼ 8.18; p < 0.05) and
the eurasian Curlew (OP ¼ 68.42; p < 0.001). No effect was found
with the Redknot.

The Bar-tailed Godwit presence (L. lapponica) is positively and
significantly (Null deviance: 159.74 on 128 df; Residual deviance:
118.35 on 125 df; AIC: 126.35; c2

(3) ¼ 41.39; p < 0.001; r2MF¼ 26%)
related to the Redknot (OP ¼ 11.53; p < 0.001). No effect was found
with other wader species.

The Redknot presence is positively and significantly (Null
deviance: 175.40 on 128 df; Residual deviance: 135.11 on 125 df;
AIC: 143.11; c2

(3) ¼ 40.28; p < 0.001) related to the Bar-tailed
Godwit (OP ¼ 11.47; p < 0.001; r2MF ¼ 23%). No effect was found
with other wader species.

The eurasian Curlew presence is positively and significantly
(Null deviance: 164.221 on 128 df; Residual deviance: 83.748 on
125 df; AIC: 91.748; c2

(3) ¼ 80.47; p < 0.001; r2MF¼ 49%) related to
the Oystercatcher (OP¼ 65.39; p < 0.001). No effect was foundwith
other wader species.

4. Discussion

Our aim was to study the use of intertidal space by waders by
combining spatial distribution data with ecological/biological
parameters.

4.1. Relation between benthic resources and environmental
parameters

Regarding environmental parameters, the bay of Saint-Brieuc is
homogeneous, except for two muddy stations, located in the up-
stream part of Yffiniac and Morieux bays. Sedimentary parameters
depend on the altitude (shore elevation), and the mean grain-size.
Median grain size and shear stress resistance values decrease with
the altitude (shore elevation). The upper shore sheltered character,
with reduced hydrodynamic conditions, facilitates the silting pro-
cess and is responsible for these lower sedimentary values. In the
Morieux bay, the high shear stress resistance observed at low
bathymetric levels may be linked to the presence of mussel bou-
chots and the associated circulation of vehicles on the flats.

In the bay of Saint-Brieuc, total macrobenthic specific richness
increases along an inshore-offshore gradient, from 7 species in the
upper to 43 in the lower parts as already shown by Sturbois et al.
(2015). This gradient is characterized by the increase of the me-
dian grain size and of the emersion time. The total richness of
benthic macrofauna is dramatically constraint by several parame-
ters such as emersion time, temperature/salinity variations and
anoxic conditions in most silted areas (Gray and Elliott, 2009).
Among the benthic species collected in the flat, Bathyporeia sarsi
and Pygospio elegans mainly occur in the upper levels, Angulus
tenuis and Cerastoderma edule in the intermediate levels and Donax
vittatus in the lowest part of the shore. The last three species
constitute important prey for waders, as largely demonstrated in
other European sites (Folmer et al., 2010; Dekinga and Piersma,
1993; Zwarts and Blomert, 1992; Boere and Smit, 1981). Biomass
values are five times more elevated in Yffiniac bay than at the
Morieux site. The heterogeneous distribution of the biomass cor-
responds to a heterogeneous distribution of foraging birds.

4.2. Waders and environmental/biological parameters

The explained deviance resulting from our global analysis
ranged from 35% to 59%, which allowed us to validate the model. As
reported by Granadeiro et al. (2004) from studies carried out in
intertidal areas, generalized linear models are relevant in providing
accurate shorebird occurrence predictions using physical and bio-
logical characteristics. The most relevant environmental/biological
factors in explaining the shorebird occurrence are the total biomass
(strongly dependent of bivalves) and the altitude (shore elevation)
(Godet et al., 2009b). More generally, similar studies have revealed
that the distribution of shorebirds in intertidal zones largely de-
pends on the occurrence patterns of their invertebrate prey (Tagus
estuary, Granadeiro et al., 2004; Granadeiro et al., 2006) and of
annelids and C. edule (Wash embayment, West et al., 2007). For the
Oystercatcher and the Bar-tailed Godwit, our results are in accor-
dance with conclusions obtained by Folmer et al. (2010) in the
Dutch Wadden sea which emphasized the significant influence of
food as a predictor. For the eurasian Curlew, our conclusions
diverge from Folmer et al. (2010) for which, in the Dutch Wadden
Sea (mesotidal regime), biomass parameters are not the exclusive
predictors for explaining the presence of this species.



Fig. 2. Foraging area used by Redknot, Curlew, Bar-tailed Godwit, and Oystercatcher in the bay of Saint-Brieuc.
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4.3. Oystercatcher

In the bay of Saint-Brieuc, the Oystercatcher distribution is
significantly dependent of total biomass, total biomass excluding
bivalves and sediment organic matter. Foraging activity spatial
analyses show a very patchy and a more diffuse distribution
respectively in Yffiniac and Morieux bays. These differences could
be shown by the presence, in Morieux, of 320 ha of bouchots on the
lowest part of the flat. Swell and waste due to the bouchots
exploitation generate a diffuse dispersal of Mytilus edulis on the
outskirt of the culture area. As a consequence, Oystercatchers were
mainly found in the lowest levels in Morieux bay (including bou-
chots), and their presence had no direct link with non-cultivated
species biomass (in opposition with Yffiniac bay, Fig. 2). Mussels,
not sampled in our study, are a well-known food for Oystercatchers
(Le Rossignol et al., 2011; Nagarajan et al., 2002; Blomert et al.,
1996; Norton-Griffiths, 1967; Goss-Custard and Yates, 1992).
4.4. Bar-tailed Godwit

The Bar-tailed Godwit distribution is explained by total biomass,
total biomass excluding bivalves and small C. edule (<10 mm)
biomass and, in a lesser extent, to sediment water content and
mean grain size. As a direct consequence of the sediment drainage,
the largest groups of foraging Bar-tailed Godwit were found on the
lowest parts of the sandflat, in oppositionwith other wader species
(Fig. 2).

Discussions prevail in the literature on the existence of a tide
following behavior in this species (Smith and Evans, 1973; Zwarts,
1988; Turpie, 1994; Tiedemann and Nehls, 1997; Both et al., 2003;
Dias, 2008; Rosa et al., 2007; Catry et al., 2012; Duijns et al.,
2014). Such behavior could however vary seasonally (as observed
by Granadeiro et al. (2007) for several species) and according to the
sex of the bird (Duijns et al., 2014).

InMorieux bay, various human activities, including the presence
of mussel bouchots and associated circulation, could lead the birds
(notably Bar-tailed Godwit) to avoid an exploitable foraging
ground, as suggested by Taylor and Bester (1999).
4.5. Redknot

The Redknot patchy distribution is mainly explained by total
biomass, altitude (shore elevation), median grain size and small
common cockle biomass (Fig. 2). The link between this species and
cockles confirms the finding of a recent study conducted in the bay
of Saint-Brieuc by Sturbois et al. (2015). They also showed that
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Mytilus edulis does not reach high global occurrence frequencies in
droppings (z7.5%). Although this prey remains an opportunistic
item, its frequency of occurrence increases from the upper to the
lower flat because of the mussel predation coming from bouchots
(Sturbois et al., 2015). The presence of foraging Redknot in the
upper part of the shore may be the direct consequence of the
avoidance of the bouchot area and the presence of great abundance
of Angulus tenuis in the east upper part of the flat.

4.6. Eurasian Curlew

Total biomass and altitude (shore elevation) are the most
important factors explaining the eurasian Curlew distribution. In
the bay of Saint-Brieuc, the megatidal conditions offer to birds the
possibility to forage on large sandflats. Consequently, the lowest
levels, limited in surface and exposure time, are very attractive to
foraging birds as already observed in the megatidal bay of the Mont
Saint-Michel (De Smet et al., 2013). These low levels are charac-
terized by clean medium to fine sands, contrasting with the muddy
habitats studied by Folmer et al. (2010) in the Duch Wadden Sea
under mesotidal regime. This species is known to be sensitive to
human activities as reported by Spaans et al. (1996), such as mussel
culture which seems to be a disturbing activity (Fig. 2).

4.7. Specific exploitation of the flat

The presence on the same foraging ground (simultaneously or
not) of the eurasian Curlew and of the Oystercatcher, are positively
related. This confirms the concordant distribution patterns
observed in the bay for these two species (Fig. 2). Similarly, the
presence of Bar-tailed Godwits is positively related to the presence
of Redknot and vice versa. No effect was found between the Bar-
tailed Godwit and other wader species probably due to the tide
following behavior of this species.

The unequal use of the flat by the four considered wader species
confirms the conclusions of VanDusen et al. (2012), which stipulate
that the habitat heterogeneity explains the non-random spatial
distribution of foraging shorebirds. In the bay of Saint-Brieuc, only
part of the flats benefit of a high protection level (National Nature
Reserve). As suggested by Granadeiro et al. (2007) in the Tagus
estuary, taking into account additional habitats neighboring the
bay of Saint-Brieuc would help to better understand the overall
value of this presumed functional unit for foraging shorebirds.

4.8. Alternative factors potentially affecting the bird distribution

According to the ideal free distribution model of Fretwell and
Calver (1969), foragers are supposed to aggregate in patches
where food is the most abundant. However, several studies have
shown that other aspects (i. interference and conspecific attraction,
ii. sediment characteristics; iii prey accessibility, iv. tidal regime and
v. human disturbance) can influence the bird distribution and could
help in the interpretation of the model unexplained variability.

i The shorebird intrinsic behavior could explain the variability of
their distribution in space and time. At a given time, spatial
distribution of foraging waders in patchy resource areas also
depends on the ability of species to aggregate (for interference
and conspecific attraction, see Folmer and Piersma, 2012;
Folmer et al., 2011). Consequently, conspecific attraction may
lead to large areas with abundant food resources remaining
unexploited (Folmer et al., 2011).

ii The sediment grain-size may contribute to explain shorebird
feeding distribution regarding its influence on benthic inverte-
brate prey. Depending on the sediment shear stress resistance,
the availability of the benthic prey can differ, independently of
their abundances and could explain sandflat specific anomalies
in shorebird usage (VanDusen et al., 2012).

iii Estimation of prey availability based on 25 cm deep core sam-
ples provides a representative estimation of the accessible prey
fraction for long-billed wader (Oystercatcher, Curlew, Bar-tailed
Godwit). However, the biomass recorded using the core-
sampler may overestimate the actual prey available to short-
billed birds as Redknot (Zwarts and Wanink, 1991).

iv Several studies have already shown the influence of tidal regime
on shorebird foraging activities (Granadeiro et al., 2006; van Gils
et al., 2006). In intertidal flats with semi-diurnal mesotidal re-
gimes, as in the DutchWadden Sea, the habitats used by waders
for foraging are relatively uniform (Beukema, 1976). Flocks of
birds forage on a few dominant prey species. A contrario, under
megatidal conditions, benthic invertebrate assemblages are
usually distributed along a continuum with regard to the
bathymetric gradient ( McLachan and Jaramillo, 1995). Conse-
quently, the diet composition in heterogeneous areas can be
expected to be more diversified.

v Foraging birds are sensitive to various human activities, which
can lead them to abandon usual foraging zones located on the
flat (Mitchell et al., 1988; Hill et al., 1997; Burger et al., 2007;
Yasu�e et al., 2008; Colwell, 2010; van den Hout et al., 2014;
Rolet et al., 2015). When present, human activities alone can
explain the bird distribution since they will look for safed
foraging grounds, independently of the resources biomass.

Our paper underlines, as many others in the literature, the
complexity of explaining the distribution of foraging birds
(Sutherland, 1983; Thomas et al., 2003; Granadeiro et al., 2004;
Folmer and Piersma, 2012; VanDusen et al., 2012). Such articles
must integrate ecological/biological variables; intra- and interspe-
cific interactions, prey accessibility, tidal conditions and impacting
human activities to improve the relevance of the explanatory
models. As much as possible, such approaches must be conducted
on large areas, ideally at a functional unit scale for the considered
species. However, the importance of the singularities of the
different flat parts should not be excluded as they could influence
significantly the wader distribution. Such lack of a multi-scale
approach may fail to identify important factors influencing the
differential distribution patterns of foraging birds.
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