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INTRODUCTION

Through their long-range migrations and depen-
dance upon the condition of the sea–land interface,
shorebirds are important indicators of environmental
status (Piersma & Lindström 2004, Huettmann & Czech
2006). Migratory shorebirds are important consumers
of coastal marine production, especially on intertidal
mudflats where their densities may be considerable
(Butler et al. 1987, Mawhinney et al. 1993). Habitat is
inextricably linked to food supply of migratory birds,
and elucidation of stopover spring diets is a high
research priority. Migratory stopover habitats, (rest

and ‘re-fuelling’ sites over a bird’s migratory route)
have been identified as one of the least studied aspects
of avian migration, despite the importance of pre-nest-
ing activities for reproductive success (see review by
Arzel et al. 2006).

Western sandpipers Calidris mauri are long-distance
migratory shorebirds that use large coastal stopover
sites during northward migration from their wintering
range, between California and Peru, to Arctic breed-
ing grounds in western Alaska and eastern Siberia
(Wilson 1994, Warnock & Bishop 1998). The main food
source at their Roberts Bank (British Columbia,
Canada) migratory stopover is biofilm produced on
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inter tidal mudflats (Elner et al. 2005, Kuwae et al.
2008), which is, ipso facto, restricted to the intertidal,
soft-bottom habitat type. Many migratory shorebirds
typically feed on benthic macroinvertebrates (e.g. El-
dridge 1992, Jing et al. 2007), so it is uncertain whether
western sandpipers, which overwinter in South Amer-
ica and have several migratory stopovers (Fig 1), utilize
biofilm as their main food source throughout their
range. Some dietary shift could occur prior to or during
migration, as in other migratory shore and water birds.
However, in all known examples, the dietary shift has
been upwards, i.e. from an herbivorous consumer level
to a more energy-rich herbivorous level (e.g. granivo-
rous), or to an omnivorous or carnivorous level (Tsi -
poura & Burger 1999, Kvist & Lindstrom 2003, Arzel et
al. 2006). Since microphytobenthos is already a low
trophic level, it is appropriate to investigate any even-
tual diet shift in migrating western sandpipers.

The stable isotope technique can be used to detect
migration related diet changes (Rubenstein & Hobson
2004), by determination of isotopic signatures of a sin-
gle tissue type to characterize diet in animals from
each migratory habitat (e.g. Arthur et al. 2008, Witte -

veen et al. 2009). Similarly, a single tissue type, or
physiological compartment such as blood, may be used
to determine arrival times at migratory habitats (Oppel
& Powell 2009). Alternatively, different tissue types, or
physiological compartments (including stomach con-
tents), characterized by different turnover times,
should allow the back-calculation of diets along a
migration route (e.g. Dalerum & Angerbjörn 2005,
Podlesak et al. 2005).

The use of isotopic techniques has been hampered in
diet studies of migratory species, because the exact
Southern hemisphere habitats for given individual
birds encountered at Northern hemisphere stopovers
are not known, rendering conjectural any information
concerning trophic sources and exploitation. The dis-
covery of the microphytobenthic feeding mode of
western sandpiper introduces the possibility that they
can exploit food sources over both the primary and
higher trophic levels. If so, then differences in source
exploitation could be much larger than differences in
isotopic signatures of comparable sources along the
migration route (Kelly 2000, Winemiller et al. 2007).
The use of food sources at a given point along the

Fig. 1. Calidris mauri. Migration route of western sandpiper. R: Roberts Bank 
stopover location; PS: proximate stopovers; DS: distal stopovers



Beninger et al.: Downward trophic shift in migrating western sandpiper

migration route could therefore be used as a proxy for
dietary sources throughout the route.

In the present study, we examine the isotopic values
of different physiological compartments of western
sandpiper sampled at a single migratory habitat
(Roberts Bank stopover), in order to reveal eventual
migration related dietary changes, by using the tissue-
specific turnover times of these isotopes (Hobson &
Clark 1992, Evans-Ogden et al. 2004), and proxy
sources at the sampling site.

MATERIALS AND METHODS

Sampling. A total of 18 western sandpipers were
sampled using a shotgun at the Roberts Bank stopover
(Fig. 1, 49° 05’ N, 123°12’ W), under permit number 59-
04-0338 issued by Environment Canada, on 22, 25 and
30 April 2004 (see Table 1 for sex and maturity status of
individual birds). The birds were feeding at the time of
sampling. Of these, 6 birds from the 22 and 25 April
samples were used for stable isotope analyses (SIA);
birds from April 30 were not used for SIA, since these
could have been present on the sampling site for a
period long enough to allow the near-complete
renewal of liver isotopic composition (almost all birds
have left the stopover site by this date). Three birds

were used for stomach content observations, and the
stomach contents of 9 birds originally used in Kuwae et
al. (2008) for cursory pigment analysis were subjected
to detailed high performance liquid chromatography
(HPLC) in order to identify as completely as possible
the photopigments and their degradation products.
This data allowed more refined taxonomic resolution
of recently ingested photoautotrophs.

A total of 24 sediment cores (~10 cm depth, 11 cm2

surface area), covered with biofilm, water, and associ-
ated macro- and meiofauna, were frozen in situ by
addition of liquid nitrogen (Méléder et al. 2005) at low
tide on 23, 26 and 30 April 2004. All cores were
obtained from muddy sediment within 100 m of the
high-water mark. These sediment cores were pro -
cessed either for microscopic observations (n = 6) or for
pigment analyses (n = 18).

Potential food sources for western sandpiper (Wilson
1994) at the stopover site were sampled for SIA at low
tide on 23, 25 and 30 April 2004. These samples com-
prised benthic invertebrate macrofauna, dominated by
the bivalves Mya sp., Tapes philippinarum (the only
Tapes species present on the Pacific Coast) and
Macoma sp., as well as the polychaete Hediste sp.,
benthic nematodes and copepods, benthic diatoms,
and suspended particulate organic matter (POM).
Macrofauna were collected manually, while benthic
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Table 1. Calidris mauri. Capture date, morphological characteristics, and use of individual birds. Sex and maturity status were
based on plumage, bill length (Page & Fearis 1971) and gonads after dissection. Masses were for birds at the moment of sampling
on the Roberts Bank stopover on northward migration to the breeding grounds; stopover time (mean ± SD) is 2.2 ± 1.2 d (Warnock
& Bishop 1998). A: adult; F: female; J: juvenile; M: male; MO: microscopic observations; PA: pigment analyses; SIA: stable isotope
analyses. As morphological measurements were accidentally omitted (nd) for birds 15 and 16, they were not used for isotopic 

determinations, only for pigment analysis of stomach contents

Bird Capture date Bill length Right tarsus Mass Wing chord Age Sex Use
(Apr 2004) (mm) length (mm) (g) (mm) class

1 22 25.68 22.88 29.0 93.0 J F PA
2 22 22.03 23.49 26.5 93.0 A M PA
3 22 22.80 20.73 25.5 92.5 A M SIA
4 22 21.16 21.06 24.5 94.0 J M MO
5 22 21.91 21.70 25.5 94.0 A M SIA
6 22 22.89 22.38 25.5 99.0 A M SIA
7 22 25.12 24.58 30.0 102.50 A F PA
8 25 22.34 20.96 26.5 90.0 A M SIA
9 25 25.55 24.15 30.5 99.5 A F SIA

10 25 22.38 21.41 28.0 97.0 A M SIA
11 25 25.39 23.50 25.5 99.0 J F PA
12 25 22.08 22.45 28.5 94.0 A M PA
13 25 19.68 21.06 29.0 95.0 A M PA
14 25 23.53 21.28 30.0 94.5 A M MO
15 30 nd nd nd nd nd F PA
16 30 nd nd nd nd nd F PA
17 30 23.07 21.83 30.0 93.0 A M PA
18 30 25.16 22.33 30.5 99.0 A F MO



Mar Ecol Prog Ser 428: 259–269, 2011

nematodes and copepods were obtained by scraping
the upper 1 cm of mud, and extracted from 2 l of this
surficial sediment, using a method based on their
migration under light as per Riera et al. (1996). Benthic
diatoms were separated from the upper 5 mm layer of
1 m2 of sediment with visible dense biofilm covering as
per Decottignies et al. (2007). It is likely that the entire
active diatom biomass was included in this samples,
since it is confined to the upper 2 mm (Méléder et
al. 2005). Seawater was collected in 15 l plastic
 containers.

Taxonomic and pigment analysis of sediment and
stomach contents. In order to refine our knowledge of
the types of material ingested by western sandpipers
upon arrival at Roberts Bank, visual and photosyn-
thetic pigment analyses of stomach contents were per-
formed. The taxonomic (to genus level) composition of
the microphytic fraction of surface sediment and of
western sandpiper stomach contents at the Roberts
Bank stopover were determined after separation and
processing for light and scanning electron microscopy.
The upper 2 mm (photic zone) of the 6 sediment cores
and the stomach contents of 3 birds were treated using
the Ludox HS40 protocol to observe microalgae
(Méléder et al. 2005), especially diatoms, and mounted
for light photomicrography, using an Olympus AX70
microscope. The same samples of sediment and stom-
ach contents were also processed for scanning electron
microscopy (Cannuel & Beninger 2006), and observed
using a JEOL JSM 6400F scanning electron micro-
scope. Taxonomic determinations were carried out
using morphological criteria based on the reference
works of Tomas (1997) for phytoplankton and Round et
al. (1990) for diatoms.

Pigments from the upper 2 mm of 18 sediment cores
and 9 stomach contents were extracted and analysed
by HPLC using the technique of Méléder et al. (2003a)
adapted from Mantoura & Llewellyn (1983). This
method allows estimations of photosynthetically active
microphytobenthic biomass, i.e. chlorophyll (chl) a
concentration, and higher level taxonomic composition
of this biomass (types and concentration of accessory
pigments; see Méléder et al. 2005 for references). The
total chl a per stomach was used as a very conservative
measure (due to partial degradation) of the amount of
biofilm found in the stomach, based on the amount of
chl a present per surface unit of biofilm.

Stable isotope analyses (SIA). Preparation of poten-
tial trophic sources and physiological compartments:
Meio- and macrofauna from the sediment samples
were kept alive overnight at the laboratory in 0.2 µm
filtered water from the sampling site to allow evacua-
tion of gut contents, and dissected from the shells or
collected on pre-combusted filters as appropriate.
POM and benthic diatoms were obtained by filtration

of, respectively, water column seawater and the sea-
water used to separate diatoms from the sediment,
onto pre-combusted GF/F filters until clogged. One
sample of liver, pectoralis muscle, and stomach con-
tents was taken from each of the 6 birds used for iso-
topic study. Animal samples and filters were quickly
acidified with 1 M HCl to remove carbonates, rinsed
with ultrapure water, freeze dried and powdered using
a mortar and pestle.

Isotope ratio mass spectrometry: Duplicate pow-
dered samples or pieces of filters were sealed in ultra-
clean tin capsules and analyzed for nitrogen and car-
bon compositions (δ13C and δ15N), using a Carlo-Erba®
NA 2100 elemental analyzer coupled (via a Thermo
Finnigan® CONFLO II interface) with a Thermo
 Finnigan® Delta S mass spectrometer. Carbon and
nitrogen isotope compositions were expressed as stan-
dard delta notations (‰ deviations from Vienna Pee
Dee Belemnite and atmospheric N2, respectively): 

where X is either 13C or 15N and R is the corresponding
13C/12C or 15N/14N ratio. The standard deviation of
200 δ13C and δ15N working reference measurements
was 0.2 ‰ and 0.4 ‰ respectively (glutamic acid, run
every 11 samples). Isotope readings were validated
when the differences between duplicate capsules of
the same sample were <0.4 and 0.5 ‰ for carbon and
nitrogen compositions respectively; otherwise, the
samples were analyzed a second time.

Back-calculation of geographic ranges: Precise
identification of the stopover sites at which birds were
feeding when they assimilated the natural isotope sig-
natures for the liver and muscle was not feasible, given
individual and sex-related differences in migration
dynamics (Bishop et al. 2004) as well as inter-annual
variation in use of migration stopovers, stopover times
and migration speed (Butler et al. 1996, 1997, Clark &
Butler 1999). However, stomach contents, liver and
muscle corresponded to an increasing physiological
incorporation time lag; so the decreasing turnover
rates of these 3 animal compartments allowed the
identification of diet components retrospectively over
increasing time scales (Hobson & Clark 1993, Evans-
Ogden et al. 2004). We used the only available
turnover data for birds (quail, Hobson & Clark 1992),
based on the observation that these times are virtually
identical for blood in small-size birds (Hobson & Clark
1992, Evans-Ogden et al. 2004). For migrating western
sandpiper, these compartments, and their correspond-
ing time scales, represented diets at progressively
more distant geographic ranges: stomach contents, for
the Roberts Bank stopover diet (R), liver (half residency
time 2.6 d in quail), for diets on recent migratory
stopovers (proximal stopovers, PS), and muscle (half

δX R R= ( ) −[ ] ×sample reference 1 103
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residency time 12.4 d in quail), for diets on further pre-
vious stopovers (distal stopovers, DS). We combined
the isotopic turnovers of the physiological compart-
ments with monitoring data from radio-marked west-
ern sandpiper (Baird 2010) to calculate the geographi-
cal ranges corresponding to each compartment’s
isotopic signature. We conservatively chose a window
of 1 to 5 d to cover the turnover time of most of the
liver tissue, and 5 to 20 d to cover the turnover time of
most of the muscle tissue. Based on these windows,
and known migration routes of western sandpiper
(Warnock & Bishop 1998), the birds could have been
feeding at sites from the Roberts Bank stopover to
 California 1 to 5 d before collection (equivalent to the
diet indicated in the liver signatures and referred to as
PS in the text) and from California to Mexico in the 5 to
20 d window (equivalent to diet indicated by the mus-
cle signatures, and referred to as DS in the text). These
ranges are shown in Fig. 1. Shorter or longer actual
turnover times would place the pre-Roberts Bank
stopovers closer or further away, but would not alter
conclusions concerning eventual differences in the
diets prior to and at the Roberts Bank stopover.

Estimation of diets and trophic positions: Calcu-
lated diet isotopic compositions were obtained by sub-
tracting the available trophic enrichment factors for
Calidris alpina, a closely-related species which also
appears capable of biofilm feeding (Elner et al. 2005),
of 1.9 and 3.1 ‰ for muscle, and 1.1 and 4 ‰ for liver
(Evans-Ogden et al. 2004) from carbon and nitrogen
deviations, respectively. In accordance with the gen-
eral consensus that primary consumers provide the
most appropriate isotopic baseline (Post 2002), we
chose Mya sp. and Tapes philippinarum as the food
base at the Roberts Bank stopover. The tissues of these
2 suspension-feeding bivalves (SFB) were pooled due
to their shared habitat and feeding habit, reinforced by
the ANOVA (p > 0.9) and NND2 (p < 0.01) values (see
below ‘Statistical analysis’). Diet of the infaunal SFBs
Mya sp. and Tapes philippinarum was estimated using
enrichment factors of –0.90 to 2.04 and 1.14 to 5.40 ‰
for carbon and nitrogen, respectively. In accordance
with the general consensus that primary consumers
provide the most appropriate isotopic baseline (Post
2002), we chose Mya sp. and Tapes philippinarum as
food base at the Roberts Bank stopover. This range
reflected the variability of literature values (Post 2002,
Yokoyama et al. 2005, 2008, Dubois et al. 2007).
Recently developed mixing models accounting for
uncertainty associated with multiple sources, fraction-
ation and isotope compositions, MixSIR and SIAR
(Moore & Semmens 2008, Parnell et al. 2008, Jackson
et al. 2009), were used to estimate source contributions
to western sandpiper and SFB diets at the Roberts
Bank stopover. Food source isotope deviations were

inputs to these models, which calculate feasible source
combinations that explain observed consumer isotopic
compositions, for each of the physiological compart-
ments and their corresponding geographical windows.
For MixSIR results, the maximum importance ratio was
below 0.001, indicating model effectiveness in estimat-
ing true posterior density (Moore & Semmens 2008).
MixSIR results were presented as mode, 5th and 95th
percentiles. SIAR is an R freeware package (R Devel-
opment Core Team 2008). A standard size and a long
size SIAR run were used to determine, respectively,
western sandpiper and SFB diets, without small
(<0.01) p-values. Results are reported as mode, low
and high 95% highest density regions (also called
highest posterior density), and probability distribu-
tions.

Western sandpiper trophic position (TP, Post 2002)
was estimated for the 3 geographical locations as:

where x is either R, PS or DS, δ15Nc is the mean nitrogen
isotopic composition of the corresponding animal com-
partment i.e. liver including stomach contents values
(assuming incorporation first into liver tissue), liver
alone, or muscle; λ is the trophic position of the food
base (1 for primary producers, 2 for primary consumers,
etc); δ15Nbase is the mean nitrogen isotopic composition
of the food base; and Δn is the mean trophic level frac-
tionation of δ15N generally assumed through the trophic
chains (3.4 ± 1.0 ‰, mean ± SD; Post 2002). To assess er-
rors associated with the use of SFB as baseline for all
compartments, or with the mean isotopic compositions
and fractionation, we used a first-order Taylor series
approximation of the variance of TPx using partial
 derivatives (Phillips & Gregg 2001a, b):

After substitution with derivatives, this yields:

which may be simplified to:

where σ2
δ15Nc

, σ2
δ15Nbase

and σ2
Δn

represent variances of
the corresponding means described above.

Statistical analysis: The squared nearest neighbor
distances (NND2, Lubetkin & Simenstad 2004) were
calculated to determine whether the isotopic deviations
of the potential sources were distinct or required pool-
ing. SigmaStat 3.11.0 was used to run 2 one-way para-
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metric ANOVAs on normally distributed, homo sce -
dastic carbon and nitrogen isotopic deviations be -
tween the different physiological compartments.

RESULTS

Benthic diatoms and pigments in sediment and
stomach contents

A diverse and generally intact diatom assem-
blage was observed in the sediment biofilm and in
the stomach contents. Assemblages were highly
similar in both sample types (Table 2). A total of 24
chlorophyll and carotenoid pigments were identi-
fied in the sediment biofilm samples (Table 3).
Seven major pigments (greatest peak areas) were
found in all samples: fuco xanthin, diadinoxanthin,
chl c1 and c2, chlorophyllide a, chl a and diatoxan-
thin. Seventeen pigments were present in at least
80% of samples.

These 24 pigments were also identified in the
stomach contents samples, plus 3 additional ones,
and 21 out of 27 had frequencies of occurrence
>80% (Table 3). Major pigments were chl a, chl b,
chl c1 and c2, diadinoxanthin, diatoxanthin, un -
identified caroten oids, crocoxanthin, and ββ-
carotene.

Some combinations of pigments constitute taxo-
nomic markers of biofilm components: Chl c1 and
c2 and fucoxanthine are specific to diatoms; diadi-
noxanthine and diatoxanthine are both indicators
of diatoms and euglenophytes, and chl b and
luteine both indicate chlorophytes and macroalgal
debris (Jeffrey et al. 1997, Méléder et al. 2005).
Degradation products (phaeophytins a and b,
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Fig. 2. δ13C and δ15N (‰) of potential food sources (n) and
western sandpiper compartments (s). Means ± SD. Dietary
isotopic values (D) were obtained by subtracting trophic
enrichment (dashed lines) of 1.9 and 3.1 ‰ for muscle, and 1.1
and 4 ‰ for liver (Evans-Ogden et al. 2004) from carbon and
nitrogen deviations, respectively. The ellipse groups together
the sources at Roberts Bank stopover which contributed to
diet. The M and rectangles represent the ranges of possible
diet isotopic deviations of suspension-feeding bivalves (SFB:
Mya sp. and Tapes philippinarum) and Macoma sp., taking
into account the range of published fractionation values
(–0.90 to 2.04 and 1.14 to 5.40 ‰ for carbon and nitrogen,
respectively; Post 2002, Yokoyama et al. 2005, 2008, Dubois et
al. 2007). Only isotopic composition of liver vs. muscle was not
statistically significant (ANOVA, p > 0.05). POM: particulate
organic matter; R: Roberts Bank stopover; PS: proximate 

stopovers; DS: distal stopovers

CLASS
Subclass

Order Family Genus

BACILLARIOPHYCEAE
Bacillariophycidae

Achnanthales Achnanthidiaceae Achnanthidium
Cocconeidaceae Cocconeis

Bacillariales Bacillariaceae Nitzschia
Tryblionella

Cymbellales Anomoeoneidaceae Staurophora

Lyrellales Lyrellaceae Petroneis

Naviculales Diploneidaceae Diploneis
Naviculaceae Navicula
Pinnulariaceae Caloneis
Plagiotropidaceae Plagiotropis
Pleurosigmataceae Gyrosigma

Pleurosigma
Scolioneidaceae Scolioneis
Scoliotropidaceae Scoliotropis
Stauroneidaceae Stauroneis

Surirellales Surirellaceae Petrodictyon
Surirella

Thalassiophysales Catenulaceae Amphora

FRAGILARIOPHYCEAE
Fragilariophycidae

Fragilariales Fragilariaceae Opephora

COSCINODISCOPHYCEAE
Biddulphiophycidae

Anaulales Anaulales Eunotogramma

Triceratiales Triceratiaceae Cerataulus
Odontella

Coscinodiscophycidae
Melosirales Hyalodiscaceae Podosira

Melosiraceae Melosira
Paraliales Paraliaceae Paralia

Thalassiosirophycidae
Thalassiosirales Skeletonemaceae Skeletonema

Thalassiosiraceae Thalassiosira

Table 2. Major taxonomic groupings and genera of diatoms (Bacil -
lariophyta) observed in sediment and stomach contents of western 

sandpiper at Roberts Bank stopover, April 2004
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pyrophaeophytin a, diadino chrome, unidentified
carotenoids 4 and 5) were de tected at higher levels in
the stomach contents than  in sediment biofilm sam-
ples. These products are typically found in the feces of
algal grazers (Gieskes et al. 1991, Abele-Oeschger et
al. 1992, Cartaxana et al. 2003).

Chl a concentration in the biofilm ranged from 1.4 to
42.1 mg m–2 with means (± SD) of 20.5 ± 14.8, 3.7 ± 2.6
and 4.4 ± 2.5 mg m–2 on 22, 25 and 30 April respec-
tively, corresponding to different amounts of photosyn-
thetically active biomass in the photic zone (the upper
2 mm of sediment, Méléder et al. 2005). Western sand-
piper stomachs contained a mean (± SD) of 1.0 ± 0.7 µg
chl a, corresponding to 1.3 ± 0.9 cm2 (ranging from 0.2
to 11.8 cm2) of sediment biofilm surface.

Stable isotope analyses

Fig. 2 shows the δ13C and δ15N values for the poten-
tial food sources (SFB and Macoma sp.) and for the
stomach contents, liver, and muscle of the sampled
western sandpipers at the Roberts Bank stopover.
Fig. 2 shows the major diet components corresponding

to the isotopic composition of each animal compart-
ment, which in turn reflects that of the 3 major geo-
graphical localities: R, PS and DS. Neither the liver and
muscle isotopic compositions nor those of the corre-
sponding calculated diets were significantly different
(ANOVA, p > 0.05). Notwithstanding, Fig. 2 demon-
strates a dietary shift from PS and DS to R, confirmed
by the calculation of trophic positions. With an esti-
mated TP of 3.0 ± 0.5 (mean ± SD) the PS and DS diets
appear most closely related to the isotopic composi-
tions found in the SFB tissues (Fig. 2). The deposit-
feeding bivalve Macoma sp. (Rossi et al. 2004) is well
outside any diet ellipse, indicating either negative prey
selection, capture inability, or the absence of bivalves
with a similar 13C-depleted diet on the previous
stopover grounds. The R diet indicated by the ellipse in
Fig. 2 (TP = 2.3 ± 0.4) is close to the SFB diet (TP = 2),

265

Peak no. Pigment RT FO (%)
at 440 nm (min) B SC

1 Chlorophyllide b 2.4 78 11
2 Chlorophyllide a 3.4 100 67
3 Chl c1 + c2 4.6 100 100
4 Chl c3 5.6 100 100
5 Siphonaxanthin 7.4 100 100
6 Unknown carotenoid 1 7.9 89 89
7 Fucoxanthin 8.5 100 100
8 Unknown carotenoid 2 9.3 100 44
9 Pheophorbide a 9.7 100 100

10 Prasinoxanthin-like 10.4 100 33
11 Diadinoxanthin 10.6 100 100
12 Diadinochrome 10.9 89 100
13 Alloxanthine 11.4 100 100
14 Diatoxanthin 11.7 100 100
15 Unknown carotenoid 3 12.0 100 100
16 Unknown carotenoid 4 12.3 0 89
17 Lutein 12.8 100 100
18 Zeaxanthin 13.4 0 89
19 Unknown carotenoid 5 14.2 33 89
20 Chl b 14.8 83 100
21 Crocoxanthin 15.3 11 100
22 Chl a 15.8 100 100
23 Pheophytin b 16.6 22 100
24 εε-carotene 17.3 28 78
25 Pheophytin a 18.3 28 89
26 ββ-carotene 19.2 50 100
27 Pyropheophytin a 21.1 0 22

Table 3. HPLC from biofilm (B, n = 18) and western sandpiper
stomach contents (SC, n = 9). Elution order, retention time 

(RT) and frequency of occurrence (FO) of pigments 

Fig. 3. Probability distributions of contributions of potential
food sources in diets of (A) suspension-feeding bivalves (SFB)
and (B) western sandpiper at Roberts Bank stopover obtained
using the SIAR mixing model. BD: benthic diatoms; POM:
particulate organic matter. The highest probability contribu-
tions for the SFB diet are 50% POM and 50% BD, whereas the
highest probability contributions for the western sandpiper 

diet were >75% BD, 20% POM, and <5% SFB
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but distant from that of Macoma sp. The mixing mod-
els MixSIR and SIAR both identified that western sand-
piper obtained a large proportion of their energy
requirements from benthic diatoms (~70%) and settled
suspended particulate organic matter (~20%), as did
the SFB  (although the proportion of benthic diatoms
was much higher, and that of POM much lower, in
western sandpiper — Table 4 & Fig. 3). The diets corre-
sponding to the 3 geographical localities (R, PS and
DS) are summarized in Fig. 4.

DISCUSSION

The high degree of homogeneity in the biofilm pho-
topigment assemblages of the 18 samples analyzed
suggested a high degree of spatial taxonomic homo-
geneity in the algal component of microphytobenthos
at the Roberts Bank stopover, consistent with previous
findings on mudflats (Guarini et al. 1998, Haubois et al.
2005). The microscopic determinations and photopig-
ment taxonomic markers revealed that the algal com-
ponent consisted largely of benthic diatoms. As previ-
ously noted by Kuwae et al. (2008), all photopigments

identified in sediment samples were evident in the
stomach contents and several of the identified products
are typically found in the feces of algal grazers
(Gieskes et al. 1991, Abele-Oeschger et al. 1992, Car-
taxana et al. 2003). The amount of biofilm ingested was
unlikely to be the result of accidental ingestion (Kuwae
et al. 2008, Mathot et al. 2010).

The isotopic results of the present study demon-
strated a migratory downward dietary shift as western
sandpipers migrated northwards (Fig. 4). The differ-
ences in δ15N values between animal compartments
(and hence stopover sites) translated to about 0.75
trophic levels. We are unaware of any other study
which has demonstrated such a downward migratory
trophic shift. The dietary shift observed in the present
study was probably not due to a dearth of potential
macrofaunal prey, as these are abundant on Roberts
Bank at this time of year (Sutherland et al. 2000,
Mathot et al. 2007).

The partial overlap observed between the trophic
levels corresponding to PS and RS (combined results)
and R  (Fig 4) indicates a progressive shift to lower
trophic levels over the northward migration, rather
than a sudden dietary changeover. Such a progressive
shift would favor the type of physiological transition
associated with changes in digestive enzyme activities.
The digestive enzyme activities of western sandpiper
vary with season (Stein et al. 2005), although no study
has yet examined this during the northward migration
from the overwintering grounds.

Clearly, biofilm cannot simply represent a ‘better
than nothing’ feeding strategy, since alternate food
sources were available (in particular benthic macro-
fauna, as noted above). Moreover, morphological
adaptations of the western sandpiper tongue allow
feeding on biofilm (Elner et al. 2005), indicating a spe-
cialized apomorphic character. Clues to the possible
utility of biofilm feeding may lie in the small volume of
the western sandpiper stomach (≤1 ml), which does not
permit large intakes of food even if large quantities are
available. Under such constraints, the high-carbohy-
drate biofilm (Characklis & Marshall 1989, Smith &
Underwood 2000) may provide more energy more
quickly for migration than the higher-protein macro-
faunal diet of the overwintering grounds, where the
birds have time to feed at a slower pace. Handling
time, travel time to patch (spatial distribution of poten-
tial food), and consistency of food quality are also
potentially important factors in the context of optimal
foraging theory constraints (Krebs & Davies 1997).
Regarding the latter consideration, although data on
small macrofaunal energy contents are lacking, it
should be noted that adult SFB vary greatly in energy
content, with minimum values for Tapes philippinarum
equivalent to those of biofilm, and maximum values 6

266

Consumers Mixing Dietary contribution (%)
model SFB POM BD

Western MixSIR 1 (0–4) 24 (18–29) 75 (70–81)
sandpiper SIAR 4 (0–47) 20 (2–37)0 70 (37–83)

SFB MixSIR – 47 (32–62) 53 (38–68)
SIAR – 49 (28–67) 51 (33–72)

Table 4. Estimates of the contribution of potential food
sources to the diets of western sandpiper and of the suspen-
sion-feeding bivalves (SFB: Mya sp. and Tapes philip-
pinarum) at Roberts Bank stopover using MixSIR and SIAR
mixing models. Modes and low-high 95% highest density
regions (SIAR) or 5–95% percentiles (MixSIR) are presented. 

BD: benthic diatoms; POM: particulate organic matter

Trophic 
position

3

2
PS and DS

Suspension-
feeding bivalves

R
Biofilm + 

POM

Fig. 4. Calidris mauri. Major components of western sand-
piper diets and trophic positions at proximate and distal
stopover grounds (PS and DS) prior to arrival at Roberts
Bank stopover (R), as given by the δ13C and δ15N of muscle
(DS), liver (PS), and stomach contents (R). Bold rectangles 

represent SD of the means



times those of biofilm, depending on physiological con-
dition (Beninger & Lucas 1984, Kuwae et al. 2008).
However, handling time is probably much greater for
the SFB prey. In addition, macroinfaunal distribution,
 ab undance, and recruitment are largely cryptic and
may be extremely variable (Beukema & de Vlas 1989,
Beukema et al. 1993, Zwarts & Wanink 1993, Honkoop
et al. 2006, Van der Wal et al. 2008, Chapman et al.
2010), whereas microphytobenthic patches are much
more visible and, notwithstanding small-scale spatial
variability (Murphy et al. 2008, Chapman et al. 2010),
spatially predictable (e.g. following precise high tide
isobaths, Méléder et al. 2003b). Given their small size
(~30 g), western sandpipers are likely to adopt an
‘income’, rather than a ‘capital’ trophic strategy before
breeding (Drent & Daan, 1980, Bonnet et al. 1998), so
these considerations are likely to be acutely important.

Biofilm feeding may also reduce interspecies compe-
tition for macrofaunal food (as suggested by Kuwae et
al. 2008). Further elucidation of adaptive value of this
diet shift requires more precise knowledge of the
chemical composition of the complex matrix that con-
stitutes intertidal biofilm (Duke & Reimann 1977, Vol-
cani 1981, Smith & Underwood 2000, Cigleneãki et al.
2003), and especially the energy, and array of nutri-
ents, vitamins and minerals available therein, relative
to macrofauna, as well as a better knowledge of the
physiological requirements of western sandpiper at
this stage of migration.

Several exciting perspectives have been opened by
the discovery of intertidal biofilm feeding by western
sandpipers and their migratory diet shift. Beyond the
search for similar processes in other shorebird species,
ontogenetic study of feeding and tongue morphology
would probably shed light on the acquisition of the
biofilm feeding mode, and perhaps provide clues to the
evolution of this character. In the geochemical and
physical realms, the effects of western sandpiper inter-
tidal biofilm grazing on sediment stability and erosion
(Sutherland et al. 1998a,b, Lundkvist et al. 2007) across
the migratory routes should be quantified, as should
the dynamics of biofilm production and consumption
on the mudflat ecosystem scale, and the resulting
export of primary production from this ecosystem.
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