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A B S T R A C T

The transfer of nutrients between marine and terrestrial systems has important ecological consequences, and
animal movement is an important driver of nutrient transfer. Coastal birds forage in marine environments and
breed in terrestrial habitats, and thus serve as vectors moving nutrients from the sea to the land. However,
urbanization can influence the extent to which coastal birds forage in marine or terrestrial environments due to
the availability of human subsidies. Establishing a reliable and straightforward indicator of marine foraging
would be useful for assessing changes in the use of terrestrial vs. marine habitats in the face of urbanization and
broader environmental change, and for understanding the flow of nutrients and energy between terrestrial and
marine environments. Mercury (Hg) is a highly toxic heavy metal which bioaccumulates in marine food webs,
and is a potential indicator of marine foraging. Methylmercury (MeHg), is present only in aquatic ecosystems
and reaches elevated concentrations in the prey species of marine birds. Thus, high concentrations of MeHg
would be expected for birds foraging in marine environments in comparison to those foraging on terrestrial
sources. We hypothesized that the degree of marine foraging influences Hg uptake in coastal birds. To test this
hypothesis, we combined GPS tracking data with measurements of Hg concentrations in the blood of herring
gulls (Larus argentatus) along an urban gradient in the northeast United States. We examined Hg concentrations
for 51 individual herring gulls tracked with GPS tags at study sites representing high, medium and low degrees of
urbanization. Our results showed a strong and significant positive relationship between Hg concentrations and
the proportion of herring gull foraging locations occurring in offshore waters. Hg concentrations differed sig-
nificantly between herring gulls whose primary foraging habitat occurred in marine vs. terrestrial environments.
Gulls in more urban colonies spent less time foraging in marine environments, and had significantly lower Hg
concentrations than those at the more remote study. Our results suggest that Hg concentrations in blood can be
used to reflect the extent of marine foraging for animals using both marine and terrestrial habitats. Hg con-
centrations could be valuable monitoring tool to assess how the use of marine foraging habitats changes through
time (dietary shifts) or relative to environmental change such as urbanization.

1. Introduction

The transfer of nutrients and energy across terrestrial and aquatic
boundaries can have important effects on community dynamics and
ecosystem function (Polis and Strong, 1996; Huxel et al., 2002;
Takimoto et al., 2002; Greig et al., 2012; Doughty et al., 2016). Animal
movement greatly facilitates nutrient transfer between terrestrial and
marine systems, with seabirds, sea turtles, anadromous fish, pinnipeds,
and brown bears playing an important role in moving nutrients from
the sea to the land (Cederholm et al., 1999; Hilderbrand et al., 1999;

Anderson and Polis, 1999; Bouchard and Bjorndal, 2000; Fariña et al.,
2003; Matsubayashi et al., 2015; Doughty et al., 2016). Urbanization is
rapidly expanding over natural habitats and is influencing factors that
drive nutrient transfer, including the movement and foraging behavior
of a range of different coastal predators (Hobson and Stirling, 1997;
Hebert et al., 1999; Matsubayashi et al., 2015; Deacy et al., 2017; Fuirst
et al., 2018). For example, seabirds transport nutrients from marine
prey to their terrestrial breeding colonies, and have marked effects on
nutrient levels in proximate terrestrial ecosystems (Duda et al., 2020).
In some cases, soil phosphorous concentrations have been found to be
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more than twice that of islands where seabirds were absent (Anderson
and Polis, 1999; Mulder et al., 2011). In urban environments, coastal
birds forage in easily accessible and predictable human habitats, and
have shown an increased reliance on human subsidies over the past
100 years (Auman et al., 2011; Hobson et al., 2015; Osterback et al.,
2015; Fuirst et al., 2018). Decreases in the use of marine prey due to
increased urbanization would have important consequences on nutrient
cycling, and the implications for energy and nutrient flux between
marine and terrestrial ecosystems merits further attention. For example,
plants have lower phosphorous content than meat/ fish (D’Alessandro
et al., 2015), and corn is a major component of human diets and
manufactured foods, which often make up human refuse. Thus birds
feeding on human refuse would be expected to transfer less phos-
phorous to breeding colonies than those feeding on fish in natural ha-
bitats. Quantifying the effects of urbanization on diet is challenging as it
requires comparisons of food types in both urban and non-urban en-
vironments, but is a necessary first step in understanding implications
for nutrient cycling. Reliable indicators of marine foraging will be
useful for assessing changes in the use of terrestrial vs. marine habitats
in the face of environmental change and urbanization, and for under-
standing the flow of nutrients and energy between terrestrial and
marine environments.

Mercury (Hg) is a global pollutant that is emitted into the en-
vironment primarily through the burning of fossil fuels (Joensuu, 1971;
Hutton and Symon, 1986; Jackson, 1997; Pacyna et al., 2010; Outridge
et al., 2018). It is fixed from its inorganic forms into its bioaccumulative
form, monomethylmercury (MeHg), by various anaerobic unicellular

organisms (Furutani and Rudd, 1980; Morel et al., 1998; Gilmour et al.,
2013). MeHg is ubiquitous in the marine realm and upon its entry at the
bottom of the pelagic food web, it biomagnifies, reaching high con-
centrations in upper trophic level species (Gilmour et al., 1992; Hall
et al., 1997; Bargagli et al., 1998; Jæger et al., 2009; Lehnherr, 2014;
Ruus et al., 2015). Seabirds are broadly used to monitor pollutants such
as Hg in marine systems since they are top predators, and as long-lived
and wide-ranging species, they integrate pollutant levels over broad
areas and timescales (Furness, 1993; Furness and Camphuysen, 1997;
Burger and Gochfeld, 2004; Elliott and Elliott, 2013). In addition to
transporting nutrients, seabirds can act as vectors transporting toxic
metals from the sea to land (Headley, 1996; Liu et al., 2006; Mallory
et al., 2015). Various seabird species occurring in different regions of
the world and using diverse foraging strategies show Hg levels that are
elevated above background levels (e.g., Thompson et al., 1992; Burger
and Gochfeld, 2000; Braune et al., 2001). Diet type directly influences
Hg concentrations in marine predators, including birds (Stewart et al.,
1997; Monteiro et al., 1998; Thompson et al., 1998a, 1998b; Bond and
Diamond, 2009), given that Hg is entirely diet derived. Moreover, dif-
ferences in isotopic composition of Hg that accumulated in bird eggs
reflects the degree of aquatic vs. terrestrial diet of the parent (Hebert,
2019).

Here, we argue for the application of Hg as a tracer of the habitat on
a fine scale. This application is based on the well demonstrated en-
richment of MeHg in aquatic organisms, which is negligible in terres-
trial organisms due to very low levels of methylation of Hg in terrestrial
environments (Rudd, 1995). Thus, significantly higher concentrations

Fig. 1. Location of study colonies in Jamaica Bay (JB) in New York City, Young’s Island (YI) on Long Island, and Tuckernuck Island (TN) in Massachusetts re-
presenting high, medium, and low degrees of urbanization, respectively. The lower panel shows Kernel Density Estimates (KDEs) of herring gull tracks at each of the
study colonies.
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of MeHg are expected in pelagic marine consumers in comparison to
those foraging on terrestrial sources, particularly for piscivorous birds.
We assess the hypothesis that concentrations of total Hg in blood po-
sitively correlate with the degree of foraging in marine habitats, using
herring gulls (Larus argentatus) as a case study. Herring gulls present a
compelling study model for examining how Hg relates to predator
foraging behavior since they are abundant and easily studied, show
highly plastic foraging behavior, forage in both marine and terrestrial
environments, and have a broad geographic distribution allowing for
spatial comparisons. Previous studies have demonstrated that gulls
show considerable variability in their use of urban vs. marine en-
vironments, with gulls in close proximity to urban areas predominantly
foraging in human habitats and gulls in less urbanized areas foraging in
marine habitats (Fuirst et al., 2018). We predict that individual gulls
foraging in marine environments will have higher Hg concentrations
than those foraging in human habitats. Further, we predict that these
trends will be evident at the colony level, with gulls in more urban
colonies foraging less frequently in marine habitats and showing lower
Hg concentrations.

2. Methods

2.1. Study area

We examined herring gull foraging behavior in relation to blood
concentrations of Hg at three study colonies that differed in their degree
of urbanization, as reflected by population densities, and in the use of
human habitats by foraging gulls (Fuirst et al., 2018; Fig. 1). Following
Fuirst et al. (2018), the study site in Jamaica Bay (JB) within New York
City represented a high degree of urbanization, while the study sites on
Youngs Island in Stony Brook Harbor on Long Island, New York (YI) and
on Tuckernuck Island (TN) off the coast of Nantucket in Massachusetts
represented medium and low degrees of urbanization, respectively.

2.2. GPS tracking

We sought to compare quantifiable metrics of foraging behavior
with mercury concentrations in gulls, and analyzed GPS tracks to assess
herring gull use of marine vs. terrestrial foraging areas. Assessing GPS
tracks is advantageous for examining foraging behavior in that it allows
for direct and continuous examination of a bird’s position and allows
multiple trips to be observed for a specific individual over consecutive
days. Other techniques are limiting; for example, the use of regurgitates
or pellets to examine prey species are biased towards recent meals, are
labor intensive to collect and require regularly disturbing the colony.
Further, analyses of regurgitates may underestimate small, soft prey
items (Ramos et al., 2009), and it can be difficult to assign pellets to
specific individuals from which blood samples were taken for Hg ana-
lyses (described below).

We obtained GPS tracks and blood samples from a total of 51 her-
ring gulls from late April to late June in 2016, 2017 and 2018 during
incubation (22 at JB, 15 at YI and 14 at TN, respectively). We tracked
gulls using iGotU (Mobile Action Technology, Taiwan) and CatTrack
Gen2 GPS tags (Catnip Technologies, Hong Kong). While the majority
of tags were programmed to recorded spatial locations at a 2 min
sampling interval, 4 tags recorded at a 30 s interval and were resampled
to a 2 min interval prior to analyses. GPS tags were sealed in heat-
shrink tubing and attached to 3–4 central tail feathers with medical
grade adhesive tape (Tesa Tape Inc., Charlotte NC). Birds were captured
twice: once during tag deployment and once during tag recovery.

2.3. Blood sampling

Blood samples (2 mL) were obtained from the brachial or medial
metatarsal veins using a 25 gauge syringe upon recapture of individual
gulls so as to reflect the period when the bird was tracked. We

examined Hg concentrations in whole blood, which reflects Hg in-
corporated from the diet over short time scales during blood formation
(Anderson et al., 2009). Blood samples were stored in a −20 freezer
within 12 h of collection and transferred to a −80 freezer for long-term
storage (maximum of 10 days later for TN samples).

Animal capture, handling and sampling procedures were reviewed
and approved by the Institutional Animal Care and Use Committee
(IACUC) at Stony Brook University (IACUC #: 2016-2247 -Bi −4.19.19-
R1) and were approved by relevant state and federal agencies (Federal
Bird Banding Permit #22795, New York State Department of
Environmental Conservation Permit 2035). Access to the Jamaica Bay
Wildlife Refuge and Young’s Island were approved by the National Park
Service (Permit: GATE-2017-SCI-0020) and the New York State
Department of Environmental Conservation (TRP:2018–001).

2.4. Movement analyses

We identified foraging locations along herring gull GPS tracks by
identifying regions of Area-Restricted Search (ARS) using First Passage
Time (FPT) and identifying the habitat type of ARS locations as in Fuirst
et al. (2018). Briefly, we identified the scale of ARS by locating the peak
in the variance of log(FPT), and assessed FPT at this scale (Fauchald and
Tveraa, 2003). FPT data were subsampled to reduce autocorrelation,
and the upper quartile of values from resulting FPT data were used to
represent foraging points as in Suryan et al. (2006). We then used sa-
tellite imagery in ArcGIS (ESRI World Imagery May 2017) to identify
the habitat type where ARS points occurred for each foraging trip, with
habitats designated as terrestrial or marine. A small number of points
(approximately 3% of all foraging locations) occurred in estuarine ha-
bitats, and these points were classified as marine. For each gull, the
proportion of marine habitat use was assessed as the mean proportion
of ARS points occurring in marine habitats across all foraging trips. We
identified the primary habitat type used, defined as the habitat type in
which the majority of ARS points occurred.

To ensure that habitat use in marine vs. terrestrial environments
was adequately represented by GPS tracks, we assessed individual
variability in habitat preference for birds tracked for at least 10 fora-
ging trips (Table 1). We then assessed the mean proportion of marine
foraging after each trip and assessed how many trips were required for
this mean to be within 5% of the mean for all trips combined. We found
that on average it took 5.2 foraging trips for the mean proportion of
marine foraging to be within 5% of the overall mean for all trips re-
quired, and therefore used only data from birds tracked for at least 6
foraging trips for further analyses.

2.5. Mercury analyses

Total Hg analysis was conducted by direct mercury analyzer MA
3000 (Nippon), through sample pyrolysis, amalgamation of Hg with
gold, and detection by atomic absorption based on the method USEPA
7473. Concentrations of THg were determined based on 5-point stan-
dard curve prepared from external Hg standards (Wako) suspended in a
1 mg L−1 solution of L-Cysteine for stabilization. Standards were used
when reached the room temperature. Moreover, certified reference
material TORT-2 (average mass was 24 mg), was also analyzed for
quality assurance every tenth sample. Blood samples were thawed
shortly prior to analysis and kept on ice. Blood samples were pipetted
into purged ceramic sample boats and their weights were recorded.
Masses of wet blood used for THg analysis ranged from 17.3 to
110.6 mg with a median of 99.3 mg. To determine the analytical error
on sample analyses, every tenth sample was triplicated or duplicated
depending on available volume of blood sample. Therefore, THg con-
centrations generated through this analysis were on wet weight basis.
Select samples were analyzed in duplicate generating errors of < 2%.
The analysis of the certified reference material TORT-2 resulted in a
range of concentrations from 0. 295–0.311 mg kg−1 (certified THg
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concentration in TORT-2: 0.26 ± 0.06 mg kg−1 dry weight; mean ±
standard deviation).

2.6. Statistical analyses

For each herring gull tracked, we assessed the proportion of fora-
ging locations occurring in terrestrial vs. marine environments and the
proportion of foraging trips that used these habitat types. To examine
how Hg concentrations varied with the use of marine habitats, we
pooled data from all three study sites in order to compare Hg con-
centrations in gulls using a range of habitat types. To assess the hy-
pothesis that individual gulls foraging in marine environments show
higher Hg concentrations, we performed a linear regression to examine
how Hg concentrations were affected by the proportion of foraging

locations occurring in marine habitats, using the mean proportion
across all foraging trips for all individuals. We assessed differences in
Hg concentrations relative to the primary habitat type used by each gull
using a Wilcoxon test. Lastly, we examined colony-level differences in
both the use of marine environments and Hg concentrations in gulls
using Kruskal-Wallis tests with post-hoc Dunn’s tests with a Bonferroni
correction. All statistical analyses were performed in program R sta-
tistical software (v. 3.3.2, R Core Team, 2016).

3. Results

GPS tag deployments ranged from 0.84 to 14.21 days (mean of
5.2 days; Table 1), and individual gulls typically took 2 to 3 foraging
trips per day. Gulls at all three study colonies foraged in both marine
and terrestrial habitats, though in variable proportions. Gulls at JB and
YI predominantly foraged in terrestrial environments (e.g. public parks,
landfills, urban centers, and grasslands), while gulls at TN pre-
dominantly foraged in offshore waters (Figs. 1 and 2). Gulls at all co-
lonies showed a high level of individual specialization, and low varia-
bility in their habitat use of marine vs. terrestrial habitats between trips
(Supplementary Fig. 1). The proportion of birds foraging exclusively in
terrestrial environments (i.e., no marine foraging locations observed
during any foraging trips) was 11%, 40% and 0% for JB, YI and TN,
respectively, for birds tracked for at least 6 foraging trips. In contrast,
14% of birds at the TN colony foraged only in marine habitats, while no

Table 1
Summary of tag deployments for herring gulls. Prop. Marine and Prop.
Terrestrial represent the proportion of foraging locations occurring in each
habitat type, respectively.

Tag ID Date of
deployment

Duration of tag
deployment
(days)

No.
foraging
trips

Prop.
Aquatic

Prop.
Terrestrial

JB100a 2016-05-17 13.04 36 0.24 0.76
JB102a 2016-05-18 3.28 5 0.32 0.68
JB104b 2017-05-19 3.76 7 0.00 1.00
JB106a 2016-05-17 5.58 8 0.21 0.79
JB109b 2017-05-16 7.13 12 0.02 0.98
JB113a 2016-05-17 5.16 9 0.07 0.93
JB205a 2017-05-10 5.31 12 0.10 0.90
JB205b 2017-05-19 14.03 44 0.41 0.59
JB206a 2017-05-10 3.22 4 0.56 0.44
JB209a 2017-05-09 9.61 14 0.12 0.88
JB212a 2017-05-18 0.96 1 0.00 1.00
JB214a 2018-05-17 3.65 6 0.14 0.86
JB217a 2018-05-17 3.70 9 0.15 0.85
JB222a 2017-05-05 4.12 7 0.35 0.65
JB227b 2018-05-17 3.94 11 0.58 0.42
JB230c 2018-05-17 4.00 13 0.61 0.39
JB237b 2018-05-17 4.27 12 0.00 1.00
JB239b 2018-05-17 3.34 3 0.17 0.83
JB240b 2018-05-17 3.96 9 0.04 0.96
JB302a 2018-05-15 6.05 7 0.04 0.96
JB304a 2018-05-14 5.83 7 0.33 0.67
JB305a 2018-05-15 14.21 27 0.44 0.56
TN109a 2016-05-26 3.76 4 0.88 0.12
TN115a 2016-05-26 3.96 6 0.80 0.20
TN117a 2016-05-26 2.62 6 1.00 0.00
TN208a 2017-06-01 1.06 1 1.00 0.00
TN210b 2017-05-28 5.01 8 0.52 0.48
TN230b 2017-06-12 4.36 8 0.94 0.06
TN231b 2017-06-17 4.48 16 0.70 0.30
TN233b 2017-05-30 3.85 6 0.51 0.49
TN234a 2017-05-29 4.27 5 0.50 0.50
TN235a 2017-05-29 2.99 4 0.37 0.63
TN237c 2018-05-31 0.92 2 0.97 0.03
TN239c 2018-05-31 0.84 2 0.73 0.27
TN240b 2017-06-14 2.03 2 0.56 0.44
TN302b 2018-05-27 5.30 8 0.85 0.15
YI103b 2017-05-15 5.54 7 0.00 1.00
YI117a 2017-05-15 5.66 5 0.00 1.00
YI206b 2017-05-21 11.31 16 0.22 0.78
YI210a 2017-05-15 5.75 7 0.00 1.00
YI211a 2017-05-11 4.15 10 0.41 0.59
YI227b 2017-05-25 0.91 4 0.00 1.00
YI228a 2017-05-11 4.12 6 0.20 0.80
YI229a 2017-05-21 4.12 2 0.08 0.92
YI232a 2017-05-11 4.04 7 0.00 1.00
YI236a 2017-05-11 3.96 8 0.00 1.00
YI237a 2017-05-18 4.51 8 0.13 0.88
YI239a 2017-05-11 4.18 3 0.00 1.00
YI301a 2018-05-08 7.12 15 0.04 0.96
YI306a 2018-05-18 4.90 11 0.01 0.99
YI307a 2018-05-18 3.89 5 0.00 1.00

Fig. 2. Colony means of the use of marine environments (A) and blood mercury
concentrations (B) in herring gulls. Asterisks reflect significant differences with
a Bonferroni correction (* reflects p values < 0.05, *** reflects p values <
0.0001).
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birds at the JB or YI colonies foraged exclusively in marine habitats. All
birds at TN used offshore habitats for foraging. The proportion of
foraging locations in marine habitats differed significantly between
colonies (Kruskal-Wallis test, p = 4.32 × 10−4), with gulls at TN
foraging significantly more often in marine habitats than those at JB or
YI (Dunn’s post hoc tests with Bonferroni correction, p = 5.5 × 10−3

and 2.8 × 10−4, respectively; Fig. 2). Similarly, blood Hg concentra-
tions differed significantly between the three herring gull colonies
(Kruskal-Wallis test, p = 4.30 × 10−4), with TN showing significantly
higher Hg concentrations than JB or YI and YI showing significantly
higher Hg concentrations than JB (Dunn’s post hoc test with Bonferroni
correction, p = 3.8 × 10−2 for TN vs. JB; 2.7 × 10−4 for TN vs. YI and
3.8 × 10−2 for YI vs. JB, respectively; Fig. 2).

Hg concentrations differed significantly between herring gulls
whose primary foraging habitat occurred in marine vs. terrestrial en-
vironments (Wilcoxon test, p = 6.90 × 10−4; Fig. 3). On an individual
level, blood Hg concentrations showed a high degree of variability in
herring gulls, ranging from 0.02 mg/kg to 0.43 mg/kg. We found a
strong and significant positive relationship between Hg blood con-
centrations and the proportion of herring gull foraging locations oc-
curring in offshore waters for individual gulls (linear regression,
R2 = 0.453, p = 1.08 × 10−5; Fig. 4).

4. Discussion

Our hypothesis that differences in foraging behavior influence diet
and ultimately Hg uptake in coastal birds was upheld, and our results
suggest that Hg could serve as an indicator of marine foraging in coastal
predators. We quantified individual variability in Hg concentrations
relative to movement patterns in gulls, and showed that higher Hg
concentrations reflect increased time spent foraging in marine en-
vironments. Moreover, gulls in more urban colonies spent less time
foraging in marine environments, and had significantly lower Hg con-
centrations than those at the more remote study colony. Our results
suggest that Hg concentrations in blood can be used to reflect the extent
of marine prey in the diet for animals that forage in both marine and

terrestrial habitats. By reflecting the degree to which birds forage in the
water vs. on land, Hg concentrations in the tissues of coastal birds could
serve as a valuable component of studies investigating the movement of
energy and nutrients between marine and terrestrial systems (Peterson
et al., 2017). Monitoring Hg concentrations could provide a useful tool
to assess how the use of marine foraging habitats changes through time
(dietary shifts) or relative to environmental change such as urbaniza-
tion (English et al., 2020).

We examined Hg concentrations in blood and compared these
concentrations with foraging patterns evaluated over 5.9 days, on
average. Different avian tissues reflect Hg exposure over different
temporal scales, and it is therefore important to consider biomonitoring
objectives when selecting avian tissues to sample (Evers et al., 2005).
The organic form of Hg, MeHg, which seabirds assimilate from their
diet, can cycle in the blood stream for a few weeks to months before
being eliminated through the feathers and excreta, as well via the eggs
in females (Braune and Gaskin, 1987). Demethylation of MeHg in the
liver has been hypothesized in birds. MeHg detoxification may occur
via its binding with selenides which results in the formation of HgSe, an
inert nontoxic compound (Thompson and Furness, 1989; Kim et al.,
1996; Arai et al., 2004). Thus, while tissues such as liver and feathers
reflect long-term Hg exposure, blood reflects dietary uptake over
shorter time scales. Lab-based studies of seabirds have demonstrated
that Hg exposure through the diet is reflected in blood Hg concentra-
tions within days, with a half-life of approximately 30–60 days
(Bearhop et al., 2000; Monteiro and Furness, 2001). We therefore argue
that a study of blood chemistry, including Hg concentrations, is parti-
cularly useful for studies of foraging patterns, both because Hg con-
centrations in blood reflect short-term exposure, and because blood can
be obtained without lethal research. Studies of Hg in the liver, kidney or
muscle of birds rely on lethal research to obtain specimens.

While blood is the best tissue for reflecting Hg exposure over short
time scales (Evers et al., 2005; Ackerman et al., 2008), we observed a
wide range of Hg concentrations for birds that did not show any fora-
ging locations within marine habitats (Fig. 4). This discrepancy suggests
that Hg blood chemistry might be impacted over longer time periods
than was represented in the GPS tracks. Birds that displayed higher Hg
concentrations in their blood may have foraged in marine environments
shortly before they were tagged. While we found strong relationships
between the proportion of foraging locations in marine habitats and
blood Hg concentrations, longer tracking periods would be preferable
for studies examining changes in marine foraging patterns, and could
result in stronger relationships between habitat use and blood Hg
concentrations.

Our study focused on sites within New York and Massachusetts in
regions that have not been impacted by point source Hg pollution, and
we are therefore confident that our results were not impacted by site-
specific pollution. However, it is important to note that studies seeking
to use Hg as an indicator of marine foraging should eliminate sites of
known historical Hg pollution such as sites of industrial and chemical
manufacturing. Spatial and temporal patterns of Hg contamination
could influence Hg concentrations in marine prey, and it is therefore
important to design studies with consideration of these factors. For
example, point sources of Hg contamination have resulted in elevated
Hg concentrations in forage fish in coastal systems (Gehrke et al.,
2011). In New York, Hg concentrations are elevated in the Hudson
River watershed. Concentrations of Hg in fish in the Hudson River have
declined significantly since 1970, likely due a decrease in mercury re-
leased into the Hudson River watershed by factories, along with a de-
cline in atmospheric deposition of Hg transported over a long range
from the Midwest (Levinton and Pochron, 2008). These examples de-
monstrate that both the foraging location as well as its timing can
greatly impact Hg concentrations in the tissues of aquatic predators.

Other chemical markers of diet can distinguish foraging habitats,
and Stable Isotope Analysis (SIA) of tissues in particular is commonly
used to assess broad trends in the diet of birds and other coastal

Fig. 3. Hg concentration (mg/kg) in whole blood of herring gulls by primary
habitat type. Gulls whose primary foraging habitat occurred in marine vs.
terrestrial differed significantly in their blood Hg concentrations (Wilcoxon test,
p = 6.90 × 10−4).
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predators. Stable isotopes of hydrogen and sulfur have been used to
discriminate between the use of marine and terrestrial systems in
foraging predators as terrestrial foodwebs typically have lower values
of δ2H and δ34S than marine foodwebs (Ramos et al., 2009; Hobson
et al., 2015). However, δ 34S may not effectively discriminate between
terrestrial and freshwater sources, and interpreting δ2H data in terms of
dietary shifts between marine and terrestrial habitats can be complex as
our understanding of variability of δ2H in marine food webs is limited
(Hobson et al., 2015). Our results suggest Hg as an alternative indicator
of marine foraging in coastal predators. Both SIA and analyses of Hg
concentrations in animal tissues offer considerable advantages over
traditional diet analyses in that they can provide rapid assessments of
foraging ecology, and provide an integrated measure of diet over weeks
(Hobson et al., 1994; Bond and Jones, 2009; Ramos et al., 2009). Since
Hg does not greatly accumulate in terrestrial organisms due to the
absence of its source in the form of bioavailable methylated Hg (MeHg),
its detection in blood infers some degree of foraging on aquatic diet. Its
application as an indicator of marine foraging is therefore most useful
when the study organisms use both marine and terrestrial habitat and
when the significance of one vs. the other is in question. In these cases,
higher Hg concentrations will indicate a higher degree of marine
foraging in comparison to individuals with lower blood Hg concentra-
tions. Therefore, Hg may be a particularly useful indicator of marine
foraging.

5. Conclusions

Understanding foraging patterns of coastal predators is becoming
increasingly important under continued urbanization and anthro-
pogenic change. Our results demonstrate that Hg concentrations can be
used to assess differences in the foraging patterns of coastal birds at
both the individual and colony levels. Hg provides a promising tool for
identifying the degree of aquatic foraging, and thus for assessing
changes in the use of aquatic foraging habitats through time.
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