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� Mercury (Hg) contamination in western gulls varies among habitat types.
� Foraging plasticity in generalists like gulls may reflect different exposure to Hg.
� Gulls foraging in ocean habitats had 55% higher blood Hg concentrations.
� Blood Hg concentrations were unrelated to colony, foraging fidelity and sex.
� Differential foraging habitat use may have implications for gull health.
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a b s t r a c t

Methylmercury concentrations vary widely across geographic space and among habitat types, with
marine and aquatic-feeding organisms typically exhibiting higher mercury concentrations than
terrestrial-feeding organisms. However, there are few model organisms to directly compare mercury
concentrations as a result of foraging in marine, estuarine, or terrestrial food webs. The ecological im-
pacts of differential foraging may be especially important for generalist species that exhibit high plas-
ticity in foraging habitats, locations, or diet. Here, we investigate whether foraging habitat, sex, or fidelity
to a foraging area impact blood mercury concentrations in western gulls (Larus occidentalis) from three
colonies on the US west coast. Cluster analyses showed that nearly 70% of western gulls foraged primarily
in ocean or coastal habitats, whereas the remaining gulls foraged in terrestrial and freshwater habitats.
Gulls that foraged in ocean or coastal habitats for half or more of their foraging locations had 55% higher
mercury concentrations than gulls that forage in freshwater and terrestrial habitats. Ocean-foraging gulls
also had lower fidelity to a specific foraging area than freshwater and terrestrial-foraging gulls, but fi-
delity and sex were unrelated to gull blood mercury concentrations in all models. These findings support
existing research that has described elevated mercury levels in species using aquatic habitats. Our an-
alyses also demonstrate that gulls can be used to detect differences in contaminant exposure over broad
geographic scales and across coarse habitat types, a factor that may influence gull health and persistence
of other populations that forage across the land-sea gradient.
© 2021 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Contaminants are commonly used as indicators of environ-
mental quality for wildlife species and systems (Buck 1979;
Fairbrother et al., 2019). Because a primary pathway of contaminant
exposure is through diet, contaminant levels are also used to
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describe the foraging ecology of terrestrial and marine wildlife
species (Finkelstein et al., 2006; Ramos and Gonzalez-Solis 2012;
Jackson et al., 2015). However, understanding the dietary, trophic,
and geographic contributions to contaminant concentration can be
complex, as the amount of contaminants present can vary across
species ranges from local to global scales (Sunderland et al., 2009;
Driscoll et al., 2013). Contaminants have been used to describe
foraging habitat conditions and characterize foraging at known
point sources of contamination (Anderson et al., 1975) or describe
potential contaminant exposure from urban areas (Herman et al.,
2005; Clatterbuck et al., 2018). Contaminant exposure has also
been used to distinguish marine and terrestrial dietary sources
within a population, leveraging the broad differences in potential
food sources and contaminant types between marine and terres-
trial foodwebs (Post 2002; McGrew et al., 2014; Kurle et al., 2016;
Peterson et al., 2017). Unlike other tracers of foraging ecology,
contaminant analyses can also provide information on potential
downstream effects on organismal health and reproduction (Ramos
and Gonzalez-Solis 2012; Kurle et al., 2016).

Mercury (Hg) is a metal that is converted to bioavailable
methylmercury through biogeochemical processes largely occur-
ring in aquatic environments, making it a potential tracer of animal
foraging across the land-sea gradient (Thompson et al., 1998; Elliott
and Elliott 2016; Peterson et al., 2015). As methylmercury is also
bioaccumulative and biomagnified, its impacts are largely seen in
high trophic organisms, like seabirds, where elevated methylmer-
cury concentrations are associated with impaired endocrine, im-
mune, and general physiological responses (Finkelstein et al., 2006;
Goutte et al. 2014, 2015; Tartu et al., 2016). Negative impacts on
breeding ecology in seabird species have been linked to elevated
methylmercury concentrations, including decreased likelihood of
breeding (Tartu et al., 2013; Goutte et al., 2015), lower egg hatch-
ability (Goutte et al., 2014), and fewer fledged chicks per breeding
pair (Evers et al., 2008; Goutte et al., 2014), even at methylmercury
levels below those known to cause adverse effects (Tartu et al.,
2013; Provencher et al., 2016). Thus differences in body burdens
of methylmercury within a species or population may differentially
impact animal reproduction and survival (Croxall et al., 2012;
Goutte et al. 2014, 2015). However, assessment of contaminant
body burdens is complex as animals integrate and offload chemical
signatures over varying temporal scales due to differences in
turnover rates among tissues. For example, avian blood integrates
methylmercury from the diet over days and weeks, whereas avian
feathers contain Hg accumulated over months and deposited dur-
ing molt (Furness et al., 1986; Kahle and Becker 1999). Therefore,
appropriate environmental and life history context are needed to
understand variation in contaminant concentrations as a function
of foraging habitat use (Bond 2010). Although previous assessments
indicate that mercury concentrations are elevated in species that
use marine and freshwater habitats as compared to terrestrial
habitats (Evers et al., 2005; Jackson et al., 2015; Davis et al., 2016;
Ackerman et al., 2016), there are still limited opportunities to
document variation in mercury concentrations across populations
that forage differentially along the land-sea gradient.

Developments in spatial analyses and modeling paired with
improved telemetry devices have also provided an opportunity to
pair movement and chemical tracing to define where animals are
exposed to harmful contaminants while also providing important
information on foraging locations. Combining contaminant and
movement data sources may be particularly useful to characterize
the foraging ecology of species that consume a variety of prey items
and, therefore, may have highly integrated chemical signals
(Finkelstein et al., 2006; Peterson et al., 2017). Gulls (Larus spp.) are
opportunistic foragers known to shift foraging across a land-sea
habitat gradient in response to the annual cycle or external
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factors including food availability and weather patterns (Isaksson
et al., 2016; Spelt et al., 2019), although there is recent evidence
that some gull populations may have individual foraging specialists
(Bolnick et al., 2003;Masello et al., 2013; Navarro et al., 2017). In the
absence of direct observations of on what and where birds are
foraging, data on foraging locations is a useful alternative to un-
derstanding how food web-based contaminants vary across the
landscape (Annett and Pierotti 1999; Weiser and Powell 2010).
Multiple tracers, including bulk and compound-specific stable
isotopes (Masello et al., 2013; Hobson et al., 2015; Corman et al.,
2016; S�anchez-Fortún et al., 2020), organic contaminants (Gentes
et al., 2015), telemetry (Masello et al., 2013; Camphuysen et al.,
2015; Corman et al., 2016; Isaksson et al., 2016; Spelt et al., 2019),
and diet samples (Annett and Pierotti 1999; Weiser and Powell
2010; Corman et al., 2016) have been used to understand changes
in gull foraging activity over time and space, and in many cases, to
explore potential links to observed productivity or population
declines.

In this study, we examined the relationship between mercury
concentrations and foraging habitat of western gulls (Larus occi-
dentalis), a coastal gull native to the western United States that is
known to feed on land and at sea (Annett and Pierotti 1999; Shaffer
et al., 2017).We trackedmovement and testedwhole blood for total
mercury in western gulls at three colonies, including a colony
where gull population and productivity have exhibited a long-term
decline (Southeast Farallon Island; Johns and Warzybok 2018). We
combined movement data with blood Hg concentrations of
breeding gulls to assess whether land cover features where gulls
forage, foraging site fidelity, or sex may be associated with elevated
mercury concentrations. Specifically, we compared data on
foraging locations and fidelity based on GPS locations with Hg
levels, as mercury becomesmore bioavailable in aquatic systems, to
explore how Hg is related to the relative use of oceanic versus
terrestrial foraging areas. By pairing movement data with
contaminant tracer, we identify gull foraging patterns across a large
ocean area and consider how current patterns in habitat use are
linked to potential exposure to contaminants and ultimately to
population dynamics.

2. Methods

2.1. Field collection & lab analyses

From 2015 to 2017, we captured actively incubating western
gulls (n ¼ 59) at three colonies on the west coast of the United
States: Cleft-of-the-Rock (n ¼ 19) and Hunters Island (n ¼ 11), off
the Oregon coast and Southeast Farallon Island in California (n ¼
29; Fig. 1). Whereas Cleft-of-the-Rock and Hunters Island are
located near rural human development on or near the Oregon
mainland (respectively, human population <24,000 within ca.
60 km), Southeast Farallon Island lies ~60 km east of the urbanized
San Francisco Bay Area (human population ca. ~7.6 million). Gulls
were captured using a mixture of noose carpet and noose traps
surrounding the nest. On the first capture, we attached one of three
waterproofed GPS units: iGot-U (GT-series; www.i-gotu.com), Mr.
Lee (CatLog; www.mr-lee.com), or Ornitela (Ornitrack; www.
ornitela.com) to gull back or tail feathers using Tesa tape (Beiers-
dorf AG GmbH, Hamburg, Germany) or using a Teflon™ leg loop
harness (Mallory and Gilbert 2008). All units weighed 15e25 g,
which corresponded to 1.6e3.0% of body mass (mean ± SD
1060 ± 117 g) on deployment. We programmed a regular sampling
rate ranging from 120s to 600 s for all GPS units. Before release, we
banded unmarked gulls using steel U.S. Geological Survey (USGS)
leg bands.

On re-capture, we retrieved the GPS unit and collected gull
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Fig. 1. Western gull colonies where gulls were trapped and sampled over the study
period.
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morphometric data and blood. Gull morphometrics, including
culmen, skull, and tarsus length, were measured to the nearest
0.5 mm using a dial caliper. Wemeasured gull mass using a Pesola®
spring scale to the nearest 10 g during both capture and recapture
when possible and collected up to 1.5 mL of gull whole blood from
the tarsal or brachial vein using 24e26 gauge needles and 2 mL
syringes. Birds equipped with Ornitela tags (n ¼ 7) were not
recaptured and blood samples and morphometrics were taken at
first capture.

After collection, we put gull blood in vacutainers containing
K2EDTA andwhen possible stored the vacutainers on ice in the field
and in �20 �C freezers in the lab. Due to conditions in the field,
almost all gull blood samples were congealed and desiccated upon
arrival for Hg analysis. Gull blood samples were analyzed wet for
total mercury (THg) using a Nippon MA-3000 Direct Mercury
Analyzer (Nippon Instruments North America, College Station,
Texas, USA) following Environmental Protection Agency Method
7473 (U.S. Environmental Protection Agency, 2000) at the U.S.
Geological Survey, Dixon Field Station Environmental Mercury
Laboratory (Dixon, California; Ackerman et al., 2020). Blood sam-
ples were defrosted and allowed to warm to room temperature
before weighed and analyzed for THg. THg is a suitable proxy for
MeHg, as MeHg accounts for >90% of THg concentrations in avian
whole blood (Rimmer et al., 2005; Renedo et al., 2021). Quality
3

assurance measures included analysis of a certified reference ma-
terial (either dogfish muscle tissue [DORM-4] or lobster hepato-
pancreas [TORT-3] certified by the National Research Council of
Canada, Ottawa, Canada), system blank, method blank, continuing
calibration verification, and duplicate with each set of about 10
samples. Quality assurance measures included machine blanks
with each run (n ¼ 28), continuing calibration verification
(mean ± SD percent recovery ¼ 99.3 ± 1.2%, n ¼ 13), and certified
reference materials (mean ± SD percent recovery ¼ 99.5 ± 1.7%,
n ¼ 17). We were concerned that the congealed nature of the blood
samples could result in high within-sample variation in Hg. How-
ever, duplicate samples indicated similarity in THg concentrations
(mean ± SD relative percent difference ¼ 2.4 ± 2.2%, n ¼ 15)
(Ackerman et al., 2016; Peterson et al., 2017). Blood Hg concen-
trations were non-normally distributed, so we used Tukey’s ladder
of powers to find the transformation that best met the assumption
of normality for linear modeling: transformed THg ¼ �1 *
[THg]�0.15. All blood Hg concentrations are reported as mg g�1 wet
weight and are publicly available in (Ackerman et al., 2021).

All data was processed for further analysis using R software (R
Core Team 2020). We determined sex based on these measure-
ments using linear discriminant analysis, which was trained using a
dataset of gulls where sex was known (Shaffer, unpublished data).
Data were scaled and normalized using the “caret” package (Kuhn
2019) before predicting sex using the lda() function in the
“MASS” package (Venables and Ripley 2002). Cross-validation
suggested the model error rate when using the training dataset
was 7.4%. We accepted the model’s predictions for sex if the pos-
teriors for either sex was 95% or greater.
2.2. Identifying putative foraging locations

We analyzed GPS data from tagged gulls to determine where
gulls foraged.We retained all GPS location data points (~99.9%) that
connected to three or more satellites and interpolated this data to
600 s intervals, the longest sampling rate, to ensure foraging data
was comparable among individuals. For individuals equipped with
Ornitela satellite tags that were not recaptured, we analyzed GPS
data taken within the first 10 days after deployment. Because po-
tential feeding areas were local to gull breeding colonies, we
defined trips as any departure and return beyond a 1 km radius of
the colony that lasted over 90 min using the package “trakR”
(Fleishman et al., 2019). To identify locations where gulls foraged,
we applied a behavioral classification system – Residence in Space
and Time (RST) – with a dynamic scaling radius identified for each
bird (mean ± SD radius ¼ 1.7 ± 1.3 km) (Torres et al., 2017). RST
calculates the difference of the normalized residence in time and
distance to define each location as one of three potential behavioral
states – rest, area-restricted search, or transit – and has been
effective at defining behavior states using GPS tracks from a variety
of taxa including surface foraging seabirds (Torres et al., 2017). We
further split rest locations into those at the colony and included
roosting movement behavior as part of the foraging classification
when birds were away from the colony. Gulls are known to employ
sit-and-wait foraging strategies and may remain relatively sta-
tionary when hunting in the intertidal. We then interpreted these
behavioral states as the gull was either at the colony, foraging, and
transit. Finally, we determined individual foraging fidelity to a
geographic location by comparing maximum displacement values
between foraging trips (Hazen et al., 2016; Shaffer et al., 2017),
where negative values indicate low fidelity and positive values
indicate high fidelity (Fleishman et al., 2019).



Fig. 2. Gull clusters based on nMDS ordination and model-based clustering. Loadings
indicate land cover for foraging location data. Model-based clustering defined three
total clusters, two of which exhibited similar mean proportions of ocean foraging.
These were combined into a single ocean foraging cluster for further analysis. The final
cluster identified by both nMDS ordination and model-based clustering, the inland
foraging cluster, was retained for analysis.
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2.3. Classifying foraging habitat types

We conducted a cluster analysis to classify individuals based on
primary foraging habitat type at putative foraging locations. To
characterize the habitat type at a foraging location, we overlaid
locations in the foraging (area-restricted search) state with avail-
able geographic state boundary and waterbody data, which cate-
gorized each location as either land, ocean, or freshwater (including
brackish bays and estuaries; California Department of Forestry and
Fire Protection 2015; Oregon Water Resources Department 2005).
To normalize foraging effort among individuals, we calculated the
proportion of land cover type for all foraging locations within an
individual. Once all foraging locations were classified, we then
considered whether there was evidence of clustering of gulls in
foraging habitat categories based on the proportions of foraging
locations in one of the three land cover categories using non-metric
multidimensional scaling (nMDS, R package “vegan”) with Bray-
Curtis distances to account for zeroes in the proportional data
(Oksanen et al., 2019). We used model-based clustering to confirm
observed foraging habitat clusters from nMDS ordination using the
R package “mclust” (Scrucca et al., 2016), where individuals were
probabilistically assigned to a single cluster. We tested models of
2e4 clusters and used Bayesian Information Criterion (BIC) and
similarity metrics to determine the most likely number of foraging
habitat clusters. We further confirmed that these clusters separated
habitat types by grouping consecutive foraging points in time as a
foraging event. Like foraging locations, foraging events were also
characterized by land cover, but each event consists of multiple
foraging locations and potentially multiple land cover types.
Therefore, foraging events were characterized as either coastal
(consisting of a combination of land and ocean points), inland (land
and freshwater points), mixed tidal (ocean and freshwater points),
completely land, ocean, or freshwater, or all (land, ocean and
freshwater). We then used pairwise t-tests andWilcoxon rank-sum
tests, depending onwhether or not data were normally distributed,
to examine cluster-based differences of land cover for foraging lo-
cations and foraging events, separately.

2.4. Links to THg exposure

We first asked whether differences in THg exposure were
related to colony using a one-way ANOVA. We then asked whether
foraging habitat type, fidelity to a foraging area, or sex were related
to THg concentration. Because fidelity index was correlated with
foraging habitat types (point biserial correlation, t¼�3.64, df¼ 49,
p < 0.001), we ran two separate regression models: One with
foraging cluster and sex as potential independent variables and
another with fidelity index and sex as potential independent vari-
ables. Wewere unable to test for an interaction between colony and
foraging habitat type because only one individual from each Cleft-
in-the-Rock and Hunters Island clustered separately from the other
individuals in those colonies, which violated the assumption of
independence between colony and foraging cluster (Chi-square test
of independence, c2 ¼ 18.28, p < 0.001). To further explore this
potential interaction, we analyzed ocean foragers alone by colony
using a non-parametric ANOVA and conducted pairwise compari-
sons of THg for ocean foragers between each colony using t-tests.
We could not perform the same analysis for inland foragers due to
inadequate sample sizes from Cleft-in-the-Rock and Hunters Island.
Significance was evaluated at p < 0.05.
4

3. Results

Using the 59 western gulls from Cleft-in-the-Rock (n ¼ 19),
Hunters Island (n ¼ 11), and Southeast Farallon Island (n ¼ 29), we
performed linear discriminant analysis using gull body measure-
ments to further classified these individuals as 22 males and 33
females, with four gulls (6.8%) where sex remained unknown. Gulls
took a total of 584 trips away from colonies over a sum of 381 days
where GPS units were deployed. Gulls generally returned to a
similar geographic area (mean fidelity index¼ 0.49) and had a total
of 14,599 GPS points classified as foraging. On average, total blood
Hg concentration for all gulls was 0.637 mg g�1 wet weight (geo-
metric mean; range 0.150e3.278), and we detected Hg in every
individual gull.

3.1. Foraging habitat clusters

Using foraging locations, we identified two habitat type clusters
using nMDS ordination e ocean and inland (Fig. 2). However,
model-based clustering identified three habitat type clusters.
Model-based clusters a and b were dominated by ocean foraging
(mean of 97% and 71%, respectively) and cluster c that contained the
same individuals as the inland habitat type cluster from nMDS
ordination (Figure S1; Table S1). Because two of the three model-
based clusters were dominated by ocean foraging activity and did
not differ in THg concentration (Kruskal-Wallis ANOVA, p ¼ 0.07;
TukeyHSD, p ¼ 0.998), we collapsed them into a single ocean
habitat cluster that resembled the ocean habitat type cluster
identified using nMDS ordination for further analysis (Figs. 2 and 3).

3.2. Foraging habitat types

Our clustering algorithms classified each gull as an ocean or
inland forager based on the proportions of each habitat type at all
foraging locations for that gull. Of 59 total gulls, 40 were identified



Fig. 3. Percentage land cover of gull foraging locations (left) and foraging events (right) separate by foraging cluster. Because foraging events are combinations of foraging locations,
events may have mixed land cover types or all land cover types in addition to the ocean, freshwater, and land classes.
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as ocean foragers while 19 were classified as inland foragers.
Almost all gulls from Cleft-in-the-Rock and Hunters Island were
classified as ocean-foraging gulls, while 17 of 19 inland-foraging
gulls nested at Southeast Farallon Island. Gulls differed in their
proportion of ocean, land, and water locations, where gulls in the
ocean cluster generally had greater than 50% ocean locations and
fewer land and water locations than the inland cluster (t-test, all
p < 0.001, Fig. 3a). These differences were also reflected in pro-
portions of foraging events, where gulls in the ocean cluster had
greater proportions of ocean and coastal foraging events and fewer
inland and water foraging events than inland gulls (Wilcoxon rank-
sum tests, p < 0.05, Fig. 3b). Ocean-foraging gulls also exhibited
significantly less fidelity (0.40 ± 0.37) to a geographic area than
inland-foraging gulls (0.85 ± 0.37; Wilcoxon rank-sum test,
W ¼ 381, p < 0.001) and had higher variability in trip direction
(mean azimuth ¼ 208 ± 107�) than inland-foraging gulls (mean
azimuth¼ 143± 66�), though not significantly so (Watson-Wheeler
Table 1
Summary statistics for gull foraging clusters. Ranges are given as standard deviations ex

Cluster N Sex (N) THga Mean land cover (%)

\ _ unk ocean water

inland 19 12 6 1 0.47 ± 2.07 13 ± 11 24 ± 15
ocean 40 21 16 3 0.73 ± 1.94 80 ± 17 3 ± 4

a Values are the geometric mean and geometric standard deviation in mg g-1 wet wei
b Values range from �1 (most dissimilar) to 1 (most similar).
c Values are in minutes.

5

test, W ¼ 4.74, df ¼ 2, p ¼ 0.09). Trip duration and normalized trip
frequency also did not differ between habitat types (t-tests,
p > 0.05, Table 1).

3.3. Links to THg exposure

We found no difference in THg among colonies (F2,56 ¼ 0.88,
p ¼ 0.42). Using multiple regression analysis, we found that THg
differed among gulls that foraged in ocean versus inland habitat
(Fig. 4). Linear regression demonstrated that ocean foraging gulls
had on average 55% higher blood THg concentrations than inland
foraging gulls (F2,54 ¼ 3.91, p ¼ 0.026, adjusted R2 ¼ 0.13; t ¼ 2.21,
p ¼ 0.032), although foraging habitat used only explained ~13% of
the observed variation in THg concentrations. Sex was not signifi-
cantly related to THg (t¼ 1.50, p¼ 0.14). As there was no interactive
effect of sex with foraging cluster (t ¼ 0.27, p ¼ 0.79), we report the
model without this interaction as a predictor. However, the model
cept for THg.

fidelity indexb trips per day trip durationc trip azimuth

land

63 ± 19 0.85 ± 0.31 1.9 ± 1.3 574 ± 379 143 ± 66�

17 ± 16 0.40 ± 0.37 1.6 ± 0.6 406 ± 239 208 ± 107�

ght.



Fig. 4. Total mercury concentrations of western gulls grouped by foraging cluster. The
boxplot represents the 25e75% quartile range and the median bar.
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that included fidelity index and sex as predictor variables was not
significantly different from the null model (F2,49 ¼ 1.51, p ¼ 0.231,
R2¼ 0.031). Though fidelity was strongly related to foraging cluster,
it was unrelated to THg (t ¼ �0.045, p ¼ 0.964) and there was no
interactive effect of fidelity index with sex (t ¼ 1.13, p ¼ 0.265).
Exploring the potential interaction between foraging cluster and
colony, we found ocean foraging gulls had similar THg regardless of
colony (F2,37 ¼ 1.02, p ¼ 0.38). Pairwise comparisons among ocean
foragers from all colony combinations were not significant (Cleft-
in-the-Rock and Hunters Island, t ¼ �1.43, df ¼ 16.49, p ¼ 0.17;
Cleft-in-the-Rock and Southeast Farallon Island (t ¼ �0.51,
df ¼ 14.02, p ¼ 0.62; Hunters Island and Southeast Farallon Island
t ¼ 0.38, df ¼ 17.14, p ¼ 0.71).
4. Discussion

Because the primary pathway for body burdens of contaminants
is through diet, variables that impact diet, including geographic
location, foraging habitat, and physiology are expected to influence
contaminant concentrations (Finkelstein et al. 2006, 2007;
Robinson et al., 2011; Ramos and Gonzalez-Solis 2012; Jackson
et al., 2015). While wildlife biomonitoring efforts commonly uses
these relationships to identify point sources of chemical pollution,
relatively fewer studies have examined broad-scale differences in
contaminant concentrations in coastal and marine waters off the
urbanized west coast of the United States. Our analyses demon-
strate that western gulls – generalist, avian foragers – had higher
total blood Hg concentrations when foraging over ocean habitat
compared to inland habitat across three geographically distinct
colonies in the Northeast Pacific and that relative to colony, fidelity
to foraging areas and sex, the type of foraging habitat used has the
largest effect on gull Hg exposure. While there are no doubt other
6

differences among these three colonies, our finding emphasizes the
ubiquity of Hg exposure across multiple food webs (Post 2002;
Kurle et al., 2016). This finding is particularly important for gener-
alists that exploit multiple habitat types, shift foraging strategies
according to food availability, or exhibit individual specialization
(Annett and Pierotti 1999; Hobson et al., 2015; Bolnick et al., 2003).
Our research also affirms that the use of chemical tracers can be an
effective tool to identify animal foraging habitat and organismal
and environmental health (Peterson et al., 2017).

Using GPS foraging locations to identify foraging habitat type,
we found gulls across the three colonies fell into one of two cate-
gories: ocean-foraging gulls that foraged over ocean or coastal
habitat, or inland-foraging gulls that foraged in terrestrial and
freshwater habitats (Fig. 3). We detected significant differences in
THg concentrations in ocean-foraging versus inland-foraging gulls
(Fig. 4), a finding supported by a number of studies which also
found differential Hg exposure across the land-sea foraging
gradient, associated directly with the food consumed (McGrew
et al., 2014; Kurle et al., 2016) and differences in foraging loca-
tions within or among colonies (Peterson et al., 2017; S�anchez-
Fortún et al., 2020; Thorne et al., 2021). The differences we iden-
tified in Hg concentration based on foraging habitat have been
linked to differences in methylmercury bioaccumulation between
terrestrial and marine food webs (Ackerman et al., 2016). Addi-
tionally, more recent studies showHg concentrations are predictive
of foraging habitat use in other species of gulls using GPS locations
or stable isotope analysis, respectively (Peterson et al., 2017;
S�anchez-Fortún et al., 2020; Thorne et al., 2021). Our study sup-
ports these findings and also highlights some important areas for
future research. Compared to published studies, the blood Hg
values we observed in western gulls were variable, which may
reflect wide variation in methylmercury exposure found in gull
species (Ackerman et al., 2016). The relative importance of foraging
habitat used, as compared to colony, site fidelity and sex, further
support the use of Hg as a tracer of foraging ecology (Kurle et al.,
2016; Peterson et al., 2017; Ch�etelat et al., 2020).

Our findings suggest a significant link between foraging habitat
and THg exposure, foraging habitat used only explained ~13% of the
observed variation in THg concentrations. This is unsurprising as
many other factors are known to influence methylmercury con-
centrations in wild birds, including biogeochemical processes that
make elemental Hg bioavailable, body condition, and physiological
storage and excretion mechanisms (Eagles-Smith et al., 2009;
Elliott and Elliott 2016; Ch�etelat et al., 2020). THg in avian blood
represents mobilization of mercury both through the diet and from
internal body tissues (Evers et al., 2005; Ch�etelat et al., 2020).
Controlled studies of seabirds that were dosedwithmethylmercury
suggest methylmercury in whole blood has a rapid half-life of 24 h,
followed by a slower half-life of 30e60 days (Monteiro and Furness
2001). Additionally, western gulls are omnivorous and their diet
includes a variety of prey representing different foraging habitats
and trophic levels (Annett and Pierotti 1999). In this context, it is
probable that the THg concentrations we measured also assess
accumulation prior to the time periods captured by the GPS tracks.
Dietary shifts can occur in western gulls at the time of chick-
hatching, where gulls tended to consume more marine prey;
however, our study did not sample gulls over this time period
(Annett and Pierotti 1989). As opportunistic foragers, gulls may
exploit multiple foraging sources depending on forage availability.
Longer GPS deployments or including another indicator of foraging
habitat, such as sulfur stable isotopes or compound-specific stable
isotopes, may strengthen the relationships we observed (Peterson
et al., 2017; Sanchez-Fortun et al., 2020; Binkowski et al., 2021).
Despite these complexities, a significant link between THg con-
centrations and oceanic versus inland foraging was detectable
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(Peterson et al., 2017; Thorne et al., 2021; Ch�etelat et al., 2020).
Previous work has suggested that western gulls that forage in

terrestrial habitats have greater fidelity to a geographic foraging
area than ocean foraging gulls, in part because prey distribution at
sea is ephemeral whereas terrestrial food availability may be reli-
able and uniformly distributed (Corman et al., 2016; Shaffer et al.,
2017). Our findings support these conclusions, although fidelity to
a geographic foraging area was unrelated to THg concentrations.
That foraging cluster, but not geographic foraging fidelity, is linked
to THg concentration further suggests that methylmercury
contamination in western gulls reflects broad differences in
methylmercury contamination across habitat types, rather than
specific geographic sources of Hg (Ackerman et al., 2016). Recent
studies of gull habitat use have utilized fine-scale geographic at-
tributes to describe gull foraging (Isaksson et al., 2016; Navarro
et al., 2017; Shaffer et al., 2017; Spelt et al., 2019). While fine-
scale measurements of gull habitat may be helpful to understand
of local contamination for urban or point-source sites (Ricca et al.,
2008; Gentes et al., 2015), our work suggests that even with
coarser resolution habitat information, we can contextualize Hg
concentrations with gull foraging ecology.

Despite being separated by hundreds of miles along coastlines
with vastly different degrees of development, we did not detect
significant differences in THg concentration among the three col-
onies we sampled and found that ocean-foraging gulls had similar
THg concentrations regardless of colony. This aligns with other
studies of seabird foraging that associate contaminant concentra-
tions with foraging habitat used rather than site-specific signals
(Soldatini et al., 2020; Thorne et al., 2021), and suggests that tracers
of foraging ecology are useful because they can distinguish between
multiple potential foraging strategies in and among populations
(Ramos et al., 2013). Still, the possibility for an interaction between
foraging habitat and colony still exists and may be easier to detect
for known Hg hotspots. For example, San Francisco Bay is a well-
documented area of elevated methylmercury exposure, and Cali-
fornia gulls (Larus californicus) that used the estuarine waters of the
bay had elevated Hg concentrations compared to terrestrial-
feeding conspecifics (Peterson et al., 2017). The blood Hg values
we observed in inland-foraging western gulls aligned with the
range of blood Hg values found in California gulls in San Francisco
Bay (Fig. 4, Peterson et al., 2017). While our cluster analysis did not
distinguish between estuarine and terrestrial foraging, an interac-
tion may be more obvious between inland foraging gulls nesting at
each colony. Unfortunately, the low sample size of inland foraging
gulls from the Oregon colonies did not allow us to make this
comparison. Future studies may consider how variation in gull
foraging strategies, likely driven by ecological pressures including
intra- or interspecific competition, levels of nearby marine food
resources, and fisheries activity, may influence contaminant con-
centrations in these populations (Hobson et al., 2015; Corman et al.,
2016; Garthe et al., 2016).

5. Conclusions

Widespread production and deposition of anthropogenic com-
pounds is expected to continue to impact seabirds and other top
predators, including gulls. While the use of contaminants to iden-
tify potential point sources of pollution is needed, contaminant
tracers can also inform our understanding of multi-colony or
regional impacts of large-scale production and deposition of
manmade compounds (Gentes et al., 2015; Peterson et al., 2017).
With continued research into potential pathways for contaminant
deposition and availability across the land-sea gradient, studies of
contaminants and habitat use can be used to assess exposure to a
wide range of contaminants (Ramos et al., 2013; Gilmour et al.,
7

2019). Our results show that contaminant exposure is different in
terrestrial, estuarine, or marine forage foods, which for a generalist
species like the western gull may impact breeding, recruitment and
population trajectories (Annett and Pierotti 1999; Duhem et al.,
2008; Weiser and Powell 2010). With differential habitat use and
thus exposure to contaminants, the adverse impacts of
contaminant-associated diet may be an important consequence of
foraging plasticity in gull populations. Future studies can determine
how Hg and other contaminants can be used as chemical tracers to
understand the ecological consequences of diet-mediated
contaminant exposure for gull populations.

Author contribution

Corey Clatterbuck: Conceptualization, Methodology, Valida-
tion, Formal analysis, Resources, Data curation, Writing e original
draft, Writing e review & editing, Visualization, Funding acquisi-
tion. Rebecca Lewison: Methodology, Writing e original draft,
Writing e review & editing, Visualization, Supervision, Project
administration. Rachael Orben: Software, Formal analysis, Inves-
tigation, Resources, Writing e original draft, Writing e review &
editing, Funding acquisition. Joshua Ackerman: Validation, Inves-
tigation, Resources, Data curation, Writing e original draft, Writing
e review & editing, Funding acquisition. Leigh Torres: Software,
Resources, Writing e original draft, Writing e review & editing,
Funding acquisition. Robert Suryan: Resources, Writing e original
draft, Writing e review & editing, Funding acquisition. Pete War-
zybok: Investigation, Writing e original draft, Writing e review &
editing, Funding acquisition, Project administration. Jaime
Jahncke: Writing e original draft, Writing e review & editing,
Funding acquisition, Project administration. Scott Shaffer:
Conceptualization, Investigation, Resources, Writing e original
draft, Writing e review & editing, Project administration, Funding
acquisition

Declaration of competing interest

The authors declare that they have no known competing
financial interests or personal relationships that could have
appeared to influence the work reported in this paper.

Acknowledgments

We thank Megan Jennings, Marisa Trego, and Tracy Grimes for
feedback on study design and analysis and Matt Toney and Mark
Herzog for laboratory work. The efforts of three anonymous re-
viewers and one internal reviewer substantially improved the final
publication. JTA was supported by the U.S. Geological Survey
Environmental Health Mission Area’s Contaminant Biology Pro-
gram. Logistical support at the Farallon Islands was facilitated by
the Farallon Run Patrol and the U.S. Fish and Wildlife Service. This
research was conducted under Animal Care and Use Committee
permit no. 4905 at Oregon State University and no. 979 at San Jos�e
State University, U.S. Federal Bird Banding and Marking Permit no.
23411, and U.S. Fish and Wildlife special use permit no. 81641. This
work was funded by CSU Council on Ocean Affairs, Science, &
Technology (CSU-COAST) Student Travel Award, the CSU-COAST
Graduate Student Research Award, and the CSU Program for Edu-
cation and Research in Biotechnology Student Travel Grant Pro-
gram. The authors declare no competing interests. The scientific
results and conclusions, as well as any views or opinions expressed
herein, are those of the authors and do not necessarily reflect those
of NOAA or the Department of Commerce. Any use of trade, firm, or
product names is for descriptive purposes only and does not imply
endorsement by the U.S. Government



C.A. Clatterbuck, R.L. Lewison, R.A. Orben et al. Chemosphere 279 (2021) 130470
Appendix A. Supplementary data

Supplementary data related to this article can be found at
https://doi.org/10.1016/j.chemosphere.2021.130470.

References

Ackerman, J.T., Eagles-Smith, C.A., Herzog, M.P., Hartman, C.A., Peterson, S.H.,
Evers, D.C., Jackson, A.K., Elliott, J.E., Vander Pol, S.S., Bryan, C.E., 2016. Avian
mercury exposure and toxicological risk across western North America: a
synthesis. Sci. Total Environ. 568, 759e769. https://doi.org/10.1016/
j.scitotenv.2016.03.071.

Ackerman, J.T., Clatterbuck, C.A., Lewison, R.L., Orben, R.A., Shaffer, S.A., 2021.
Mercury Concentrations in Western Gulls along the West Coast, USA, 2015-
2018. U.S. Geological Survey data release. https://doi.org/10.5066/P92PFAXS.

Anderson, D.W., Jehl, J.R., Risebrough, W., Woods, L.A., DeWeese, L.R.,
Edgecomb, W.G., 1975. Brown pelicans: improved reproduction off the southern
California coast. Science 190, 806e808.

Annett, C.A., Pierotti, R., 1989. Chick hatching as a trigger for dietary switching in
the western gull. Colon. Waterbirds 12, 4e11. https://doi.org/10.2307/1521306.

Annett, C.A., Pierotti, R., 1999. Long-term reproductive output in western gulls:
consequences of alternate tactics in diet choice. Ecology 80, 288e297. https://
doi.org/10.1890/0012-9658.

Binkowski, L.J., Fort, J., Brauly-Favrou, M., Gallien, F., Le Guillou, G., Chastel, O.,
Bustamante, P., 2021. Foraging ecology drives mercury contamination in chick
gulls from the English Channel. Chemosphere 267, 128622. https://doi.org/
10.1016/j.chemosphere.2020.128622.

Bolnick, D.I., Svanb€ack, R., Fordyce, J.A., Yang, L.H., Davis, J.M., Hulsey, C.D.,
Forister, M.L., 2003. The ecology of individuals: incidence and implications of
individual specialization. Am. Nat. 161, 1e28. https://doi.org/10.1086/343878.

Bond, A., 2010. Relationships between stable isotopes and metal contaminants in
feathers are spurious and biologically uninformative. Environ. Pollut. 158,
1182e1184. https://doi.org/10.1016/j.envpol.2010.01.004.

Buck, W.B., 1979. Animals as monitors of environmental quality. Vet. Hum. Toxicol.
21, 277e284.

California Department of Forestry and Fire Protection, 2015. Vegetation (Fveg) -
CALFIRE FRAP [ds1327]. CalFire Fire and Resource Assessment Program, Sac-
ramento, CA.

Camphuysen, C.J., Shamoun-Baranes, J., van Loon, E.E., Bouten, W., 2015. Sexually
distinct foraging strategies in an omnivorous seabird. Mar. Biol. 162, 1417e1428.
https://doi.org/10.1007/s00227-015-2678-9.

Ch�etelat, J., Ackerman, J.T., Eagles-Smith, C.A., Hebert, C.E., 2020. Methylmercury
exposure in wildlife: a review of the ecological and physiological processes
affecting contaminant concentrations and their interpretation. Sci. Total Envi-
ron. 711, 135117.

Clatterbuck, C.A., Lewison, R.L., Dodder, N.G., Zeeman, C., Schiff, K., 2018. Seabirds as
regional biomonitors of legacy toxicants on an urbanized coastline. Sci. Total
Environ. 619e620, 460e469. https://doi.org/10.1016/j.scitotenv.2017.11.057.

Corman, A.-M., Mendel, B., Voigt, C.C., Garthe, S., 2016. Varying foraging patterns in
response to competition? A multicolony approach in a generalist seabird. Ecol.
Evol. 6, 974e986. https://doi.org/10.1002/ece3.1884.

Croxall, J.P., Butchart, S.H.M., Lascelles, B., Stattersfield, A.J., Sullivan, B., Symes, A.,
Taylor, P., 2012. Seabird conservation status, threats and priority actions: a
global assessment. Bird. Conserv. Int. 22, 1e34.

Davis, J.A., Ross, J.R.M., Bezalel, S., Sim, L., Bonnema, A., Ichikawa, G., Heim, W.A.,
Schiff, K., Eagles-Smith, C.A., Ackerman, J.T., 2016. Hg concentrations in fish
from coastal waters of California and Western North America. Sci. Total Environ.
568, 1146e1156.

Driscoll, C.T., Mason, R.P., Chan, H.M., Jacob, D.J., Pirrone, N., 2013. Mercury as a
global pollutant: sources, pathways, and effects. Environ. Sci. Technol. 47,
4963e4967. https://doi.org/10.1021/es305071v.

Duhem, C., Roche, P., Vidal, E., Tatoni, T., 2008. Effects of anthropogenic food re-
sources on yellow-legged gull colony size on Mediterranean islands. Popul. Ecol.
50, 91e100. https://doi.org/10.1007/s10144-007-0059-z.

Eagles-Smith, C.A., Ackerman, J.T., De La Cruz, S.E.W., Takekawa, T.Y., 2009. Mercury
bioaccumulation and risk to three waterbird foraging guilds is influenced by
foraging ecology and breeding stage. Environ. Pollut. 157, 1993e2002. https://
doi.org/10.1016/j.envpol.2009.03.030.

Elliott, K.H., Elliott, J.E., 2016. Origin of sulfur in diet drives spatial and temporal
mercury trends in seabird eggs from Pacific Canada 1968-2015. Environ. Sci.
Technol. 50, 13380e13386. https://doi.org/10.1021/acs.est.6b05458.

Evers, D.C., Burgess, N.M., Champoux, L., Hoskins, B., Major, A., Goodale, W.,
Taylor, R.J., Poppenga, R., Daigle, T., 2005. Patterns and interpretation of mer-
cury exposure in freshwater avian communities in Northeastern North America.
Ecotoxicology 14, 193e221. https://doi.org/10.1007/s10646-004-6269-7.

Evers, D.C., Savoy, L.J., DeSorbo, C.R., Yates, D.E., Hanson, W., Taylor, K.M., Siegel, L.S.,
Cooley Jr., J.H., Bank, M.S., Major, A., et al., 2008. Adverse effects from envi-
ronmental mercury loads on breeding common loons. Ecotoxicology 17, 69e81.

Fairbrother, A., Muir, D., Solomon, K.R., Ankley, G.T., Rudd, M.A., Boxall, A.B.A.,
Apell, J.N., Armbrust, K.L., Blalock, B.J., Bowman, S.R., Campbell, L.M., Cobb, G.P.,
Connors, K.A., Dreier, D.A., Evans, M.S., Henry, C.J., Hoke, R.A., House, M.,
Klaine, S.J., Klaper, R.D., Kullik, S.A., Lanno, R.P., Meyer, C., Ottinger, M.A.,
Oziolor, E., Petersen, E.J., Poynton, H.C., Rice, P.J., Rodriguez-Fuentes, G.,
8

Samel, A., Shaw, J.R., Steevens, J.A., Verslycke, T.A., Vidal-Dorsch, D.E., Weir, S.M.,
Wilson, P., Brooks, B.W., 2019. Toward sustainable environmental quality: pri-
ority research questions for North America. Environ. Toxicol. Chem. 38,
1606e1624.

Finkelstein, M.E., Keitt, B.S., Croll, D.A., Tershy, B., Jarman, W.M., Rodriguez-Pastor, S.,
Anderson, D.J., Sievert, P.R., Smith, D.R., 2006. Albatross species demonstrate
regional differences in North Pacific marine contamination. Ecol. Appl. 16,
678e686. https://doi.org/10.1890/1051-0761(2006)016[0678:ASDRDI]2.0.CO;2.

Finkelstein, M.E., Grasman, K.A., Croll, D.A., Tershy, B.R., Keitt, B.S., Jarman, W.M.,
Smith, D.R., 2007. Contaminant-associated alteration of immune function in
black-footed albatross (Phoebastria nigripes), a North Pacific predator. Environ.
Toxicol. Chem. 26, 1896e1903. https://doi.org/10.1897/06-505R.1.

Fleishman, A.B., Orben, R.A., Gilmour, M.E., 2019. trakR: Basic Animal Tracking Data
Analysis Tools. R package version 0.0.7.

Furness, R.W., Muirhead, S.J., Woodburn, M., 1986. Using bird feathers to measure
mercury in the environment: relationships between mercury content and
moult. Mar. Pollut. Bull. 17, 27e30.

Garthe, S., Schwemmer, P., Paiva, V.H., Corman, A.-M., Fock, H.O., Voigt, C.C.,
Adler, S., 2016. Terrestrial and marine foraging strategies of an opportunistic
seabird species breeding in the Wadden Sea. PloS One 11, e1059630. https://
doi.org/10.1371/journal.pone.0159630.

Gentes, M.-L., Mazerolle, M.J., Giroux, J.-F., Patenaude-Monette, M., Verreault, J.,
2015. Tracking the sources of polybrominated diphenyl ethers in birds: foraging
in waste management facilities results in higher DecaBDE exposure in males.
Environ. Res. 138, 361e371.

Gilmour, M.E., Trefry Hudson, S.A., Lamborg, C., Fleishman, A.B., Young, H.S.,
Shaffer, S.A., 2019. Tropical seabirds sample broadscale patterns of marine
contaminants. Sci. Total Environ. 691, 631e643.

Goutte, A., Barbraud, C., Meillere, A., Carravieri, A., Bustamante, P., Labadie, P.,
Budzinski, H., Delord, K., Cherel, Y., Weimerskirch, H., Chastel, O., 2014. De-
mographic consequences of heavy metals and persistent organic pollutants in a
vulnerable long-lived bird, the wandering albatross. Proc. Royal. Soc. B 281,
20133313.

Goutte, A., Barbraud, C., Herzke, D., Bustamante, P., Angelier, F., Tartu, S., Cl�ement-
Chastel, C., Moe, B., Bech, C., Gabrielsen, G.W., Bustnes, J.O., Chastel, O., 2015.
Survival rate and breeding outputs in a high Arctic seabird exposed to legacy
persistent organic pollutants and mercury. Environ. Pollut. 200, 1e9.

Hazen, E.L., Palacios, D.M., Forney, K.A., Howell, E.A., Becker, E., Hoover, A.L.,
Irvine, L., DeAngelis, M., Bograd, S.J., Mate, B.R., Bailey, H., 2016. WhaleWatch: a
dynamic management tool for predicting blue whale density in the California
current. J. Appl. Ecol. 54, 1415e1428.

Herman, D.P., Burrows, D.G., Wade, P.R., Durban, J.W., Matkin, C.O., LeDuc, R.G.,
Barrett-Lennard, L.G., Krahn, M.M., 2005. Feeding ecology of eastern North
Pacific killer whales Orcinus orca from fatty acid, stable isotope, and organo-
chlorine analyses of blubber biopsies. Mar. Ecol. Prog. Ser. 302, 275e291.
https://doi.org/10.3354/meps302275.

Hobson, K.A., Blight, L.K., Arcese, P., 2015. Human-induced long-term shifts in gull
diet from marine to terrestrial sources in North America’s coastal Pacific: more
evidence from more isotopes. Environ. Sci. Technol. 49, 10834e10840. https://
doi.org/10.1021/acs.est.5b02053.

Isaksson, N., Evans, T.J., Shamoun-Baranes, J., Åkesson, S., 2016. Land or sea?
Foraging area choice during breeding by an omnivorous gull. Mov. Ecol. 4, 11.
https://doi.org/10.1186/s40462-016-0078-5.

Jackson, A.K., Evers, D.C., Adams, E.M., Cristol, D.A., Eagles-Smith, C.A.,
Edmonds, S.T., Gray, C.E., Hoskins, B., Lane, O.P., Sauer, A., Tear, T., 2015. Song-
birds as sentinels of mercury in terrestrial habitats of eastern North America.
Ecotoxicology 24, 453e467. https://doi.org/10.1007/s10646-014-1394-4.

Johns, M., Warzybok, P., 2018. Population Size and Reproductive Performance of
Seabirds on Southeast Farallon Island, 2018. Report to the U.S. Fish and Wildlife
Service. Point Blue Conservation Science. Point Blue Conservation Science
contribution number 2210, Petaluma, CA.

Kahle, S., Becker, P.H., 1999. Bird blood as bioindicator for mercury in the envi-
ronment. Chemosphere 39, 2451e2547. https://doi.org/10.1016/s0045-
6535(99)00154-x.

Kuhn, M., 2019. Caret: Classification and Regression Training. R package version 6.0-
84. https://CRAN.R-project.org/package¼caret.

Kurle, C.M., Bakker, V.J., Copeland, H., Burnett, J., Jones Scherbinski, J., Brandt, J.,
Finkelstein, M.E., 2016. Terrestrial scavenging of marine mammals: cross-
ecosystem contaminant transfer and potential risks to endangered California
condors (Gymnogyps californianus). Environ. Sci. Technol. 50, 9114e9123.
https://doi.org/10.1021/acs.est.6b01990.

Mallory, M.L., Gilbert, C.D., 2008. Leg-loop harness design for attaching external
transmitters to seabirds. Mar. Ornithol. 36, 183e188.

Masello, J.F., Wikelski, M., Voigt, C.C., Quillfeldt, P., 2013. Distribution patterns
predict individual specialization in the diet of dolphin gulls. PloS One 8, e67714.
https://doi.org/10.1371/journal.pone.0067714.

McGrew, A.K., Ballweber, L.R., Moses, S.K., Stricker, C.A., Beckmen, K.B.,
Salman, M.D., O’Hara, T.M., 2014. Mercury in gray wolves (Canis lupus) in
Alaska: increased exposure through consumption of marine prey. Sci. Total
Environ. 468e469, 609e613. https://doi.org/10.1016/j.scitotenv.2013.08.045.

Monteiro, L.R., Furness, R.W., 2001. Kinetics, dose-response, and excretion of
methylmercury in free-living adult Cory’s Shearwaters. Environ. Sci. Technol.
35, 739e746.

Navarro, J., Gr�emillet, D., Ramirez, F.J., Af�an, I., Bouten, W., Forero, M.G., 2017.
Shifting individual habitat specialization of a successful predator living in

https://doi.org/10.1016/j.chemosphere.2021.130470
https://doi.org/10.1016/j.scitotenv.2016.03.071
https://doi.org/10.1016/j.scitotenv.2016.03.071
https://doi.org/10.5066/P92PFAXS
http://refhub.elsevier.com/S0045-6535(21)00940-1/sref3
http://refhub.elsevier.com/S0045-6535(21)00940-1/sref3
http://refhub.elsevier.com/S0045-6535(21)00940-1/sref3
http://refhub.elsevier.com/S0045-6535(21)00940-1/sref3
https://doi.org/10.2307/1521306
https://doi.org/10.1890/0012-9658
https://doi.org/10.1890/0012-9658
https://doi.org/10.1016/j.chemosphere.2020.128622
https://doi.org/10.1016/j.chemosphere.2020.128622
https://doi.org/10.1086/343878
https://doi.org/10.1016/j.envpol.2010.01.004
http://refhub.elsevier.com/S0045-6535(21)00940-1/sref10
http://refhub.elsevier.com/S0045-6535(21)00940-1/sref10
http://refhub.elsevier.com/S0045-6535(21)00940-1/sref10
http://refhub.elsevier.com/S0045-6535(21)00940-1/sref11
http://refhub.elsevier.com/S0045-6535(21)00940-1/sref11
http://refhub.elsevier.com/S0045-6535(21)00940-1/sref11
https://doi.org/10.1007/s00227-015-2678-9
http://refhub.elsevier.com/S0045-6535(21)00940-1/sref13
http://refhub.elsevier.com/S0045-6535(21)00940-1/sref13
http://refhub.elsevier.com/S0045-6535(21)00940-1/sref13
http://refhub.elsevier.com/S0045-6535(21)00940-1/sref13
http://refhub.elsevier.com/S0045-6535(21)00940-1/sref13
https://doi.org/10.1016/j.scitotenv.2017.11.057
https://doi.org/10.1002/ece3.1884
http://refhub.elsevier.com/S0045-6535(21)00940-1/sref16
http://refhub.elsevier.com/S0045-6535(21)00940-1/sref16
http://refhub.elsevier.com/S0045-6535(21)00940-1/sref16
http://refhub.elsevier.com/S0045-6535(21)00940-1/sref16
http://refhub.elsevier.com/S0045-6535(21)00940-1/sref17
http://refhub.elsevier.com/S0045-6535(21)00940-1/sref17
http://refhub.elsevier.com/S0045-6535(21)00940-1/sref17
http://refhub.elsevier.com/S0045-6535(21)00940-1/sref17
http://refhub.elsevier.com/S0045-6535(21)00940-1/sref17
https://doi.org/10.1021/es305071v
https://doi.org/10.1007/s10144-007-0059-z
https://doi.org/10.1016/j.envpol.2009.03.030
https://doi.org/10.1016/j.envpol.2009.03.030
https://doi.org/10.1021/acs.est.6b05458
https://doi.org/10.1007/s10646-004-6269-7
http://refhub.elsevier.com/S0045-6535(21)00940-1/sref23
http://refhub.elsevier.com/S0045-6535(21)00940-1/sref23
http://refhub.elsevier.com/S0045-6535(21)00940-1/sref23
http://refhub.elsevier.com/S0045-6535(21)00940-1/sref23
http://refhub.elsevier.com/S0045-6535(21)00940-1/sref24
http://refhub.elsevier.com/S0045-6535(21)00940-1/sref24
http://refhub.elsevier.com/S0045-6535(21)00940-1/sref24
http://refhub.elsevier.com/S0045-6535(21)00940-1/sref24
http://refhub.elsevier.com/S0045-6535(21)00940-1/sref24
http://refhub.elsevier.com/S0045-6535(21)00940-1/sref24
http://refhub.elsevier.com/S0045-6535(21)00940-1/sref24
http://refhub.elsevier.com/S0045-6535(21)00940-1/sref24
http://refhub.elsevier.com/S0045-6535(21)00940-1/sref24
http://refhub.elsevier.com/S0045-6535(21)00940-1/sref24
https://doi.org/10.1890/1051-0761(2006)016[0678:ASDRDI]2.0.CO;2
https://doi.org/10.1897/06-505R.1
http://refhub.elsevier.com/S0045-6535(21)00940-1/sref27
http://refhub.elsevier.com/S0045-6535(21)00940-1/sref27
http://refhub.elsevier.com/S0045-6535(21)00940-1/sref28
http://refhub.elsevier.com/S0045-6535(21)00940-1/sref28
http://refhub.elsevier.com/S0045-6535(21)00940-1/sref28
http://refhub.elsevier.com/S0045-6535(21)00940-1/sref28
https://doi.org/10.1371/journal.pone.0159630
https://doi.org/10.1371/journal.pone.0159630
http://refhub.elsevier.com/S0045-6535(21)00940-1/sref30
http://refhub.elsevier.com/S0045-6535(21)00940-1/sref30
http://refhub.elsevier.com/S0045-6535(21)00940-1/sref30
http://refhub.elsevier.com/S0045-6535(21)00940-1/sref30
http://refhub.elsevier.com/S0045-6535(21)00940-1/sref30
http://refhub.elsevier.com/S0045-6535(21)00940-1/sref31
http://refhub.elsevier.com/S0045-6535(21)00940-1/sref31
http://refhub.elsevier.com/S0045-6535(21)00940-1/sref31
http://refhub.elsevier.com/S0045-6535(21)00940-1/sref31
http://refhub.elsevier.com/S0045-6535(21)00940-1/sref32
http://refhub.elsevier.com/S0045-6535(21)00940-1/sref32
http://refhub.elsevier.com/S0045-6535(21)00940-1/sref32
http://refhub.elsevier.com/S0045-6535(21)00940-1/sref32
http://refhub.elsevier.com/S0045-6535(21)00940-1/sref32
http://refhub.elsevier.com/S0045-6535(21)00940-1/sref33
http://refhub.elsevier.com/S0045-6535(21)00940-1/sref33
http://refhub.elsevier.com/S0045-6535(21)00940-1/sref33
http://refhub.elsevier.com/S0045-6535(21)00940-1/sref33
http://refhub.elsevier.com/S0045-6535(21)00940-1/sref33
http://refhub.elsevier.com/S0045-6535(21)00940-1/sref33
http://refhub.elsevier.com/S0045-6535(21)00940-1/sref35
http://refhub.elsevier.com/S0045-6535(21)00940-1/sref35
http://refhub.elsevier.com/S0045-6535(21)00940-1/sref35
http://refhub.elsevier.com/S0045-6535(21)00940-1/sref35
http://refhub.elsevier.com/S0045-6535(21)00940-1/sref35
https://doi.org/10.3354/meps302275
https://doi.org/10.1021/acs.est.5b02053
https://doi.org/10.1021/acs.est.5b02053
https://doi.org/10.1186/s40462-016-0078-5
https://doi.org/10.1007/s10646-014-1394-4
http://refhub.elsevier.com/S0045-6535(21)00940-1/sref40
http://refhub.elsevier.com/S0045-6535(21)00940-1/sref40
http://refhub.elsevier.com/S0045-6535(21)00940-1/sref40
http://refhub.elsevier.com/S0045-6535(21)00940-1/sref40
https://doi.org/10.1016/s0045-6535(99)00154-x
https://doi.org/10.1016/s0045-6535(99)00154-x
https://CRAN.R-project.org/package=caret
https://CRAN.R-project.org/package=caret
https://doi.org/10.1021/acs.est.6b01990
http://refhub.elsevier.com/S0045-6535(21)00940-1/sref44
http://refhub.elsevier.com/S0045-6535(21)00940-1/sref44
http://refhub.elsevier.com/S0045-6535(21)00940-1/sref44
https://doi.org/10.1371/journal.pone.0067714
https://doi.org/10.1016/j.scitotenv.2013.08.045
http://refhub.elsevier.com/S0045-6535(21)00940-1/sref48
http://refhub.elsevier.com/S0045-6535(21)00940-1/sref48
http://refhub.elsevier.com/S0045-6535(21)00940-1/sref48
http://refhub.elsevier.com/S0045-6535(21)00940-1/sref48


C.A. Clatterbuck, R.L. Lewison, R.A. Orben et al. Chemosphere 279 (2021) 130470
anthropogenic landscapes. Mar. Ecol. Prog. Ser. 578, 243e251. https://doi.org/
10.3354/meps12124.

Oksanen, J., Guillame Blanchet, F., Friendly, M., Kindt, R., Legendre, P., McGlinn, D.,
Minchin, P.R., O’Hara, R.B., Simpson, G.L., Solymos, P., Henry, M., Stevens, H.,
Szoecs, E., Wagner, H., 2019. Vegan: Community Ecology Package. R Package
Version 2.5-6. https://CRAN.R-project.org/package¼vegan.

Oregon Water Resources Department, 2005. Oregon Water Bodies. Salem, OR: Pa-
cific Northwest Hydrography Framework Group.

Peterson, S.H., Ackerman, J.T., Costa, D.P., 2015. Marine foraging ecology influences
mercury bioaccumulation in deep-diving northern elephant seals. Proc. Royal
Soc. B. 282, 20150710. https://doi.org/10.1098/rspb.2015.0710.

Peterson, S.H., Ackerman, J.T., Eagles-Smith, C.A., 2017. Mercury contamination and
stable isotopes reveal foraging ecology of generalist California gulls. Ecol.
Indicat. 74, 205e215.

Post, D.M., 2002. The long and short of food-chain length. Trends Ecol. Evol. 17,
269e277. https://doi.org/10.1016/S0169-5347(02)02455-2.

Provencher, J.F., Forbes, M.R., Hennin, H.L., Love, O.P., Braune, B.M., Mallory, M.L.,
Gilchrist, H.G., 2016. Implications of mercury and lead concentrations on
breeding physiology and phenology in an Arctic bird. Environ. Pollut. 218,
1014e1022.

R Core Team, 2020. R: a Language and Environment for Statistical Computing. R
Foundation for Statistical Computing, Vienna, Austria. https://www.R-project.
org/.

Ramos, R., Gonz�alez-Solis, J., 2012. Trace me if you can: the use of intrinsic
biogeochemical markers in marine top predators. Front. Ecol. Environ. 10,
258e266. https://doi.org/10.1890/110140.

Ramos, R., Ramírez, F., Jover, L., 2013. Trophodynamics of inorganic pollutants in a
wide-range feeder: the relevance of dietary inputs and biomagnification in the
Yellow-legged gull (Larus michahellis). Environ. Pollut. 172, 235e242. https://
doi.org/10.1016/j.envpol.2012.09.014.

Renedo, M., Pedrero, Z., Amouroux, D., Cherel, Y., Bustamante, P., 2021. Mercury
isotopes of key tissues document mercury metabolic processes in seabirds.
Chemosphere 263, 127777. https://doi.org/10.1016/j.chemosphere.2020.127777.

Ricca, M.A., Miles, A.K., Anthony, R.G., 2008. Sources of organochlorine contami-
nants and mercury in seabirds from the Aleutian archipelago of Alaska: in-
ferences from spatial and trophic variation. Sci. Total Environ. 406, 308e323.
https://doi.org/10.1016/j.scitotenv.2008.06.030.

Rimmer, C.C., McFarland, K.P., Evers, D.C., Miller, E.K., Aubry, Y., Busby, D., Taylor, R.J.,
2005. Mercury concentrations in Bicknell’s thrush and other insectivorous
passerines in montane forests of northeastern North America. Ecotoxicology 14,
223e240.

Robinson, S.A., Forbes, M.R., Hebert, C.E., Scheuhammer, A.M., 2011. Evidence for sex
differences in mercury dynamics in double-crested cormorants. Environ. Sci.
Technol. 45, 1213e1218.
9

S�anchez-Fortún, M., Ouled-Cheikh, J., Jover, C., García-Tarras�on, M., Carrasco, J.L.,
Sanpera, C., 2020. Following up mercury pollution in the Ebro Delta (NE Spain):
audouin’s gull fledglings as model organisms to elucidate anthropogenic im-
pacts on the environment. Environ. Pollut. 266, 115232. https://doi.org/10.1016/
j.envpol.2020.115232.

Scrucca, L., Fop, M., Murphy, T.B., Raftery, A.E., 2016. Mclust 5: clustering, classifi-
cation and density estimation using Gaussian finite mixture models. The R
Journal 8, 289e317.

Shaffer, S.A., Cockerham, S., Warzybok, P., Bradley, R.W., Jahncke, J., Clatterbuck, C.A.,
Lucia, M., Jelincic, J.A., Cassell, A.L., Kelsey, E.C., Adams, J., 2017. Population-level
plasticity in foraging behavior of western gulls (Larus occidentalis). Mov. Ecol. 5,
27. https://doi.org/10.1186/s40462-017-0118-9.

Soldatini, C., Sebastiano, M., Albores-Barajas, Y.V., Abdelgawad, H., Bustamante, P.,
Costantini, D., 2020. Mercury exposure in relation to foraging ecology and its
impact on the oxidative status of an endangered seabird. Sci. Total Environ. 724,
138131. https://doi.org/10.1016/j.scitotenv.2020.138131.

Spelt, A., Williamson, C., Shamoun-Baranes, J., Shepard, E., Rock, P., Windsor, S.,
2019. Habitat use of urban-nesting lesser black-backed gulls during the
breeding season. Sci. Rep. 9, 10527. https://doi.org/10.1038/s41598-019-46890-
6.

Sunderland, E.M., Krabbenhoft, D.P., Moreau, J.W., Strode, S.A., Landing, W.M., 2009.
Mercury sources, distribution, and bioavailability in the North Pacific Ocean:
insights from data and models. Global Biogeochem. Cycles 23, GB2010.

Tartu, S., Goutte, A., Bustamante, P., Angelier, F., Moe, B., Clement-Chastel, C.,
Bech, C., Gabrielsen, G.W., Bustnes, J.O., Chastel, O., 2013. To breed or not to
breed: endocrine response to mercury contamination by an Arctic seabird. Biol.
Lett. 9, 20130317.

Tartu, S., Bustamante, P., Angelier, F., Lendvai, A.Z., Moe, B., Blevin, P., Bech, C.,
Gabrielsen, G.W., Bustnes, J.O., Chastel, O., 2016. Mercury exposure, stress and
prolactin secretion in an Arctic seabird: an experimental study. Funct. Ecol. 30,
596e604.

Thompson, D.R., Bearhop, S., Speakman, J.R., Furness, R.W., 1998. Feathers as a
means of monitoring mercury in seabirds: insights from stable isotope analysis.
Environ. Pollut. 101, 193e200. https://doi.org/10.1016/s0269-7491(98)00078-5.

Thorne, L.H., Fuirst, M., Veit, R., Baumann, Z., 2021. Mercury concentrations provide
an indicator of marine foraging in coastal birds. Ecol. Indicat. 106922.

Torres, L.G., Orben, R.A., Tolkova, I., Thompson, D.R., 2017. Classification of animal
movement behavior though residence in space and time. PloS One 12,
e0168513. https://doi.org/10.1371/journal.pone.0168513.

Venables, W.N., Ripley, B.D., 2002. Modern Applied Statistics with S, fourth ed.
Springer, New York, ISBN 0-387-95457-0.

Weiser, E.L., Powell, A.N., 2010. Does garbage in the diet improve reproductive
output of glaucous gulls? Condor 112, 530e538. https://doi.org/10.1525/
cond.2010.100020.

https://doi.org/10.3354/meps12124
https://doi.org/10.3354/meps12124
https://CRAN.R-project.org/package=vegan
https://CRAN.R-project.org/package=vegan
http://refhub.elsevier.com/S0045-6535(21)00940-1/sref52
http://refhub.elsevier.com/S0045-6535(21)00940-1/sref52
https://doi.org/10.1098/rspb.2015.0710
http://refhub.elsevier.com/S0045-6535(21)00940-1/sref54
http://refhub.elsevier.com/S0045-6535(21)00940-1/sref54
http://refhub.elsevier.com/S0045-6535(21)00940-1/sref54
http://refhub.elsevier.com/S0045-6535(21)00940-1/sref54
https://doi.org/10.1016/S0169-5347(02)02455-2
http://refhub.elsevier.com/S0045-6535(21)00940-1/sref56
http://refhub.elsevier.com/S0045-6535(21)00940-1/sref56
http://refhub.elsevier.com/S0045-6535(21)00940-1/sref56
http://refhub.elsevier.com/S0045-6535(21)00940-1/sref56
http://refhub.elsevier.com/S0045-6535(21)00940-1/sref56
https://www.R-project.org/
https://www.R-project.org/
https://doi.org/10.1890/110140
https://doi.org/10.1016/j.envpol.2012.09.014
https://doi.org/10.1016/j.envpol.2012.09.014
https://doi.org/10.1016/j.chemosphere.2020.127777
https://doi.org/10.1016/j.scitotenv.2008.06.030
http://refhub.elsevier.com/S0045-6535(21)00940-1/sref63
http://refhub.elsevier.com/S0045-6535(21)00940-1/sref63
http://refhub.elsevier.com/S0045-6535(21)00940-1/sref63
http://refhub.elsevier.com/S0045-6535(21)00940-1/sref63
http://refhub.elsevier.com/S0045-6535(21)00940-1/sref63
http://refhub.elsevier.com/S0045-6535(21)00940-1/sref64
http://refhub.elsevier.com/S0045-6535(21)00940-1/sref64
http://refhub.elsevier.com/S0045-6535(21)00940-1/sref64
http://refhub.elsevier.com/S0045-6535(21)00940-1/sref64
https://doi.org/10.1016/j.envpol.2020.115232
https://doi.org/10.1016/j.envpol.2020.115232
http://refhub.elsevier.com/S0045-6535(21)00940-1/sref66
http://refhub.elsevier.com/S0045-6535(21)00940-1/sref66
http://refhub.elsevier.com/S0045-6535(21)00940-1/sref66
http://refhub.elsevier.com/S0045-6535(21)00940-1/sref66
https://doi.org/10.1186/s40462-017-0118-9
https://doi.org/10.1016/j.scitotenv.2020.138131
https://doi.org/10.1038/s41598-019-46890-6
https://doi.org/10.1038/s41598-019-46890-6
http://refhub.elsevier.com/S0045-6535(21)00940-1/sref70
http://refhub.elsevier.com/S0045-6535(21)00940-1/sref70
http://refhub.elsevier.com/S0045-6535(21)00940-1/sref70
http://refhub.elsevier.com/S0045-6535(21)00940-1/sref71
http://refhub.elsevier.com/S0045-6535(21)00940-1/sref71
http://refhub.elsevier.com/S0045-6535(21)00940-1/sref71
http://refhub.elsevier.com/S0045-6535(21)00940-1/sref71
http://refhub.elsevier.com/S0045-6535(21)00940-1/sref73
http://refhub.elsevier.com/S0045-6535(21)00940-1/sref73
http://refhub.elsevier.com/S0045-6535(21)00940-1/sref73
http://refhub.elsevier.com/S0045-6535(21)00940-1/sref73
http://refhub.elsevier.com/S0045-6535(21)00940-1/sref73
https://doi.org/10.1016/s0269-7491(98)00078-5
http://refhub.elsevier.com/S0045-6535(21)00940-1/sref75
http://refhub.elsevier.com/S0045-6535(21)00940-1/sref75
https://doi.org/10.1371/journal.pone.0168513
http://refhub.elsevier.com/S0045-6535(21)00940-1/sref77
http://refhub.elsevier.com/S0045-6535(21)00940-1/sref77
https://doi.org/10.1525/cond.2010.100020
https://doi.org/10.1525/cond.2010.100020

	Foraging in marine habitats increases mercury concentrations in a generalist seabird
	1. Introduction
	2. Methods
	2.1. Field collection & lab analyses
	2.2. Identifying putative foraging locations
	2.3. Classifying foraging habitat types
	2.4. Links to THg exposure

	3. Results
	3.1. Foraging habitat clusters
	3.2. Foraging habitat types
	3.3. Links to THg exposure

	4. Discussion
	5. Conclusions
	Author contribution
	Declaration of competing interest
	Acknowledgments
	Appendix A. Supplementary data
	References


