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Abstract
Many shorebird species undertake long-distance migrations punctuated by brief stays at

food-rich, estuarine stopover locations. Understanding use of these food resources helps

guide conservation and responsible development decisions. We determined the extent and

degree to which Western Sandpiper (Calidris mauri) utilized biofilm as a food resource

across a large and variable stopover location during northward (spring) migration. We inves-

tigated the spatial heterogeneity in diet composition, to determine whether shorebirds were

consistently feeding on biofilm or whether diet varied between naturally and anthropogenic-

ally delineated sites. We used stable isotope analysis to estimate that biofilm conservatively

comprised 22% to 53% of Western Sandpiper droppings across all sampling sites and that

prey composition differed significantly between areas within the stopover location. Wide-

spread biofilm consumption demonstrates the importance of biofilm as a dietary component.

Variable diet composition suggests that habitat heterogeneity may be an important compo-

nent of high quality stopover locations in the context of “state-dependant trade-offs” of West-

ern Sandpiper population sub-groups. Future management decisions must consider and

address potential impacts on the biofilm community throughout a stopover location, as sin-

gle site studies of diet composition may not be adequate to develop effective management

strategies for entire stopover sites.

Introduction
High-quality stopover locations are integral in the life cycle of many migratory birds [1–3].
Successful migration of gregarious shorebirds depends on their ability to acquire adequate re-
sources from these locations, often over only a few days, to fuel long-distance migrations [4–5].
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It is therefore important to understand how shorebirds use the food resources at stopover loca-
tions [6–7] to make appropriate conservation and land-use management decisions.

Intertidal mud and sandflats often host matrix-enclosed microorganism communities ge-
nerically known as biofilm [8–9]. Biofilm is complex and variable but generally consists of a
thin layer of organic detritus, microbes, meiofauna, and sediment which forms on the surface
of intertidal flats. Biofilm is largely dominated by diatom species, in addition to microbes, pro-
karyotes, and eukaryotes suspended in a mucilaginous matrix of extracellular polymeric sub-
stances combined with non-carbohydrate organic compounds [8–10]. The density and quality
of biofilm determine its potential as a food source; both of these factors vary spatially and tem-
porally [7, 11–14]. Biofilm is a substantial food source for calidrid sandpipers at several migra-
tory stopover sites [10, 13, 15–16].

Major estuarine stopover locations supporting biofilm are often strategic places for trans-
port, industrial and residential development. Such development can significantly change the
extent and quality of estuarine ecosystems by altering hydrology and sedimentation, converting
habitats, and introducing pollutants or invasive species. Each of these factors could potentially
affect biofilm quality, abundance and distribution. An understanding of the extent and degree
to which migratory shorebirds use biofilm is therefore necessary, to assess the possible impacts
of development, and to help guide design and management.

A globally significant portion of the world’s Western Sandpiper (Calidris mauri) population
and the entire population of the Pacific subspecies of Dunlin (Calidris alpina pacifica) migrate
along North America’s Pacific flyway, regularly stopping during spring northward migration at
a few, food-rich locations that are separated by hundreds or thousands of kilometres [17–19].
The Fraser Estuary—Boundary Bay system in southwestern British Columbia, Canada is one of
the larger stopover locations on this flyway, and is a globally significant Important Bird Area
[20]. It is also located adjacent to a major urban center, supports a major port, and is subject to
large-scale development proposals. We focus onWestern Sandpipers because they are strongly
associated with biofilm feeding [13] and are dependent on this stopover location; 14%–21% of
the total flyway population of Western Sandpipers regularly passes through a small sub-section
of the estuary during spring migration, possibly up to 42%–64% in some years [20–21]; when
the additional extent of the estuary is taken into consideration, these proportions are likely
much higher.

Western Sandpiper and Dunlin are widespread across the Fraser Estuary—Boundary Bay
system during northward migration [22–23] but the relative density of birds varies throughout
the area. Habitat choice theory for the Western Sandpiper is largely focused on the concept of
“state-dependant trade-offs” [24–26], wherein different individuals may exhibit different die-
tary preferences. Factors driving site selection include predation risk [27–28], morphological
sex differences such as variation in bill length [29], physiological condition [25, 30] and food
availability [31–33, 28]. Biofilm comprises a substantial portion of Western Sandpiper diet dur-
ing spring migration in a small section of the Fraser Estuary—Boundary Bay system [10, 13],
yet the importance of biofilm and other prey to Western Sandpipers across the entire stopover
location has not been studied, nor has the spatial heterogeneity in biofilm feeding and diet
composition within the broader estuarine system been explored. Given that biofilm represents
a rich, highly available food resource to which Western Sandpiper morphology is adapted [8,
13, 34–36] we expect biofilm feeding to be a strategy used throughout the stopover location.
However, the multiple state-dependant trade-off hypotheses that have been proposed for this
species, and the variation of bird density in the different areas of the stopover location, lead to
the hypothesis that diet composition may vary between areas within the larger Fraser Estuary
—Boundary Bay system.
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Here we investigate the extent to which Western Sandpipers consume biofilm in different
areas within the Fraser Estuary—Boundary Bay estuarine system and the spatial heterogeneity
of their diet composition, to determine whether shorebirds consistently consume biofilm
throughout the stopover location, and whether heterogeneity in diet composition occurs.

Materials and Methods
Our study was conducted in three Wildlife Management Areas [37–39] of the Fraser Estuary—
Boundary Bay system; 1—Boundary Bay (49.07, -122.96), 2—Roberts Bank (49.06, -123.16)
and 3—Sturgeon Bank (49.16, -123.21). A total of eight sites within these three areas were used
as sampling units (Fig 1). Two sites were located in Area 1:Boundary Bay (Site 1:a Mud Bay
and Site 1:b Boundary Bay East), three sites in Area 2:Roberts Bank (Site 2:c Inter-causeway,
Site 2:d Brunswick Point and Site 2:e Westham Island) and three sites were located in Area 3:
Sturgeon Bank (Site 3:f Sturgeon South, Site 3:g Sturgeon North and Site 3:h Sturgeon Iona).
Sites in the Fraser Estuary were separated by plumes of the Fraser River, and/or man-made jet-
ties extending up to 2.5 km from shore, except Sturgeon Bank North and Sturgeon Bank South,
which have different sediment and wave exposure characteristics. Mud Bay was delineated
from Boundary Bay East by the Serpentine River channel; Mud Bay exhibits distinctly different
physical and biological characteristics to Boundary Bay East. For the purposes of this study the
term “stopover location” will refer to the entire Fraser Estuary—Boundary Bay system, the
term “area” will refer to the three Wildlife Management Areas that make up the location (la-
beled 1 to 3) and the term “site” will refer to the eight naturally or anthropogenically delineated
sampling sites that fall within the three Wildlife Management Areas (labeled a through h). This
research was undertaken for the federal-provincial environmental assessment review for a new

Fig 1. Distribution of sampling locations across the Fraser Estuary—Boundary Baymigratory
stopover location, 23 April–7 May 2012.

doi:10.1371/journal.pone.0124164.g001
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aviation fuel facility installation and overseen by the B.C. Environmental Assessment Office
and Port Metro Vancouver. All sites were accessed via public routes, with the exception of
Westham Island, which was accessed with permission from George C. Reifel Migratory Bird
Sanctuary.

Diet Composition
We sampled the diet of Western Sandpipers across the entire stopover location. We followed
the approach used by Kuwae et al. [10], and modeled the isotopic values carbon (δ13C) and ni-
trogen (δ15N) in shorebird droppings and prey items to determine the relative contribution of
each prey type to the overall diet [10, 40]. Droppings were chosen, rather than tissue or blood
samples, as the best indicator of Western Sandpiper diet at the sample sites due to the short
turnover time necessary for isotopic studies during migration stopover [4, 13]. Droppings un-
equivocally reflect the birds’ diets during the preceding hours and do not present the challenges
inherent in interpreting fractionation [13]. The high polysaccharide and organic matter con-
tent in biofilm makes it highly digestible [8, 13, 34–36] and therefore the majority is assimilated
into the body; hence droppings provide a conservative estimate of biofilm contribution to the
overall diet [13]. Prey items were selected based on previous studies of stomach contents and
feeding ecology of Western Sandpipers and were grouped by trophic level for a total of 3 prey
groups including biofilm in the form of surface sediment, small invertebrates (primarily am-
phipods, cumaceans, bivalves and gastropods between approximately 1mm and 10mm in
length) and polychaetes [10, 15, 41–42].

We focused on spring rather than fall migration in the Fraser Estuary—Boundary Bay system
because the density of Western Sandpipers is higher and the period of migration shorter (two
weeks, compared to two months in fall) [21, 23], presenting the opportunity to investigate the
importance of diet composition and heterogeneity. Samples were collected between April 23
and May 7, 2012, from flocks comprising a minimum of 75%Western Sandpipers. Samples
were collected within three hours following the first high tide of the day. Western Sandpiper
droppings (n = 125) were collected directly from the intertidal mudflat surface from flocks feed-
ing up to 1 km from the shoreline for at least 30 minutes prior to sample collection; no verte-
brates were captured or disturbed during this study and no animal care approval was required.
Western Sandpiper droppings were distinguished from those of Dunlin based on size and diam-
eter [43]. Extreme care was taken that no surface sediments were included in the dropping sam-
ples; droppings that were disturbed or located in standing water were avoided. The top of each
dropping was carefully scraped off while the portion in contact with the mudflat was left behind.
For each sample ten or more droppings from different individuals were collected in a single 2
ml vial from within an area of approximately 50 m2, in order to gather a sufficient amount of
material for isotope analysis. Surface sediment samples (n = 118) were collected from the same
locations, using a toothbrush to scrape off the uppermost 1 mm of surface sediment [13].
Macroinvertebrates were collected by digging to a depth of 5cm and passing the substrate
through a 1 mmmesh sieve, individuals greater than approximately 10 mm in length were dis-
carded as they fell outside the size range expected to be consumed byWestern Sandpipers, all
species of non-polychaete invertebrates collected from each excavated sample were combined as
one sampling unit for isotope analysis (n = 18). Large polychaetes were collected using the same
method, digging to a maximum depth of 45cm (n = 12). Although this depth is outside the
range accessible byWestern Sandpiper these species are vertically mobile and retreat when dis-
turbed, therefore deeper digging was required to capture them. Microphytobenthos samples
(n = 16) were extracted from surface sediments following the methods of Kuwae et al. [10]. Sedi-
ment samples were spread in a tray to a depth of approximately 5 mm and a 60 μmmesh nylon
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screen was placed over the sediment followed by a layer of pre-combusted glass wool (450°C for
2 hours). The glass wool was moistened by spraying with filtered seawater (filtered using 60 μm
mesh) and left overnight at ambient temperature (20°C) in the dark to allow for microphyto-
benthos migration into the glass wool. All samples were frozen at -20°C after collection.

Stable Isotope Analysis. Dropping samples were treated prior to stable isotope analysis to
remove potential metabolites such as urea and ammonium. A 5 mg subsample of each pow-
dered dropping sample was mixed with a 1.4 ml 2:1 chloroform:methanol solution. Particulate
matter was allowed to settle and the solution was removed using a pipette. This procedure was
repeated a minimum of three times per sample followed by oven drying.

Due to the high sediment content in samples collected from the intertidal zone, all samples
were treated to remove non-dietary carbonates prior to isotope analysis using an acid wash
[44]. A few drops of 1 mol/L HCl were added to each sample in a glass vial and samples were
left overnight to allow full decomposition of carbonates. Samples were then placed on a hot-
plate at 50°C to remove any remaining HCl [45].

All samples were weighed into tin capsules and combusted in either a Carlo Erba NC2500
(dropping and invertebrate samples) or a Costech 4010 Elemental Analyzer (sediment and
microphytobenthos samples) and delivered to mass spectrometers via continuous flow systems
(Conflo II or Conflo III) using helium as a carrier gas. Stable-isotope values of carbon (δ13C)
and nitrogen (δ15N), percent carbon content, and percent nitrogen content were measured
using either a Thermo-Finnigan Delta Plus mass spectrometer (droppings and invertebrates)
or a Delta XP isotope-ratio mass spectrometer (sediment and microphytobenthos) interfaced
to an Elemental Analyzer via the Conflo II or Conflo III, respectively. Isotope values are pre-
sented relative to international measurement standards Vienna Peedee Belemnite (VPDB) and
atmospheric nitrogen for δ13C and δ15N, respectively. Stable-isotope values are expressed in
δ notation as deviation from the appropriate international measurement standard in parts per
thousand (‰).

A variety of secondary isotopic reference materials (SIRMs) were used to ensure that values
used in calibration spanned the range of expected values, and composition of unknowns. These
showed that instrument precision was 0.2 for δ13C, and 0.2 for δ15N (S1 Table). In addition,
31/308, or 10% of samples were run in duplicate yielding a mean SD of 0.1–0.2‰ for δ13C and
δ15N depending on sample type.

Microphytobenthos. Kuwae et al. [10] estimated that microphytobenthos comprised
7–11% of surface sediments but was consumed by Western Sandpipers at a minimum propor-
tion of 65%, suggesting Western Sandpipers may mechanically filter sediments to extract
microphytobenthos when feeding. In contrast, studies of bill and tongue morphology and
stomach content analysis suggest biofilm grazing may be unfiltered [15, 42]. Due to this uncer-
tainty, we chose to use the isotopic values of surface sediments without adjustment for selective
feeding on microphytobenthos, as a conservative estimate of biofilm contribution to Western
Sandpiper diet. To ensure our models provided conservative estimates, microphytobenthos iso-
tope values were plotted alongside those of droppings, small invertebrates, large polychaetes
and surface sediments. Based on visual inspection, the δ13C and δ 15N values of surface sedi-
ments and microphytobenthos were similar in both magnitude and direction from dropping
samples (Fig 2). This ensured that models run using isotopic values of surface sediments, re-
gardless of the proportion of microphytobenthos selectively extracted, provided a conservative
estimate of biofilm feeding in relation to other prey sources.

Stable Isotope Mixing Models. We used the Bayesian mixing model SIAR [46] in R 2.15.2
[47], to estimate the proportion of biofilm in Western Sandpiper droppings at each site. We as-
sumed diet-tissue isotopic discrimination between prey and droppings to be negligible [10].
Each model was run for 2 million iterations, with an initial discard of 50,000 iterations, and the
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remaining thinned by 15, resulting in 130,000 posterior draws to estimate the median and 95%
credibility intervals of each prey type’s contribution to Western Sandpipers’ diet. We ran sepa-
rate models for each of the eight sampling sites. Due to the high variance in polychaete C and
N isotopic values, we chose to pool our polychaete samples across all sampling sites to prevent
biases due to sites with low polychaete sample sizes (S2 Table). When the pooled values from
our study (n = 12, δ13C = -15.20 ± 2.95, δ15N = 12.51 ± 2.23) were compared to those of Kuwae
et al. [13] (n = 63, δ13C = -15.43 ± 1.57, δ15N = 12.01 ± 1.07) we found a difference of only 0.23
δ13C and 0.5 δ15N, less than 4%; suggesting that polychaete sample size did not significantly
impact the interpretation of our results. Variation in small invertebrate isotopic values was
comparatively low among sites and sample sizes were higher. We therefore pooled inverte-
brates within the three naturally delineated Wildlife Management Areas 1: Boundary Bay, 2:
Roberts Bank and 3: Sturgeon Bank.

To measure the similarity of the estimates of biofilm consumption by Western Sandpipers
between sites, we used the approach of Bond and Diamond [48], and calculated Bhattachar-
yya’s Coefficient (BC) for each pairwise comparison between sites. Mixing models produce re-
sults in a Dirichlet distribution (one whose components sum to 1), which can be compared
using Bhattacharyya’s Coefficient [49–51]. We used the 130,000 draws from SIAR to calculate
the median BC for each pair of sites. Like traditional measures of dietary overlap, such as Mori-
sita’s Index [52–53], BC values range from 0 (no overlap) to 1 (complete overlap), and values
of BC>0.60 are considered to represent significant overlap in diet [54–55].

Sandpiper Counts
During daily sample collection for isotope analysis, numbers of Western Sandpiper and Dunlin
in each site were estimated within three hours of the high tide. Experienced observers estimated
the size of flocks, by tallying the number of groups of 100 or 500 birds within each flock. This
method has an estimated error of approximately 20% [21]. The species composition of each
flock was estimated by tallying the number of individuals of Western Sandpiper and Dunlin
along visual transect lines through each flock, and multiplying the mean proportion of each
species by the total flock size.

Fig 2. Mean isotope values of δ13C and δ15N (± standard deviation) for microphytobenthos, small
invertebrates, large polychaetes, surface sediments (biofilm) andWestern Sandpiper droppings.
Samples were collected at eight study sites within the Fraser Estuary—Boundary Bay migratory stopover
location, 23 April–7 May 2012. 1:a Mud Bay, 1:b Boundary Bay East, 2:c Roberts Bank Inter-causeway, 2:d
Roberts Bank Brunswick Point, 2:e Roberts BankWestham Island, 3:f Sturgeon Bank South, 3:g Sturgeon
Bank North, and 3:h Sturgeon Bank Iona.

doi:10.1371/journal.pone.0124164.g002
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Results
The proportion of biofilm in Western Sandpiper diet varied spatially with the highest propor-
tions observed in Site 1:a Mud Bay, and Site 2:e Westham Island, and lowest proportions in
Area 3: Sturgeon Bank (Table 1, Fig 3). Variation in diet constituents was relatively low for
Area 1: Boundary Bay, Area 2: Roberts Bank and Site 3:f Sturgeon South (Table 1, Fig 3),
and higher at Sites 3:g Sturgeon North and 3:h Sturgeon Iona where sample sizes were limited
(S2 Table).

Diet composition of Western Sandpipers varied significantly between Areas 1: Boundary
Bay, 2: Roberts Bank and 3: Sturgeon Bank, but not between sites within each of these three
areas (Table 2). Diet composition in Site 1:a Mud Bay was significantly different from all three
Area 2: Roberts Bank sites but not from all three Area 3: Sturgeon Bank sites (Table 2). Diet

Table 1. Estimated contributions of surface sediments (biofilm), small invertebrates and large polychaetes in Western Sandpiper droppings
across the Fraser Estuary—Boundary Bay migratory stopover location, 23 April—1 May 2012.

Site Biofilm Small Invertebrates Polychaetes

Median 95% Cr.I. Median 95% Cr.I. Median 95% Cr.I.

1:a Mud Bay 51.7% 40.2–60.0% 40.7% 29.0–49.1% 6.7% 0.3–26.2%

1:b Boundary Bay East 46.1% 35.2–57.2% 19.7% 4.6–36.2% 34.2% 16.5–50.2%

2:c Roberts Bank Inter-causeway 36.4% 10.0–54.7% 15.0% 1.0–40.0% 48.1% 37.9–60.0%

2:d Roberts Bank Brunswick Point 37.7% 24.8–47.6% 13.7% 1.0–35.6% 48.2% 36.2–57.5%

2:e Roberts Bank Westham Island 50.2% 39.9–57.3% 8.6% 0.4–27.6% 40.6% 30.3–47.6%

3:f Sturgeon Bank South 22.8% 13.2–36.0% 74.4% 52.1–85.5% 2.8% 0.1–13.2%

3:g Sturgeon Bank North 35.9% 2.4–63.6% 55.9% 20.4–93.9% 6.4% 0.3–35.9%

3:h Sturgeon Bank Iona 27.9% 14.3–49.7% 63.7% 25.4–82.9% 7.8% 0.3–33.6%

Data are presented as the median of 130,000 posterior draws and 95% credibility intervals (Cr.I.), the Bayesian equivalent of confidence intervals

doi:10.1371/journal.pone.0124164.t001

Fig 3. Proportion of large polychaetes, small invertebrates and surface sediment (biofilm) in Western
Sandpiper diet based on dropping and prey samples collected during springmigration (23 April–7
May 2012). A three source mixing model of δ13C and δ15N was used for eight study sites within the Fraser
Estuary—Boundary Bay migratory stopover location: 1:a Mud Bay, 1:b Boundary Bay East, 2:c Roberts Ban:
Inter-causeway, 2:d Roberts Bank Brunswick Point, 2:e Roberts BankWestham Island, 3:f Sturgeon Bank
South, 3:g Sturgeon Bank North, and 3:h Sturgeon Bank Iona.

doi:10.1371/journal.pone.0124164.g003
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composition in Site 1:b Boundary Bay East was significantly different from all three Area 3:
Sturgeon Bank sites but did not differ significantly from the three Area 2: Roberts Bank sites
(Table 2). Diet composition at all three Area 3: Sturgeon Bank sites was significantly different
from all three Area 2: Roberts Bank sites (Table 2). The spatial variation in diet composition
(Table 1, Fig 3) suggests that Western Sandpipers in Site 1:a Mud Bay fed chiefly on biofilm
and, to a lesser extent, on small invertebrates, whereas Western Sandpipers in Sites 1:b Bound-
ary Bay East and Area 2 Roberts Bank fed chiefly on biofilm and large polychaetes, and those
in Area 3: Sturgeon Bank fed chiefly on small invertebrates and a smaller amount of biofilm.

Western Sandpiper and Dunlin were widely distributed in large numbers across the Fraser
Estuary and Boundary Bay during the study period. The highest counts were recorded at Site 2:
d Brunswick Point (Table 3), where 55% of all the Western Sandpipers detected were recorded;
17% were recorded in Area 3: Sturgeon Bank and 28% in Site 2:b Boundary Bay East. The pro-
portion of Western Sandpiper to Dunlin at Area 2: Roberts Bank sites (0.82) was consistently
higher than at Area 3: Sturgeon Bank sites (0.56) and Site 1:b Boundary Bay East (0.42). Site 1:a
Mud Bay had the highest proportion of Western Sandpiper (0.97; Fig 4). In all areas, Western
Sandpipers were observed using epifaunal feeding actions associated with biofilm consumption
[10, 13] and regular movements of shorebirds between and within the eight study sites and the
three larger areas were observed.

Table 2. Bhattacharyya’s Coefficient (BC) for pairwise comparisons of estimated diet of Western Sandpipers at study sites within the Fraser Estu-
ary—Boundary Baymigratory stopover location.

1:b 2:c 2:d 2:e 3:f 3:g 3:h Sturgeon Bank Iona

1:a Mud Bay 0.65 0.48 0.49 0.46 0.75 0.72 0.79

1:b Boundary Bay East – 0.88 0.91 0.89 0.36 0.52 0.59

2:c Roberts Bank Inter-causeway – 0.91 0.86 0.27 0.39 0.45

2:d Roberts Bank Brunswick Point – 0.89 0.27 0.39 0.45

2:e Roberts Bank Westham Island – 0.23 0.34 0.39

3:f Sturgeon Bank South – 0.72 0.78

3:g Sturgeon Bank North – 0.74

Higher BC indicates greater similarity in estimated diet, and BC >0.60 indicates significant similarity. Data are presented as the median BC of

130,000 iterations.

doi:10.1371/journal.pone.0124164.t002

Table 3. Average total counts, and average estimated proportions of Western Sandpiper (WESA) and Dunlin (DUNL) from ratios in sample flocks
within study sites in the Fraser Estuary—Boundary Baymigratory stopover location, 23 April–1 May 2012.

n Area WESA and DUNL Combined WESA DUNL UNID

4 1:b Boundary Bay East 62125 15436 24414 22275

3 1:b Boundary Bay East (partial count) 11133 5167 5967 0

1 1:a Mud Bay 11300 11000 300 0

7 2:d Roberts Bank Brunswick Point 102100 73741 19502 8857

1 2:c Roberts Bank Inter-causeway 33000 30000 3000 0

1 2:e Roberts Bank Westham Island 5000 4500 500 0

1 3:h Sturgeon Bank Iona 7000 3900 3100 0

5 3:g Sturgeon Bank North 5300 4410 4590 1700

3 3:f Sturgeon Bank South 29300 0 0 29300

Counts where species ratios were not taken are reported as undifferentiated Western Sandpiper and Dunlin (UNDI) not identified to species (optical

equipment, flocking behaviour or distance from observer precluded making species-specific estimate)

doi:10.1371/journal.pone.0124164.t003
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Discussion
Biofilm was estimated to comprise 22.8% (95% credibility interval 13.2–36.0%) to 53% (95%
credibility intervals 39.9–57.3%) of Western Sandpiper droppings, suggesting that it is an im-
portant dietary component throughout the stopover location. Given that droppings provide a
conservative estimate of biofilm grazing [10] and that we assumed grazing was unfiltered, the
values presented here likely under represent the true proportion of biofilm in Western Sand-
piper diet. Our study followed an established protocol for Western Sandpiper dropping collec-
tion [10], and care was taken in collecting dropping samples, however we feel a study of the
difference between droppings collected using this method and droppings collected directly
from birds is warranted to test the assumption that droppings are not influenced when collect-
ed from mud- and sandflat surfaces.

Regular movements of Western Sandpiper and Dunlin between sites and areas suggest that
birds have knowledge of food and habitat variation and make site selection decisions accord-
ingly. The proportion of biofilm, small invertebrates and polychaete worms in the diet differed
significantly between Site 1:a Mud Bay, Site 1:b Boundary Bay East, Area 2: Roberts Bank and
Area 3: Sturgeon Bank. Two non-mutually exclusive hypotheses exist that may explain this diet
heterogeneity: i) the diet composition in areas supporting the highest numbers of Western
Sandpipers is optimal and the population is operating under an ideal free distribution [56], and
ii) there are heterogeneous diet, behavioural or habitat requirements within sub-groups of the
species and birds are selecting sites that meet their individual needs.

The sites with the highest proportion of biofilm in the diet, Area 2: Roberts Bank and Site 1:
a Mud Bay either supported the greatest numbers of Western Sandpipers, or exhibited the

Fig 4. Average proportions of Western Sandpiper and Dunlin in all flocks of birds differentiated to
species, in study sites or areas that exhibited significant differences in diet composition. Site 1a: Mud
Bay (n = 1), Site 1b: Boundary Bay East (n = 6), Area 2: Roberts Bank (n = 8), and Area 3: Sturgeon Bank
(n = 3).

doi:10.1371/journal.pone.0124164.g004
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highest proportions of Western Sandpipers to Dunlin, suggesting that site use was related to
biofilm consumption. Analysis of bird density in comparison to biofilm abundance was not
possible here, as density per unit area does not necessarily correlate to density per unit biofilm.
The extent and density of biofilm varies spatially and temporally [14] yet efficient preliminary
methods to quantify biofilm abundance in the Fraser Estuary, using infrared photography
combined with sediment sampling, were only developed after the completion of our study [14].
When applied to Site 2:b Brunswick Point, these methods found that only 30% of the exposed
intertidal area supported a rich microphytobenthos community [14]. Because biofilm acts as a
major food source for the invertebrate communities on which shorebirds also prey [57], site se-
lection will be influenced both by the presence of biofilm and by the invertebrate communities
(meiofauna and macroinvertebrates) it supports. We collected samples from within 1 km of
the high tide line/salt marsh edge during the falling tide. If birds move to areas further from
shore during low tide periods of the tidal cycle, or in response to predation pressure, then diet
constituents may differ. Physical substrate properties throughout the stopover site may also dif-
ferentially impact the availability of prey resources [58] and therefore diet composition. These
are important factors when considering potential development options, since hydrological
changes may impact substrate composition, density or hardness.

Ideal free distribution theory assumes that all individuals have the same foraging prefer-
ences. Given that fattening rates of Western Sandpipers neither correlate to feeding strategy,
nor vary within stopover sites [59] and Western Sandpipers exhibit a progressive downward
shift in trophic position during northward migration, despite abundance of macrofaunal prey
[6–7, 60], an ideal diet composition may not exist for this species as a whole, and optimal
diet composition may be state-dependant [24–26]. A variety of factors may give rise to state-
dependant foraging habits. Migrating shorebirds must balance body condition with predation
risk: leaner birds utilize food-rich, but dangerous, habitats and heavier birds use safer areas
with lower food availability [24, 28, 43]. Age and migratory stage differences in digestive physi-
ology have been demonstrated for this species [61–63] and because of their large non-breeding
range [17], some Western Sandpipers undertake longer migratory journeys then others. West-
ern Sandpipers may also employ sex-specific feeding strategies [6, 26, 33, 64], leading to hetero-
geneous site use [65–67]. Female bills average 13% longer than males’ and male Western
Sandpipers use epifaunal (surface) feeding associated with biofilm grazing more often than fe-
males, who use infaunal (probing) feeding, despite equivalent prey abundance [29]. Latitudinal
separation in sex and size distribution across the non-breeding range [68–70] and site-based
sex bias between habitat types within the same latitudinal band [71] are established strategies
for this species. All these factors may lead to different utilization of food resources if different
sites or areas are optimal for the feeding strategies of different sub-groups based on migratory
distances, physiology, body condition, age and sex [7, 61].

Although we focused on spring migration, similar studies during the extended fall migratory
period are needed in order to understand the implications of diet heterogeneity and biofilm
feeding throughout the full life cycle of this species. Shorebirds have a generally high flexibility
of invertebrate prey species choice, and previous management regimes have focused on main-
taining wetland habitats and diverse invertebrate populations [72]. However, if shorebirds feed
extensively on biofilm during northward migration, or throughout the entire migratory cycle,
management strategies that maintain biofilm and invertebrate diversity may be required. Intra-
guild competition for biofilm resources [13] betweenWestern Sandpipers and the invertebrates
on which they feed, and interactions between the spatial organizations of invertebrates, bio-
films and shorebirds reinforce the need for this approach.

Biofilm feeding by vertebrates is a relatively recent discovery [10, 13]. Our results demon-
strated the widespread use of multiple areas within a stopover site by Western Sandpipers, and
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confirmed that substantial biofilm consumption occurs in each of these areas. Our finding that
Western Sandpiper diet composition varied significantly between sites concurs with a study of
Semipalmated Sandpipers (Calidris pusilla) in the Bay of Fundy [16] and has potential conser-
vation implications. Understanding whether heterogeneity in resource availability is necessary
to support all sub-groups of a population during migratory stopover, and whether shorebirds
demonstrate a preference for areas of high biofilm abundance and/or quality are important re-
search priorities [26]. The potential consequences of habitat change, both within the Fraser
Estuary—Boundary Bay system and at other major migratory stopover locations under similar
development pressures, warrant a comprehensive study of the factors influencing shorebird
site use to assess the relative importance of sites, to identify the potential impacts of infrastruc-
ture projects, and help guide responsible coastal development.

Supporting Information
S1 Table. Summary of secondary isotopic reference materials (SIRMs) used to calibrate un-
knowns and measure instrument precision.
(DOCX)

S2 Table. Numbers of samples collected for isotopic analysis in each of 8 study locations
within the Fraser Estuary—Boundary Bay stopover location, British Columbia Canada, 23
April–7 May 2012. Dropping samples represent 10 droppings from different individuals
pooled as one sample. Small invertebrates and polychaete samples represent a pool of all indi-
viduals captured at each excavation location.
(DOCX)

Acknowledgments
Karen Barry, Christopher Di Corrado, and Sampath Seneviratne (Bird Studies Canada) assisted
with sample collection and bird counts. Mark Drever and Moira Lemon, Canadian Wildlife
Service of Environment Canada, provided raw count data from their independent surveys of
Dunlin andWestern Sandpiper, conducted at the same time as this study. Robert Elner provid-
ed feedback and support on study design and the developing manuscript. John Harper and
Brian Bornhold, Coastal and Ocean Resources Inc., provided GIS layers and discussion of
physical characteristics of the study area, which helped improve study design, presentation and
interpretation of results. The staff of the Stable Isotopes in Nature Laboratory at the University
of New Brunswick (David Soto, Anne McGeachy, Mireille Savoie and Heather Burke) provided
expert analytical support and guidance. Some laboratory facilities and supplies were provided
by Dr. Darren Irwin’s molecular biogeography Laboratory at the Biodiversity Research
Centre, University of British Columbia. Comments from two anonymous reviewers improved
this manuscript.

Author Contributions
Conceived and designed the experiments: PJAD RWB CBJ TK. Performed the experiments:
CBJ PJAD RWB. Analyzed the data: ALB CBJ. Contributed reagents/materials/analysis tools:
ALB. Wrote the paper: CBJ ALB TK PJAD RWB.

References
1. Myers JP, Morrison RIG, Antas PA, Harrington BA, Lovejoy TE, Sallaberry M, et al. (1987) Conserva-

tion strategy for migratory species. Am Sci 75: 18–26.

Biofilm Consumption and Diet Composition of Western Sandpiper

PLOS ONE | DOI:10.1371/journal.pone.0124164 April 14, 2015 11 / 14

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0124164.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0124164.s002


2. O’Reilly KM, Wingfield JC (1995) Spring and autumn migration in arctic shorebirds: same distance, dif-
ferent strategies. Am Zool 35: 222–233.

3. Mehlman DW, Mabey SE, Ewert DN, Duncan C, Abel B, Cimprich D, et al. (2005) Conserving stopover
sites for forest-dwelling migratory landbirds. Auk 122: 1281–1290.

4. Warnock N, Bishop MA (1998) Spring stopover ecology of migrant Western Sandpipers. Condor 100:
456–467.

5. Clark CW, Butler RW (1999) Fitness components of avian migration: a dynamic model of Western
Sandpiper migration. Evol Ecol Res 1: 443–457.

6. Mathot KJ, Smith BD, Elner RW (2007) Latitudinal clines in food distribution correlate with differential
migration in the western sandpiper. Ecology 88: 781–791. PMID: 17503605

7. Beninger PG, Elner RW, Morançais M, Decottignies P (2011). Downward trophic shift during breeding
migration in the shorebird Calidris mauri (western sandpiper). Mar Ecol Prog Ser 428: 259–269.

8. Branda SS, Vik Å, Friedman L, Kolter R (2005) Biofilms: the matrix revisited. Trends Microbiol. 13:
20–26. PMID: 15639628

9. Characklis WG, Marshall KC (1990) Biofilms. New York: Wiley

10. Kuwae T, Beninger PG, Decottignies P, Mathot KJ, Lund DR, Elner RW (2008) Biofilm grazing in a
higher vertebrate: theWestern Sandpiper,Calidris mauri. Ecology 89: 599–606. PMID: 18459323

11. Herlory O, Guarini JM, Richard P, Blanchard GF (2004) Microstructure of Microphytobenthic Biofilm
and its Spatio-temporal Dynamics in an Intertidal Mudflat (Aiguillon Bay, France). Mar Ecol Prog Ser
282: 33–44.

12. Underwood GJC, Perkins RG, Consalvey MC, Hanlon ARM, Oxborough K, Baker NR, et al. (2005) Pat-
terns in microphytobenthic primary productivity: Species-specific variation in migratory rhythms and
photosynthetic efficiency in mixed-species biofilms. Limnol Oceanogr 50: 755–767.

13. Kuwae T, Miyoshi E, Hosokawa S, Ichimi K, Hosoya J, Amano T, et al. (2012) Variable and complex
food web structures revealed by exploring missing trophic links between birds and biofilm. Ecol Lett 15:
347–356.

14. Jiménez Reyes A. (2013) The “secret garden”: microphytobenthic biofilms and the foraging ecology of
calidridine sandpipers. Doctoral dissertation, Simon Fraser University: Biological Sciences Department

15. Mathot KJ, Lund DR, Elner RW (2010) Sediment in stomach contents of Western Sandpipers and Dun-
lin provide evidence of biofilm feeding. Waterbirds 33: 300–306.

16. Quinn JT, Hamilton DJ (2012) Variation in diet of Semipalmated Sandpipers (Calidris pusilla) during
stopover in the upper Bay of Fundy, Canada. Can J Zool 90: 1181–1190.

17. Iverson GC, Warnock SE, Butler RW, Bishop MAWarnock N (1996) Spring migration of Western Sand-
pipers along the Pacific coast of North America: A telemetry study. Condor 98: 10–21.

18. Warnock ND, Gill RE (1996) Dunlin (Calidris alpina), The Birds of North America Online (Poole A., Ed.).
Ithaca: Cornell Lab of Ornithology. Available: http://bna.birds.cornell.edu/bna/species/203 Accessed
17 March 2014

19. Delany S, Scott D (2006) Waterbird population estimates. 4 ed. Wageningen, The Netherlands: Wet-
lands International

20. Important Bird Areas in Canada. Birdlife International partners Bird Studies Canada and Nature Cana-
da. Available: http://www.ibacanada.ca/site.jsp?siteID=BC017 Accessed 30 Oct 2014

21. Drever MC, LemonMJF, Butler RW, Millikin RL (2014) Monitoring populations of Western Sandpipers
and Pacific Dunlins during northward migration on the Fraser River Delta, British Columbia,
1991–2013. J Field Ornithol 85: 10–22.

22. Butler RW, Vermeer K (1994) The abundance and distribution of estuarine birds in the Strait of Georgia,
British Columbia. Ottawa: CanadianWildlife Service (Occasional Paper No. 83)

23. Butler RW, Shepherd PCF, LemonMJF (2002) Site fidelity and local movements of migrating Western
Sandpipers on the Fraser River estuary. Wilson Bull 114: 485–490.

24. Ydenberg RC, Butler RW, Lank DB, Guglielmo CG, Lemon M, Wolf N (2002) Trade‐offs, condition de-
pendence and stopover site selection by migrating sandpipers. J Avian Biol 33: 47–55.

25. Nebel S, Lank DB (2003) Cross-seasonal and cross-disciplinary studies of migratory shorebirds.
Wader Study Group Bull 100: 118–121.

26. Elner RW, Seaman DA (2003) Calidrid conservation: unrequited needs. Wader Study Group Bull 100:
30–34.

27. Ydenberg RC, Butler RW, Lank DB, Smith BD, Ireland J (2004) Western sandpipers have altered mi-
gration tactics as peregrine falcon populations have recovered. Proc R Soc Lond B Biol Sci 271:
1263–1269.

Biofilm Consumption and Diet Composition of Western Sandpiper

PLOS ONE | DOI:10.1371/journal.pone.0124164 April 14, 2015 12 / 14

http://www.ncbi.nlm.nih.gov/pubmed/17503605
http://www.ncbi.nlm.nih.gov/pubmed/15639628
http://www.ncbi.nlm.nih.gov/pubmed/18459323
http://bna.birds.cornell.edu/bna/species/203
http://www.ibacanada.ca/site.jsp?siteID=BC017


28. Pomeroy AC, Seaman DAA, Butler RW, Elner RW, Williams TD (2008) Feeding–danger trade-offs un-
derlie stopover site selection by migrants. Avian Conservation and Ecology 3: 7 Available: http://www.
ace-eco.org/vol3/iss1/art7/ Accessed 15 June 2012.

29. Mathot KJ, Elner RW (2004) Evidence for sexual partitioning of foraging mode in Western Sandpipers
(Calidris mauri) during migration. Can J Zool 82: 1035–1042.

30. MacDonald EC, Ginn MG, Hamilton DJ (2012) Variability in foraging behavior and implications for diet
breadth among Semipalmated Sandpipers staging in the upper Bay of Fundy. Condor 114: 135–144.

31. Hicklin PW, Smith PC (1984) Selection of foraging sites and invertebrate prey by migrant Semipalmat-
ed Sandpipers, Calidris pusilla in Minas Basin, Bay of Fundy. Can J Zool 62: 2201–2210.

32. Colwell MA, Landrum SL (1993) Non-random shorebird distribution and fine-scale variation in prey
abundance. Condor 95:94–103.

33. Placyk JS Jr., Harrington BA (2004) Prey abundance and habitat use by migratory shorebirds at coastal
stopover sites in Connecticut. J Field Ornithol 75: 223–231.

34. Taylor IS, Paterson DM, Mehlert A (1999) The quantitative variability and monosaccharide composition
of sediment carbohydrates associated with intertidal diatom assemblages. Biogeochemistry 45:
303–327. PMID: 10383123

35. de Brouwer JFC, Stal LJ (2001) Short-term dynamics in microphytobenthos distribution and associated
extracellular carbohydrates in surface sediments of an intertidal mudflat. Mar Ecol Prog Ser 218:
33–44.

36. Hoskins D. L., Stancyk S. E., and Decho A. W.. 2003. Utilization of algal and bacterial extracellular poly-
meric secretions (EPS) by the deposit-feeding brittlestar Amphipholis gracillima (Echinodermata). Mar
Ecol Prog Ser 247:93–101.

37. Boundary BayWildlife Management Area. Ministry of Forests Lands and Natural Resources. Copyright
2014, Province of British Columbia. Available: http://www.env.gov.bc.ca/fw/habitat/conservation-lands/
wma/boundary_bay/ Accessed 30 October 2014

38. Roberts BankWildlife Management Area. Ministry of Forests Lands and Natural Resources. Copyright
2014, Province of British Columbia. Available: http://www.env.gov.bc.ca/fw/habitat/conservation-lands/
wma/roberts_bank/ Accessed 30 October 2014

39. Sturgeon BankWildlife Management Area. Ministry of Forests Lands and Natural Resources. Copyright
2014, Province of British Columbia. Available: http://www.env.gov.bc.ca/fw/habitat/conservation-lands/
wma/sturgeon_bank/ Accessed 30 October 2014

40. Phillips DL, Gregg JW (2001) Uncertainty in source partitioning using stable isotopes. Oecologia 127:
171–179. doi: 10.1007/s004420000578 PMID: 24577646

41. Sewell MA (1996) Detection of the impact of predation by migratory shorebirds: an experimental test in
the Fraser River estuary, British Columbia (Canada). Mar Ecol Prog Ser 144: 23–40.

42. Elner RW, Beninger PG, Jackson DL, Potter TM (2005) Evidence of a new feeding mode in Western
Sandpiper (Calidris mauri) and Dunlin (Calidris alpina) based on bill and tongue morphology and ultra-
structure. Mar Biol 146: 1223–1234.

43. Pomeroy AC (2006) Tradeoffs between food abundance and predation danger in spatial usage of a
stopover site by western sandpipers, Calidris mauri. Oikos 112: 629–637.

44. DeNiro MJ, Epstein S (1978) Influence of the diet on the distribution of carbon isotopes in animals. Geo-
chim Cosmochim Acta 42: 495–506.

45. Cloern JE, Canuel EA, Harris D (2002). Stable carbon and nitrogen isotope composition of aquatic and
terrestrial plants of the San Francisco Bay estuarine system. Limnol Oceanogr 47: 713–729.

46. Parnell AC, Inger R, Bearhop S, Jackson AL (2010) Source partitioning using stable isotopes: coping
with too much variation. PLoS One 5: e9672. doi: 10.1371/journal.pone.0009672 PMID: 20300637

47. R Development Core Team (2011) R: a language and environment for statistical computing. Version
2.15.2 [computer program]. R Foundation for Statistical Computing, Vienna, Austria.

48. Bond AL, Diamond AW (2011) Recent Bayesian stable-isotope mixing models are highly sensitive to
variation in discrimination factors. Ecol Appl 21: 1017–1023. PMID: 21774408

49. Bhattacharyya A (1943) On a measure of divergence between two statistical populations defined by
their probability distributions. Bull Calcutta Math Soc 35: 99–109.

50. Kailath T (1967) The divergence and Bhattacharyya distance measures in signal selection. {IEEE}
Trans Commun Technol 15: 52–60.

51. Rauber TW, Braun T, Berns K (2008) Probabilistic distance measures of the Dirichlet and Beta distribu-
tions. Pattern Recognit 41: 637–645.

52. Morisita M (1959) Measuring of interspecific association and similarity between communities. Mem.
Fac. Sci. Kyushu Univ. Series E 3: 65–80.

Biofilm Consumption and Diet Composition of Western Sandpiper

PLOS ONE | DOI:10.1371/journal.pone.0124164 April 14, 2015 13 / 14

http://www.ace-eco.org/vol3/iss1/art7/
http://www.ace-eco.org/vol3/iss1/art7/
http://www.ncbi.nlm.nih.gov/pubmed/10383123
http://www.env.gov.bc.ca/fw/habitat/conservation-lands/wma/boundary_bay/
http://www.env.gov.bc.ca/fw/habitat/conservation-lands/wma/boundary_bay/
http://www.env.gov.bc.ca/fw/habitat/conservation-lands/wma/roberts_bank/
http://www.env.gov.bc.ca/fw/habitat/conservation-lands/wma/roberts_bank/
http://www.env.gov.bc.ca/fw/habitat/conservation-lands/wma/sturgeon_bank/
http://www.env.gov.bc.ca/fw/habitat/conservation-lands/wma/sturgeon_bank/
http://dx.doi.org/10.1007/s004420000578
http://www.ncbi.nlm.nih.gov/pubmed/24577646
http://dx.doi.org/10.1371/journal.pone.0009672
http://www.ncbi.nlm.nih.gov/pubmed/20300637
http://www.ncbi.nlm.nih.gov/pubmed/21774408


53. Horn HS (1966) Measurement of “overlap” in comparative ecological studies. Am Nat 100: 419–424.

54. Catry T, Ramos JA, Jaquemet S, Faulquier L, Berlincourt M, Hauselmann A, et al. (2009) Comparative
foraging ecology of a tropical seabird community of the Seychelles, western Indian Ocean. Mar Ecol
Prog Ser 374: 259–272.

55. Bond AL, Jones IL, Williams JC, Byrd GV (2012) The diet of auklet chicks in the Aleutian Islands,
Alaska: similarity among islands, interspecies overlap, and relationships with ocean climate. J Ornithol
153: 115–129.

56. Fretwell SD, Lucas HL Jr. (1970) On territorial behavior and other factors influencing habitat distribution
in birds. I. Theoretical Development. Acta Biotheor 19: 16–36.

57. Decho AW (1900) Microbial exopolymer secretions in ocean environments: their role (s) in food webs
and marine processes. Oceanogr. Mar. Biol. Annu. Rev 28: 73–153.

58. Kuwae T, Miyoshi E, Sassa S, Watabe Y (2010) Foraging mode shift in varying environmental condi-
tions by dunlinCalidris alpina. Mar Ecol Prog Ser 406: 281–289

59. Seaman DAA, Guglielmo CG, Elner RW,Williams TD (2006) Landscape-scale physiology: site differ-
ences in refueling rates indicated by plasmametabolite analysis in free-living migratory sandpipers.
Auk 123: 563–574.

60. Sutherland TF, Shepherd PCF, Elner RW (2000) Predation on meiofaunal and macrofaunal inverte-
brates by western sandpipers (Calidris mauri): evidence for dual foraging modes. Mar Biol 137:
983–993.

61. Stein RW, Place AR, Lacourse T, Guglielmo CG, Williams TD (2005) Digestive organ sizes and en-
zyme activities of refueling western sandpipers (Calidris mauri): contrasting effects of season and age.
Physiol Biochem Zool, 78: 434–446. PMID: 15887090

62. Stein R.W. andWilliams T.D.. 2006. Causes and consequences of post-growth age-dependent differ-
ences in small intestine size in a migratory sandpiper (Calidris mauri, Western Sandpiper). Funct. Ecol.
20: 142–150.

63. Guglielmo C.G. andWilliams T.D.. 2003. Phenotypic flexibility of body composition in relation to migra-
tory state, age and sex in theWestern Sandpiper (Calidris mauri). Physiol. Biochem. Zool. 76: 84–98.
PMID: 12695989

64. Nebel S (2005) Latitudinal clines in bill length and sex ratio in a migratory shorebird: a case of resource
partitioning? Acta Oecol 28: 33–38.

65. Page GW, Fearis B (1971) Sexing western sandpipers by bill length. Bird Banding 42: 297–298.

66. Cartar RV (1984). A morphometric comparison of Western and semipalmated sandpipers. Wilson Bull
96: 277–286.

67. Stein RW, Fernández G, De la Cueva H, Elner R. W. 2008. Disproportionate bill length dimorphism and
niche differentiation in wintering western sandpipers (Calidris mauri). Can J Zool 86: 601–609.

68. Nebel S, Lank DB, O’Hara PD, Fernández G, Haase B, Delgado F, et al. (2002) Western sandpipers
(Calidris mauri) during the nonbreeding season: spatial segregation on a hemispheric scale. Auk 119:
922–928.

69. O’Hara PD, Fernández G, Becerril F, De la Cueva H, Lank DB (2005) Life history varies with migratory
distance in western sandpipers (Calidris mauri). J Avian Biol 36: 191–202.

70. O’Hara PD, Fernández G, Haase B, De la Cueva H, Lank DB (2006) Differential migration in western
sandpipers with respect to body size and wing length. Condor 108: 225–232.

71. Fernández G, Lank DB (2012) Territorial behavior of Western Sandpipers on their nonbreeding
grounds: effect of sex and foraging interference. J Field Ornithol 83: 272–281.

72. Skagen SK, Oman HD (1996) Dietary flexibility of shorebirds in the western hemisphere. Can Field Nat
110: 419–444.

Biofilm Consumption and Diet Composition of Western Sandpiper

PLOS ONE | DOI:10.1371/journal.pone.0124164 April 14, 2015 14 / 14

http://www.ncbi.nlm.nih.gov/pubmed/15887090
http://www.ncbi.nlm.nih.gov/pubmed/12695989


 Accepted Value (mean 
± SD) 

Within Runs (range of 
SDs) 

Overall Among Runs (mean 
± SD) 

SIRM 13C 15N 13C 15N n 13C 15N n 

Biological SIRMs         
Casein protein –26.68 

± 0.13 ‰ 
+5.94 ± 
0.08 ‰ 

- -  –27.30 
± 0.09 ‰ 

+6.10 ± 
0.07 ‰ 

3 

IAEA CH7 
polyethylene foil 

–32.15 ± 
0.10 ‰ 

- - -  –32.19 
± 0.15 ‰ 

- 8 

IAEA N2 ammonium 
sulfate 

- +20.3 ± 
0.14 ‰ 

- -  - +20.28 
± 0.14 ‰ 

8 

Acetanilide (batch 
149699) 

–31.59 
± 0.12 ‰ 

–2.32 
± 0.23 ‰ 

0.04-
0.24 ‰ 

0.01-
0.22 ‰ 

8 –31.68 
± 0.19 ‰ 

–2.24 ± 
0.29 ‰ 

50 

Bovine liver standard 
(BLS) 

–18.8 
± 0.14 ‰ 

+7.18 ± 
0.17 ‰ 

0.05-
0.25 ‰ 

0.06-
0.13 ‰ 

5 –18.75 
± 0.13 ‰ 

+7.16 ± 
0.14 ‰ 

16 

Nicotinamide  –34.52 ± 
0.13 ‰ 

–1.71 ± 
0.10 ‰ 

0.04-
0.14 ‰ 

0.04-
0.19 ‰ 

5 –34.51 ± 
0.09 ‰ 

–1.63 ± 
0.20 ‰ 

18 

Small-mouth bass 
muscle (SMB-M) 

–23.41 
± 0.18 ‰ 

+12.31 ± 
0.11 ‰ 

0.04-
0.24 ‰ 

0.04-
0.26 ‰ 

5 –23.37 ± 
0.12 ‰ 

+12.35 ± 
0.16 ‰ 

18 

Sediment SIRMs         
NIST 1547 Peach leaf –26.17 ± 

0.08 ‰ 
+1.94 ± 
0.12 ‰ 

0.01-
0.13 ‰ 

0.07-
0.09 ‰ 

2 –26.24 
± 0.08 ‰ 

+2.04 ± 
0.30 ‰ 

6 

Aquatic moss 
standard (AQM) 

–35.08 ± 
0.15 ‰ 

+16.14 ± 
0.07 ‰ 

0.07-
0.19 ‰ 

0.05-
0.24 ‰ 

4 –35.03 ± 
0.13 ‰ 

+16.07 
± 0.15 ‰ 

10 

Corn meal standard 
(CMS) 

–13.25 ± 
0.11 ‰ 

+4.42 ± 
0.12 ‰ 

0.07-
0.12 ‰ 

0.08-
0.17 ‰ 

4 –13.19 
± 0.07 ‰ 

+4.52 ± 
0.11 ‰ 

9 

Ephedra plant 
standard (EPS) 

–30.96 ± 
0.09 ‰ 

+0.35 
± 0.12 ‰ 

0.08-
0.12 ‰ 

0.09-
0.17 ‰ 

3 –31.08 ± 
0.09 ‰ 

+0.32 
± 0.15 ‰ 

9 

Spirulina standard 
(SPL) 

–24.97 ± 
0.12 ‰ 

+12.94 ± 
0.09 ‰ 

0.04-
0.09 ‰ 

0.03-
0.07 ‰ 

3 –24.97 ± 
0.09 ‰ 

+12.95 
± 0.15 ‰ 

10 

 
Accepted values and overall values among all runs are presented as mean ± SD (n = number of 
duplicates), within runs, data are presented as the range of SDs (n = number of runs where the SIRM 
was run more than once). 

 



Area Droppings 

Surface 

Sediment 

Small 

Invertebrates Polychaetes Microphytobenthos 

Mud Bay 9 9 1 1 1 

Boundary Bay 31 30 2 5 4 

Roberts Bank 

(Inter-

causeway) 15 15 1 1 2 

Roberts Bank 

(Brunswick 

Point) 15 15 2 1 1 

Roberts Bank 

(Westham 

Island) 19 19 1 1 2 

Sturgeon Bank 

South 25 19 7 1 4 

Sturgeon Bank 

North 7 7 2 1 1 

Sturgeon Bank 

Iona 4 4 2 1 1 

Totals 125 118 18 12 16 

 


