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ABSTRACT: Marine predators are monitored as indicators of pollution, but such
trends can be complicated by variation in diet. Glaucous-winged gulls (Larus
glaucescens) have experienced a dietary shift over the past century, from mainly
marine to including more terrestrial/freshwater inputs, with unknown impacts on
mercury (Hg) trends. We examined 109-year trends in total mercury (THg) and
methylmercury (MeHg) concentrations in glaucous-winged gull feathers (1887−
1996) from the Salish Sea. Adult flank feathers had higher MeHg concentrations
than immature feathers, and males head feathers had higher THg concentrations
than females. Overall, we found no evidence of a trend in feather MeHg or THg
concentrations over time from 1887 to 1996. In the same individuals, δ15N, δ13C,
and δ34S declined over time in gull feathers. In comparison, egg THg concentrations
declined from 1970 to 2019 in two species of cormorants, likely reflecting decreases
in local Hg sources. We conclude that diet shifts through time may have countered
increased Hg deposition from long-range transport in glaucous-winged gulls. The lack of Hg trends over time in glaucous-winged
gull feathers provides additional support that these gulls have decreased the amount of marine forage fish in their diet.
KEYWORDS: mercury, seabirds, stable isotopes, glaucous-winged gulls, cormorants, North Pacific, food webs

■ INTRODUCTION
Mercury (Hg) remains a persistent pollutant worldwide, as
emissions have increased approximately 3- to 5-fold from the
Industrial Revolution to the present.1−3 Through microbial
methylation by sulfate-reducing bacteria and related mecha-
nisms in aquatic ecosystems, total Hg (THg) can be
transformed to methylmercury (MeHg), its organic and most
toxic form, capable of food web biomagnification and
bioaccumulation at high concentrations in top predators.
Total Hg concentrations in the North Pacific Intermediate
Water mass have increased since the mid-1980s due to
increased emissions from Asia.1,4−6 It remains unclear whether
THg concentrations have also increased in wildlife and
ecosystems across the Pacific Ocean over time;6 however,
consequences to wildlife may be severe as seawater Hg
concentrations are projected to increase by 50% by 2050
relative to the 2015 concentrations recorded in the North
Pacific Ocean.4,7

Long-lived upper trophic predators such as seabirds are
considered effective biomonitors of THg concentrations in
marine ecosystems.8−15 The Salish Sea of southern British
Columbia and northern Washington is ranked among the most
disturbed ecosystems in the world.16 Glaucous-winged gulls
(Larus glaucescens), which are generalist marine predators in
the Salish Sea ecosystem, have experienced population
fluctuations over the last century17,18 along with long-term

reductions in egg volume and clutch size.19 Gull populations
increased from 1900 to the mid-1980s and then declined to
less than 50% of peak estimates by 2010�likely due to a
cessation of hunting and egging in the early 1900s, and a
gradual reduction in access to fish prey.17−20 As glaucous-
winged gulls prey on mesopelagic fish, which uptake the Hg
produced via microbial activity,21−23 they may be strong
indicators of MeHg transfer in Pacific marine food webs.
However, glaucous-winged gulls have also experienced a shift
in diet over the past 150 years as indicated by stable isotope
analyses of feathers from museum collections.20 Feather stable
nitrogen (δ15N) and carbon (δ13C) isotope values declined
from 1860 to 2009, but remained constant in various forage
fish species, suggesting gulls were either feeding at lower
trophic levels or reduced their consumption of marine foods.20

Stable sulfur (δ34S) and hydrogen (δ2H) isotope values have
provided further evidence that glaucous-winged gulls shifted
diets during the past to more terrestrial and freshwater-based
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diets, with an estimated increase of 30% in terrestrial/
freshwater sources, e.g., earthworms (Lumbricidae), crop
spoils, garbage.24 As the main route of Hg transfer to seabirds
is through prey,9,25 it is unclear what effect this long-term shift
in diet may have on THg concentrations in gulls.
The overall goal of our study was to examine Hg

concentrations in glaucous-winged gull feathers to determine
if gulls reflected long-term trends in Hg deposition of Pacific
ecosystems. We examined Hg in head, flank, and primary
feathers from museum collections, as feathers reflect the Hg
body burden during growth.25−29 We predicted that, because
gulls have shifted to lower trophic and/or terrestrial/freshwater
prey over time, THg trends in gull feathers would have
increased at a slower rate than trends in North Pacific Ocean
food webs. Mercury is also a strong indicator of marine
foraging in seabirds;30 therefore, stable Hg trends in gulls may
provide further evidence of a shift to freshwater and/or
terrestrial prey. Our objectives were to: (1) analyze long-term
trends in THg and MeHg concentrations in gull feathers from
1887 to 1996; (2) model potential drivers of MeHg and THg
exposure to gulls, such as year, biological factors (sex, age), and
colony; and (3) compare THg trends in gulls to those in other
seabirds [double-crested cormorants (Nannopterum auritum)
and pelagic cormorants (Urile pelagicus)] in the Salish Sea
ecosystem.

■ MATERIALS AND METHODS
Sample Collection. We sampled head (n = 171), flank (n

= 65), and primary (n = 22) feathers for total mercury (THg)
and methylmercury (MeHg) from glaucous-winged gull
museum skins collected from 1887 to 1996 at 28 nesting
colonies (48.42−49.68°N, 122.82−124.93°W) in the Salish
Sea ecosystem in British Columbia, Canada, and Washington.
Adult samples were taken both from feathers grown during the
postbreeding molt (brown “winter” head feathers) and from
those grown prior to territory establishment and breeding
(white “summer” head feathers).20,31 Winter feathers represent
Hg exposure during breeding and prebreeding, whereas
summer feathers represent exposure during the postbreeding
period. In contrast, flank and primary feathers are molted only
once per year and represent year-round exposure.32 There
were two adult samples not labeled for plumage stage; we
designated feathers collected from November to February as
equivalent to “winter” and from March to August as equivalent
to “summer” stages (no feathers collected in September or
October).31,33,34 For primary feathers, segments of innermost
primaries, ∼1 × 2 cm2, were sampled (from P1; P2 if P1 was
unavailable; occasionally P3 if neither P1 nor P2 were
available); these are grown during the period immediately
prior to or following egg-laying. For head feathers, we grouped
first- and second-year subadults (n = 18) with juvenile (i.e.,
hatch-year; n = 14) birds as “immature” as they demonstrated
no difference in MeHg concentrations (two-sample t-test, t28.4
= 0.60, p = 0.55) and do not have a molt pattern. From 1970
to 2019, eggs from double-crested cormorants were collected
for contaminant research at Mandarte Island (48.63°N,
123.28°W) and from pelagic cormorants at Mandarte and
Mitlenatch Island (49.95°N, 125.00°W), British Columbia,
Canada. Both feathers and eggs were stored in the National
Wildlife Specimen Bank (NWSB) and analyzed at the National
Wildlife Research Centre (NWRC, Ottawa, Ontario, Canada)
following the methods presented in Miller et al.35 and Elliott
and Elliott36 as detailed below.

Total Mercury (THg) and Methylmercury (MeHg)
Analysis. We placed several (mean = 3) whole head feathers
from individual gulls in a sieve and rinsed them with acetone,
0.25% Triton X-100, and then ultrapure water. Feathers were
then air-dried for approximately 48 h. At NWRC, samples were
analyzed for THg using a DMA-80 Direct Mercury Analyzer
(Milestone, Monroe, CT) and reported in μg/g dry weight.
Method detection and reporting limits were 0.028 ng and
0.141 ng, respectively, and were determined using SRM Oyster
Tissue 1566b. Quality control and assurance included daily
calibrations of at least four check standards of certified
reference materials (BCR-463 tuna fish, NCR TORT-3 lobster
hepatopancreas, IAEA-436 fish flesh, NIST 2976 mussel tissue,
and IAEA-085 Human Hair). Recoveries for THg ranged from
92.1 to 109.0%. Based on 11 replicates of feathers, measure-
ment precision for THg was estimated to be 8.46%.
We pooled and homogenized head feathers collected from 9-

year subgroups between 1896 to 1948 for both THg and
MeHg analysis. Several head feathers (mean = 18) were pooled
from 2 to 14 individual birds collected during the same year. At
NWRC, we analyzed MeHg using a Tekran Series 2700
Methyl Mercury Auto-Analysis System. First, MeHg was
extracted from the samples in 5 mL of 17.5% nitric acid per
0.05 dry wt. for 16 hours at 60 °C and then stored at 4 °C until
analysis. We treated extracts with sodium tetraethylborate to
ethylate the Hg species, which were then moved onto a Tenax
trap via argon where they were concentrated. The mercury
species were desorbed from the trap by heating and transferred
to a gas chromatographic column where they were separated.
Each mercury species was then pyrolyzed and reduced to
elementary Hg and detected via fluorescence. Quality control
and assurance included daily calibrations of at least six check
standards of certified reference materials (NCR TORT-3,
NRC DORM-4 fish, IAEA-436, NIST 2976, and IAEA-085).
Recoveries for MeHg ranged from 90.6 to 107.0%. Based on
two replicates of pooled feathers, measurement precision for
MeHg was estimated to be 1.49%.
At the Biotron Analytical Services lab at the University of

Western Ontario, an additional 102 individual head, flank, and
primary feathers were analyzed for THg and MeHg. Whole
feathers were analyzed for THg using a DMA-80 following
EPA methods 7473.37 Recoveries averaged 96% and method
detection and reporting limits were 0.0643 and 0.193 ng,
respectively. Whole feathers were analyzed for MeHg using a
Tekran 2700 following EPA methods 1630.38 Samples were
weighed and digested using 2 mL of 25% KOH in methanol
solution and placed in an 80 °C oven for 4 hours. The samples
were diluted to a volume of 10 mL and ethylated using 30 μL
of NaBEt41%. The final pH of the samples was adjusted to
4.0−4.5 using 500 μL of buffer acetate and was analyzed by gas
chromatography coupled to a pyrolyzer and an atomic
detector. For both THg and MeHg analysis, for every 10
samples, quality control included a blank, a Matrix Spike/Spike
Duplicate, a precision and recovery sample, and a quality
control sample (IAEA-086 CRM). Recoveries for MeHg
averaged 106% and method detection and reporting limits
were 0.007 and 0.022 ng, respectively.
We homogenized individual and pooled (n = 2−10) whole

cormorant egg samples as described in Miller et al.39 Samples
collected from 1970 to 2011 were analyzed for THg using an
AMA-254 and from 2015 to 2019 a DMA-80 mercury analyzer
following methods described in Elliott and Elliott.36
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Stable Isotope Analysis. We obtained δ13C and δ15N
values for individual glaucous-winged gull head feathers
analyzed for THg from Blight et al.,20 and δ34S in primary
feathers from Hobson et al.24 As primary feathers and winter
(postbreeding) head feathers did not differ isotopically,20 we
used individual values for primary feathers in cases where
stable isotope values for head feathers were not available. For
δ13C and δ15N values of cormorant eggs collected from 1970 to
2011, analyses were carried out using a PDZ Europa ANCA-
GSL elemental analyzer interfaced to a PDZ Europa 20−20
Isotope Ratio Mass Spectrometer (IRMS; Sercon Ltd.,
Cheshire, U.K.) at the Stable Isotope Facility at the University
of California, Davis (http://stableisotopefacility.ucdavis.edu)
and described elsewhere.35,36,39,40 The internal standards were
(δ15N, δ13C in ‰): [nylon (−9.77, −27.81), bovine liver
(7.72, −21.69), USGS-41 glutamic acid (47.6, −37.63),
glutamic acid (−4.26, −28.85)]. Values of δ13C and δ15N
were calculated relative to Vienna Pee Dee Belemnite (VPDB)
and atmospheric nitrogen (AIR), respectively, and normalized
to internal standards calibrated to international reference
materials (IAEA-600, USGS-40, USGS-41, USGS-42, USGS-
43, USGS-61, USGS-64, and USGS-65) with an analytical
precision for both isotopes of ±0.2‰. From 2015 to 2019,
stable isotope analysis was conducted at the Jań Veizer Stable
Isotope Laboratory at the University of Ottawa. Samples for
δ13C and δ15N were freeze-dried and weighed into tin capsules
and then flash combusted at 1800 °C in a Vario El Cube
elemental analyzer coupled to an IRMS (Delta Advantage,
Thermo Finnigan, Germany) with a Conflo interface (Conflo
III). The internal standards in ‰ for δ15N and δ13C were:
[nicotinamide (0.07, −22.95), ammonium sulfate + sucrose
(16.58, −11.94), caffeine (−16.61,−34.46), glutamic acid
(−3.98, −28.53)]. Values of δ13C and δ15N were calculated
relative to VPDB and AIR and normalized to internal
standards calibrated to international standards [AIR: IAEA-
N1(+0.4‰), IAEA-N2(+20.3‰), USGS-40(−4.52‰) and
USGS-41(47.57‰); VPDB: IAEA-CH-6(−10.4‰), NBS-
22(−29.91‰) , USGS-40(−26.24‰) and USGS-
41(37.76‰)] with an analytical precision for both isotopes
of ±0.2‰. For δ34S values of cormorant eggs collected from
1970 to 2019, all analyses were conducted at the Jań Veizer
Stable Isotope Laboratory. The samples were weighed into tin
capsules and then flash combusted at 1800 °C in an Isotope
Cube (Elementar, Germany) elemental analyzer coupled to an
IRMS (Delta Plus XP, Thermo Finnigan, Germany) with a
Conflo interface (Conflo IIV). The internal standard used was
S-6 (δ34S, −0.7‰). Values for δ34S were calculated relative to
Vienna-Cañon Diablo Troilite (VCDT) and normalized to the
internal standard calibrated to international standards [silver
sulfides: IAEA-S-1 (δ34S, −0.3‰), IAEA-S-2 (δ34S, 22.7‰)]
with an analytical precision of ±0.3‰. For all stable isotope
analyses, duplicate assays were run every sixth sample. To
ensure that data between laboratories were comparable, nine
samples were compared for interlaboratory variability and
reported to have a mean difference of 0.44‰ for δ13C and
0.52‰ for δ15N; the standard deviations between laboratories
were 0.45‰ for δ13C and 0.39‰ for δ15N. Stable isotope
values are reported in delta (δ) notation in parts per thousand
(‰) deviation for international standards. Values of δ13C in
whole egg homogenates were lipid normalized using the
equation from Elliott and Elliott36

=

+ ×

C C 5.21

3.94 Ln(C/N ratio)

13
lipid extracted

13
non extracted

(1)

Statistical Analyses. First, we compared differences in
MeHg and THg concentrations among feather types using a
paired t-test and a repeated-measures ANOVA. In the past,
museums traditionally applied Hg-based preservatives to
specimens.41,42 Previous studies have excluded THg feather
specimens that may have been contaminated or have relied
upon MeHg concentrations, which are not affected by these
preservatives.43−45 We performed these tests on Ln(log)-
transformed MeHg or THg data to meet normality. To
determine the period during which museum feathers may have
been contaminated with Hg-based preservatives,41,42 we
compared changes in the ratio of MeHg to THg in flank
feathers by fitting broken-stick regressions to identify
significant changes in slope, using the R package SiZer.46 As
feather Hg has been reported to be 67−100% MeHg,26,47,48 we
predicted that THg concentrations in uncontaminated feathers
should be highly correlated with MeHg concentrations.47 We
also used a one-way ANOVA to compare the MeHg to THg
ratio among 20-year intervals (1880−1899, 1900−1919,
1920−1939, 1940−1959, 1960−1979, 1980−1996), an
approach used in other studies to identify feather mercurial
contamination.45 When appropriate, variables were Ln (log)-
transformed to meet assumptions of normality.
Using MeHg and uncontaminated THg data, we tested if Hg

concentrations in gulls changed over time by fitting linear
models to examine factors affecting MeHg and THg
concentrations in glaucous-winged gulls. We restricted our
model selection to flank feathers for MeHg and head feathers
for THg as they had the largest sample sizes, and removed
observations with missing values. We built a global model with
year (a continuous variable), sex, age (immature or adult),
colony location, and their two-way interactions as predictors.
We also included molt (immature, winter, or summer) as a
predictor for head feathers only. We performed model
selection using the dredge function in the MuMIn package in
R49 based on Akaike’s Information Criterion adjusted for small
sample size (AICc). The minimum adequate model within a
ΔAICc < 2 was considered the best model.50 We calculated
AICc weights for all available models. MeHg and THg
concentrations were Ln(log)-transformed to ensure normality.
Each of the top models met assumptions for normality,
linearity, and homogeneity of variance. We compared trends in
THg concentrations, δ13C, δ15N, and δ34S values over time
among feathers of glaucous-winged gulls and eggs of double-
crested and pelagic cormorants using linear regressions. All
analyses were run using R. 3.6.3 (R Core Team, 2020), and
significance was judged at α = 0.05. All graphs were created
using the ggplot251 package. Data are reported as mean ±
S.E.M.

■ RESULTS AND DISCUSSION
Mercury Concentrations and Feather Type. There was

no difference in MeHg concentrations between flank (3.11 ±
0.5 μg/g, n = 15) and head (3.96 ± 0.6 μg/g, n = 15) feathers
(paired t-test, t14 = −1.73, p = 0.11), with MeHg in flank and
head feathers positively correlated (R2 = 0.59). There was a
significant difference in THg concentrations among feather
type (Figure 1; repeated-measures ANOVA, F2,20 = 5.51, p =
0.012), with higher and more variable concentrations in head
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(mean THg: 18.94 ± 5.3 μg/g) than flank (5.24 ± 0.8 μg/g)
feathers (bonferroni padj = 0.045), but not primary feathers
(5.74 ± 0.9 μg/g) from the same individuals. Flank feathers are
less variable in THg concentrations than primaries and are
more representative of the total Hg of a bird’s body burden.25

As there was a difference in THg concentrations between flank
and head feathers, we analyzed these feather types separately.
Mercury-Based Preservatives and THg Trends. There

was a weak relationship between THg and lnMeHg in flank
feathers (R2 = 0.07, F1,63 = 5.06, p = 0.028), but no relationship
was found in head feathers (R2 = 0.15, F1,13 = 2.25, p = 0.16)
from 1887 to 1996 or in pooled head feathers from 1896 to
1948 (R2 = 0.42, F1,7 = 5.03, p = 0.06), indicating the
likelihood of some samples being contaminated with Hg-based
preservatives. When we conducted a piecewise regression of
the MeHg to THg ratio in flank feathers over time, a significant
inflection point was identified in 1928, where the ratio
increased significantly. The (ln-transformed) ratio of MeHg to
THg post-1928 was significantly higher in flank feathers (mean

ratio: 0.98 ± 0.06; Welch two-sample t-test, t48.7 = 6.56, p <
0.0001) and head feathers (1.33 ± 0.36; t12.9 = 4.03, p = 0.001)
in comparison to pre-1928 ratios (flank: 0.47 ± 0.06; head:
0.29 ± 0.11). In addition, the relationship between lnMeHg
and lnTHg was stronger in flank feathers after 1928 (R2 = 0.67,
F1,28 = 55.55, p < 0.0001). We found differences in the MeHg-
to-THg ratio in feathers among 20-year sampling periods
(Type-III ANOVA, F5,59 = 5.86, p = 0.0002), with ratios from
1900 to 1939 lower than from 1960 to 1996 (Table S1). Based
on these results, THg concentrations prior to 1928 were
removed from further analysis due to possible contamination
with mercury-based preservatives.41,42

Drivers of MeHg Concentrations. Four models had the
most support for MeHg concentrations in flank feathers, which
included sex, year, and age as predictors (Table 1). Age alone
was the most parsimonious model, and adults had higher
MeHg concentrations than immature birds (Table 2; Figure

2). While there was support for the model year + age, year was
not a significant predictor (Figure 3; t = 1.74, p = 0.088).
Three models had support for THg concentrations in head
feathers which included sex and molt as predictors (Table 1).
Sex alone was the most parsimonious model, and males (t =
2.02, p = 0.048) had higher THg concentrations than females,
a pattern observed in other birds and thought to be related to
depuration via egg production.52 In North Pacific glaucous-
winged gulls, THg concentrations were higher in adult vs
fledgling breast feathers, and males were found to have higher
levels of feather chromium and manganese, but not THg, than
females.53

Figure 1. Boxplot of total Hg concentrations in paired flank, head,
and primary feathers from glaucous-winged gulls (n = 11) collected
from 1887 to 1996.

Table 1. Comparison of Global Models Predicting Methylmercury (MeHg) in Flank Feathers and Total Mercury (THg)
Concentrations in the Head Feather of Glaucous-Winged Gulls Collected from 1887 to 1996 at Colonies Near the Salish Sea
in Vancouver, Canada, and Washingtona

predictor global model best models K AICc ΔiAICc wi L

Ln(MeHg) Year + Sex + Age + Colony + Sex × Age + Age × Year + Sex × Year
+ Colony × Sex + Colony × Age + Colony × Year

Age + Year 4 126.3 0 0.353 −58.784
Age 3 127.1 0.78 0.239 −60.33
Age + Sex + Year 5 127.2 0.88 0.227 −58.026
Age + Sex 4 127.7 1.34 0.181 −59.453

Ln(THg) Year + Sex + Age + Colony + Molt + Sex × Age + Age × Year + Sex
× Year + Colony × Sex + Colony × Age + Colony × Year + Molt
× Year + Molt × Age + Molt × Sex + Molt × Colony

Molt + Sex 5 108.2 0 0.57 −48.585
Sex 3 110.2 1.93 0.218 −51.877
Molt + Sex + Molt × Sex 7 110.2 1.97 0.213 −47.069

aThe top linear mixed-effect models explaining lnMeHg and lnTHg after model selection with an Akaike’s Information Criterion adjusted for small
sample size less than 2 (ΔiAICc). ΔiAICc is the difference between AICc for the current model and the minimum of AICc among all of the models.
l = log likelihood, K = number of parameters, ωi = Akaike’s weights based on all models. Best models are bolded. If more than one model had
ΔAICc < 2, the most parsimonious model was considered best.

Table 2. Comparison of Methylmercury (MeHg) in Flank
Feathers and Total Mercury (THg) Concentrations in the
Head Feather of Glaucous-Winged Gulls Collected from
1887 to 1996 at Colonies Near the Salish Sea in Vancouver,
Canada, and Washingtona

dependent predictors β S.E.M. t p

LnMeHg (n = 58) intercept 0.96 0.132 7.29 <0.0001
age −0.63 0.183 −3.438 0.001

LnTHg (n = 62) intercept 0.82 0.096 8.555 <0.0001
sex 0.29 0.146 2.024 0.0475

aParameter estimates (β ± standard error) from the top linear models
based on Akaike’s information criterion corrected (AICc) explaining
lnMeHg and lnTHg concentrations. The t and p-values are included.
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When we examined trends in MeHg across the entire
dataset, there was no relationship between MeHg over time in
flank feathers from immature (Figure 3; t1,28 = 1.33, p = 0.20)
or adult (t1,26 = 1.14, p = 0.27) birds from 1887 to 1996. In our
pooled head feathers, we also found no relationship between
MeHg over time from 1896 to 1948 (R2 = 0.15, F1,7 = 1.23, p =
0.30). Overall, there was no trend in THg concentrations in
head feathers from 1928 to 1996 (Figure 4; F1,77 = 1.79, p =
0.19) or flank feathers (F1,28 = 0.0002, p = 0.99) from 1931 to
1996. In another Pacific seabird, black-footed albatross
(Phoebastria nigripes), feather MeHg concentrations increased
post-1940 relative to pre-1940, coinciding with increases in
regional trends in THg emissions over time.43 In gulls, post-
1940 feathers were also higher than pre-1940 samples (two-

sample t-test, t58.3 = 3.16, p = 0.0025). However, while Salish
Sea glaucous-winged gulls have undergone a long-term shift in
diet likely associated with declines in availability of key forage
fish populations such as herring (Clupea pallasii20,24,56), black-
footed albatross exhibited no change in δ15N values over time,
and therefore, the increase in MeHg was attributed to
increased Hg exposure of prey in the pelagic food web.43

Feather THg concentrations also increased threefold in gray-
headed albatross (Thalassarche chrysotoma) from South
Georgia in the Southern Ocean from 1989 to 2014, a trend
believed to be the result of a diet shift toward more
contaminated prey, and an increase in MeHg exposure in
foraging areas.57 As seabirds that consume mesopelagic prey
have a higher magnitude of increase in THg levels (3.5−4.8%
per year) relative to those feeding on epipelagic food chains
(1.1−1.9% per year58), any shift away from mesopelagic fish by
gulls would have countered increases in THg in the marine
food web. The magnitude of increase in MeHg in black-footed
albatross feathers was also low relative to the increase of THg
concentrations observed in the Pacific Ocean.43 Therefore,
stable feather THg concentrations in glaucous-winged gulls
may be the result of a diet shift and a dampening effect of
MeHg transfer in Pacific food webs.36,43

Trends in Total Mercury Concentrations and Stable
Isotope Values in Gulls and Other Local Seabirds. While
THg concentrations did not change in glaucous-winged gulls
from the Salish Sea region from 1887 to 1996, THg
concentrations declined from 1970 to 2019 in the eggs of
both double-crested and pelagic cormorants from the same
area. Mercury concentrations declined with year in double-
crested (Figure 4A; R2 = 0.19, F1,115 = 27.25, p < 0.0001) and
pelagic cormorants (R2 = 0.43, F1,124 = 92.66, p < 0.0001).
While THg concentrations in water concentrations of the
North Pacific Ocean have increased slightly with increasing
THg emissions from Asia since the mid-1980s,2,7 local efforts
to mitigate pollution have reduced THg discharge into the
Salish Sea ecosystem since the 1970s.59 As such, declines in
THg in cormorant eggs may reflect the local reductions in Hg
emissions in the Salish Sea. Since the gull feathers were
collected from a broader geographic region, THg concen-
trations likely also reflect a greater influence of long-range
sources from Asia.
All stable isotope values (Figure 4; δ13C: R2 = 0.13, F1,53 =

8.03, p = 0.007; δ15N: R2 = 0.22, F1,53 = 14.61, p = 0.0003;
δ34S: R2 = 0.18, F1,19 = 4.10, p = 0.057) declined over time in
glaucous-winged gulls from 1934 to 1996. In contrast, δ15N
values increased over time in both cormorant species (Figure
4C, double-crested R2 = 0.11, F1,76 = 9.04, p = 0.004; pelagic R2
= 0.53, F1,85 = 97.41, p < 0.0001), and δ13C values increased in
pelagic cormorants with year (Figure 4B, R2 = 0.20, F1,85 =
21.02, p < 0.0001), but not in double-crested cormorants (R2 =
0.03, F1,76 = 2.31, p = 0.13). Declines in δ15N in gulls suggest a
shift to lower trophic prey with lower THg concentrations.
However, the increase in δ15N and decline in THg in pelagic
and double-crested cormorants suggest a reduction in THg
across all trophic levels, supporting the theory that cormorants
reflect reductions in local Hg sources. As δ13C values are higher
in marine relative to freshwater and terrestrial systems,60 a
decline in δ13C over time with no change in THg in gull
feathers suggests a diet shift away from marine sources. In
other Pacific species, δ13C values were the main driver of
feather THg concentrations across seven procellariform seabird
species in the Chatham Islands in the Southern Pacific

Figure 2. Boxplot of total MeHg concentrations in immature (n = 27)
and adult (n = 30) flank feathers from glaucous-winged gulls collected
between 1887 to 1996.

Figure 3. Linear regression of the relationship between MeHg
concentrations over time in immature and adult flank feathers of
glaucous-winged gulls.
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Ocean,61 and 20 species of albatross across the Southern
Ocean.62 In these studies, variation in δ13C values reflected
differences in foraging habitat, with species that foraged in
warmer subtropical waters having higher THg concentrations
than those foraging in colder waters.57,61,62 In telemetry studies
of other gull species, blood THg concentrations were higher in
western gulls (L. occidentalis) from the Northeast Pacific and
herring gulls (L. argentatus) in the Northeastern U.S. that
foraged in ocean habitats relative to gulls feeding inland in
terrestrial, freshwater habitats from urban colonies,30,55

suggesting that Hg is a strong indicator of marine foraging.30

Considering there has been a long-term decline in δ13C,
δ15N, and δ34S values in gulls but not in cormorants, our results
suggest that the gradual shift from marine to greater terrestrial
foraging may explain stable THg concentrations in glaucous-
winged gulls over time. As a result of this shift in diet, THg
concentrations in glaucous-winged gulls may not accurately
reflect regional trends of Hg exposure in the North Pacific. The
shift in diet over time and its effect on reproductive output, as
well as increases in bald eagle (Haiaeetus leucocephalus)
predation, are believed to have resulted in population declines
in gulls;18 however, pollutants have also been suggested as an
alternative contributing factor.19 While THg concentrations
have remained relatively stable, approximately 13% of
glaucous-winged gulls had head feather THg concentrations
that exceeded the minimum toxicological benchmark for

reproductive effects documented in other birds (5 μg/g
dw63,64). There was also a high variation in feather THg
concentrations among individual gulls, with THg concen-
trations ranging from 0.66 to 8.23 μg/g dw (mean: 3.11 ± 2.19
μg/g) in 11 gulls from the same colony (Mandarte Island)
sampled in 1996. As high variation in diet and stable isotope
values among individual gulls was observed in colonies closer
to urban areas,54,65 future research assessing factors affecting
individual variation in THg concentrations may provide
insights into the sources and dynamics of THg in gulls and
other marine birds. Overall, the lack of MeHg and THg trends
over time in two different feather types of glaucous-winged
gulls provides additional support that these gulls have
decreased the amount of forage fish in their diet.
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Figure 4. Linear regression of the relationship between (A) lnTHg, (B) δ13C, (C) δ15N, and (D) δ34S in head feathers (open circles, black text) and
flank feathers (green circles, green text) of glaucous-winged gulls and eggs from double-crested (red triangles and text) and pelagic cormorants
(blue inverted triangles and text) from Pacific Canada over time.

Environmental Science & Technology pubs.acs.org/est Article

https://doi.org/10.1021/acs.est.1c03760
Environ. Sci. Technol. 2022, 56, 12097−12105

12102

https://pubs.acs.org/doi/10.1021/acs.est.1c03760?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/acs.est.1c03760/suppl_file/es1c03760_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.est.1c03760?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.1c03760?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.1c03760?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.1c03760?fig=fig4&ref=pdf
pubs.acs.org/est?ref=pdf
https://doi.org/10.1021/acs.est.1c03760?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


■ AUTHOR INFORMATION

Corresponding Author
Emily S. Choy − Department of Natural Resource Sciences,
McGill University, Ste. Anne de Bellevue, Quebec H9X 3V9,
Canada; orcid.org/0000-0002-4703-4318; Phone: 613-
482-0905; Email: emily.choy@mail.mcgill.ca

Authors
Louise K. Blight − School of Environmental Studies,
University of Victoria, Victoria, British Columbia V8P 5C2,
Canada; Procellaria Research & Consulting, Victoria, British
Columbia V9A 5C3, Canada

John E. Elliott − Environment and Climate Change Canada,
Pacific Wildlife Research Centre, Delta, British Columbia
V4K 3N2, Canada

Keith A. Hobson − Department of Biology, University of
Western Ontario, London, Ontario N6A5B7, Canada;
Environment and Climate Change Canada, Saskatoon,
Saskatchewan S7N 3H5, Canada

Michelle Zanuttig − National Wildlife Research Centre,
Environment and Climate Change Canada, Ottawa, Ontario
K1S 5B6, Canada

Kyle H. Elliott − Department of Natural Resource Sciences,
McGill University, Ste. Anne de Bellevue, Quebec H9X 3V9,
Canada

Complete contact information is available at:
https://pubs.acs.org/10.1021/acs.est.1c03760

Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS
The authors thank S. Lee for helping to collect samples and
organize the database, and A. Shariff for processing the feather
samples. Gull feather collection was funded by grants to LKB
from the Werner and Hildegard Hesse Research Fund, the
Koerner Foundation, the Natural Sciences and Engineering
Research Council (NSERC), American Museum of Natural
History (Lerner-Gray Grant for Marine Research), Canadian
Federation of University Women (Dr. Alice E. Wilson
Memorial Award), and The Waterbird Society (Nisbet
Research Award). The authors are indebted to the following
museums and their curators for providing them with feather
samples: Royal British Columbia Museum, Victoria (Mike
McNall and Gavin Hanke); Cowan Museum (now Beaty
Biodiversity Museum, UBC; Rex Kenner); Conner Vertebrate
Museum, Washington State University (Kelly Cassidy); Santa
Barbara Museum of Natural History (Krista Fahy); Royal
Ontario Museum, Toronto (Allan Baker, Mark Peck);
Canadian Museum of Nature, Ottawa (Michel Gosselin);
Burke Museum, University of Washington (Rob Faucett);
Slater Museum, University of Puget Sound (Gary Shugart);
University Museum of Zoology, Cambridge (Michael Brooke).
The W. Garfield Weston Award for Northern Research, Fonds
de Recherche du Quebec Nature et Technologies, L’Oréal-
UNESCO For Women in Science Research Excellence and
NSERC postdoctoral research fellowships were provided to
ESC. Funding for MeHg analyses at the Biotron, University of
Western Ontario, was provided by K.H.E., K.A.H., and J.E.E.
The authors thank the four anonymous reviewers for their
insightful feedback, which greatly improved the manuscript.

■ REFERENCES
(1) Laurier, F. J. G.; Mason, R. P.; Gill, G. A.; Whalin, L. Mercury
Distributions in the North Pacific Ocean - 20 Years of Observations.
Mar. Chem. 2004, 90, 3−19.
(2) Selin, N. E. Global Biogeochemical Cycling of Mercury: A
Review. Annu. Rev. Environ. Resour. 2009, 34, 43−63.
(3) Environment, U. Global Mercury Assessment 2018; Geneva,
Switzerland, 2019.
(4) Sunderland, E. M.; Krabbenhoft, D. P.; Moreau, J. W.; Strode, S.
A.; Landing, W. M. Mercury Sources, Distribution, and Bioavailability
in the North Pacific Ocean: Insights from Data and Models. Global
Biogeochem. Cycles 2009, 23, 1−14.
(5) Pacyna, E. G.; Pacyna, J. M.; Sundseth, K.; Munthe, J.; Kindbom,
K.; Wilson, S.; Steenhuisen, F.; Maxson, P. Global Emission of
Mercury to the Atmosphere from Anthropogenic Sources in 2005 and
Projections to 2020. Atmos. Environ. 2010, 44, 2487−2499.
(6) Obrist, D.; Kirk, J. L.; Zhang, L.; Sunderland, E. M.; Jiskra, M.;
Selin, N. E. A Review of Global Environmental Mercury Processes in
Response to Human and Natural Perturbations: Changes of
Emissions, Climate, and Land Use. Ambio 2018, 47, 116−140.
(7) Sunderland, E. M.; Selin, N. E. Future Trends in Environmental
Mercury Concentrations: Implications for Prevention Strategies.
Environ. Health 2013, 12, 2.
(8) Birds as Monitors of Environmental Change, 1st ed.; Furness, R.
W.; Greenwood, J. J. D., Eds.; Chapman and Hall, 1993
DOI: 10.2307/1521825.
(9) Monteiro, L. R.; Furness, R. W. Seabirds as Monitors of Mercury
in the Marine Environment. Water, Air, Soil Pollut. 1995, 80, 851−
870.
(10) Furness, R. W.; Camphuysen, K. Seabirds as Monitors of the
Marine Environment. ICES J. Mar. Sci. 1997, 54, 726−737.
(11) Elliott, J. E.; Scheuhammer, A. M. Heavy Metal and
Metallothionein Concentrations in Seabirds from the Pacific Coast
of Canada. Mar. Pollut. Bull. 1997, 34, 794−801.
(12) Elliott, J. E. Trace Metals, Stable Isotope Ratios, and Trophic
Relations in Seabirds from the North Pacific Ocean. Environ. Toxicol.
Chem. 2005, 24, 3099−3105.
(13) Hipfner, J. M.; Hobson, K. A.; Elliott, J. E. Ecological Factors
Differentially Affect Mercury Levels in Two Species of Sympatric
Marine Birds of the North Pacific. Sci. Total Environ. 2011, 409,
1328−1335.
(14) Elliott, J. E.; Elliott, K. H. Tracking Marine Pollution. Science

2013, 340, 556−558.
(15) Paleczny, M.; Hammill, E.; Karpouzi, V.; Pauly, D. Population
Trend of the World’s Monitored Seabirds, 1950-2010. PLoS One
2015, 10, e0129342.
(16) Halpern, B. S.; Walbridge, S.; Selkoe, K. A.; Kappel, C. V.;
Micheli, F.; D’Agrosa, C.; Bruno, J. F.; Casey, K. S.; Ebert, C.; Fox, H.
E.; Fujita, R.; Heinemann, D.; Lenihan, H. S.; Madin, E. M. P.; Perry,
M. T.; Selig, E. R.; Spalding, M.; Steneck, R.; Watson, R. A Global
Map of Human Impact on Marine Ecosystems. Science 2008, 319,
948−952.
(17) Bower, J. L. Changes in Marine Bird Abundance in the Salish
Sea: 1975 to 2007. Mar. Ornithol. 2009, 37, 9−17.
(18) Blight, L. K.; Drever, M. C.; Arcese, P. A Century of Change in
Glaucous-Winged Gull (Larus Glaucescens) Populations in a Dynamic
Coastal Environment. Condor 2015, 117, 108−120.
(19) Blight, L. K. Egg Production in a Coastal Seabird, the Glaucous-
Winged Gull (Larus Glaucescens), Declines during the Last Century.
PLoS One 2011, 6, e22027.
(20) Blight, L. K.; Hobson, K. A.; Kyser, T. K.; Arcese, P. Changing
Gull Diet in a Changing World: A 150-Year Stable Isotope (δ13C, (δ
15N) Record from Feathers Collected in the Pacific Northwest of
North America. Glob. Change Biol. 2015, 21, 1497−1507.
(21) Choy, C. A.; Popp, B. N.; Kaneko, J. J.; Drazen, J. C. The
Influence of Depth on Mercury Levels in Pelagic Fishes and Their
Prey. Proc. Natl. Acad. Sci. U.S.A. 2009, 106, 13865−13869.

Environmental Science & Technology pubs.acs.org/est Article

https://doi.org/10.1021/acs.est.1c03760
Environ. Sci. Technol. 2022, 56, 12097−12105

12103

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Emily+S.+Choy"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-4703-4318
mailto:emily.choy@mail.mcgill.ca
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Louise+K.+Blight"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="John+E.+Elliott"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Keith+A.+Hobson"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Michelle+Zanuttig"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Kyle+H.+Elliott"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.1c03760?ref=pdf
https://doi.org/10.1016/j.marchem.2004.02.025
https://doi.org/10.1016/j.marchem.2004.02.025
https://doi.org/10.1146/annurev.environ.051308.084314
https://doi.org/10.1146/annurev.environ.051308.084314
https://doi.org/10.1029/2008GB003425
https://doi.org/10.1029/2008GB003425
https://doi.org/10.1016/j.atmosenv.2009.06.009
https://doi.org/10.1016/j.atmosenv.2009.06.009
https://doi.org/10.1016/j.atmosenv.2009.06.009
https://doi.org/10.1007/s13280-017-1004-9
https://doi.org/10.1007/s13280-017-1004-9
https://doi.org/10.1007/s13280-017-1004-9
https://doi.org/10.1186/1476-069X-12-2
https://doi.org/10.1186/1476-069X-12-2
https://doi.org/10.2307/1521825?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1007/BF01189736
https://doi.org/10.1007/BF01189736
https://doi.org/10.1006/jmsc.1997.0243
https://doi.org/10.1006/jmsc.1997.0243
https://doi.org/10.1016/S0025-326X(97)00034-9
https://doi.org/10.1016/S0025-326X(97)00034-9
https://doi.org/10.1016/S0025-326X(97)00034-9
https://doi.org/10.1897/04-474R.1
https://doi.org/10.1897/04-474R.1
https://doi.org/10.1016/j.scitotenv.2010.12.022
https://doi.org/10.1016/j.scitotenv.2010.12.022
https://doi.org/10.1016/j.scitotenv.2010.12.022
https://doi.org/10.1126/science.1235197
https://doi.org/10.1371/journal.pone.0129342
https://doi.org/10.1371/journal.pone.0129342
https://doi.org/10.1126/science.1149345
https://doi.org/10.1126/science.1149345
https://doi.org/10.1650/condor-14-113.1
https://doi.org/10.1650/condor-14-113.1
https://doi.org/10.1650/condor-14-113.1
https://doi.org/10.1371/journal.pone.0022027
https://doi.org/10.1371/journal.pone.0022027
https://doi.org/10.1111/gcb.12796
https://doi.org/10.1111/gcb.12796
https://doi.org/10.1111/gcb.12796
https://doi.org/10.1111/gcb.12796
https://doi.org/10.1073/pnas.0900711106
https://doi.org/10.1073/pnas.0900711106
https://doi.org/10.1073/pnas.0900711106
pubs.acs.org/est?ref=pdf
https://doi.org/10.1021/acs.est.1c03760?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


(22) Blum, J. D.; Popp, B. N.; Drazen, J. C.; Anela Choy, C.;
Johnson, M. W. Methylmercury Production below the Mixed Layer in
the North Pacific Ocean. Nat. Geosci. 2013, 6, 879−884.
(23) Chouvelon, T.; Caurant, F.; Cherel, Y.; Simon-Bouhet, B.;
Spitz, J.; Bustamante, P. Species-and Size-Related Patterns in Stable
Isotopes and Mercury Concentrations in Fish Help Refine Marine
Ecosystem Indicators and Provide Evidence for Distinct Management
Units for Hake in the Northeast Atlantic. ICES J. Mar. Sci. 2014, 71,
1073−1087.
(24) Hobson, K. A.; Blight, L. K.; Arcese, P. Human-Induced Long-
Term Shifts in Gull Diet from Marine to Terrestrial Sources in North
America’s Coastal Pacific: More Evidence from More Isotopes (Δ2H,
Δ34S). Environ. Sci. Technol. 2015, 49, 10834−10840.
(25) Furness, R. W.; Muirhead, S. J.; Woodburn, M. Using Bird
Feathers to Measure Mercury in the Environment: Relationships
between Mercury Content and Moult. Mar. Pollut. Bull. 1986, 17,
27−30.
(26) Thompson, D. R.; Furness, R. W. Comparison of the Levels of
Total and Organic Mercury in Seabird Feathers. Mar. Pollut. Bull.
1989, 20, 577−579.
(27) Thompson, D. R.; Bearhop, S.; Speakman, J. R.; Furness, R. W.
Feathers as a Means of Monitoring Mercury in Seabirds: Insights from
Stable Isotope Analysis. Environ. Pollut. 1998, 101, 193−200.
(28) Bond, A. L.; Lavers, J. L. Biological Archives Reveal Contrasting
Patterns in Trace Element Concentrations in Pelagic Seabird Feathers
over More than a Century. Environ. Pollut. 2020, 263, No. 114631.
(29) Bottini, C. L. J.; MacDougall-Shackleton, S. A.; Branfireun, B.
A.; Hobson, K. A. Feathers Accurately Reflect Blood Mercury at Time
of Feather Growth in a Songbird. Sci. Total Environ. 2021, 775,
145739.
(30) Thorne, L. H.; Fuirst, M.; Veit, R.; Baumann, Z. Mercury
Concentrations Provide an Indicator of Marine Foraging in Coastal
Birds. Ecol. Indic. 2021, 121, No. 106922.
(31) Hayward, J. L.; Verbeek, N. A. Glaucous-Winged Gull (Larus
Glaucescens). In Birds of the World, Billerman, S. M., Ed.; Cornell Lab
of Ornithology: Ithaca, NY, USA, 2020.
(32) Albert, C.; Renedo, M.; Bustamante, P.; Fort, J. Using Blood
and Feathers to Investigate Large-Scale Hg Contamination in Arctic
Seabirds: A Review. Environ. Res. 2019, 177, No. 108588.
(33) Blight, L. K., Unpublished Data.
(34) Vermeer, K. The Breeding Ecology of the Glaucous-Winged
Gull (Laurus Glauscens) on Mandarte Island, B.C. Occ.Pap.B.C.Prov.
Mus. 1963, 13, 1−105.
(35) Miller, A.; Elliott, J. E.; Elliott, K. H.; Guigueno, M. F.; Wilson,
L. K.; Lee, S.; Idrissi, A. Brominated Flame Retardant Trends in
Aquatic Birds from the Salish Sea Region of the West Coast of North
America, Including a Mini-Review of Recent Trends in Marine and
Estuarine Birds. Sci. Total Environ. 2015, 502, 60−69.
(36) Elliott, K. H.; Elliott, J. E. Origin of Sulfur in Diet Drives Spatial
and Temporal Mercury Trends in Seabird Eggs from Pacific Canada
1968−2015. Environ. Sci. Technol. 2016, 50, 13380−13386.
(37) U.S. EPA. Method 7473 (SW-846): Mercury in Solids and
Solutions by Thermal Decomposition, Amalgamation, and Atomic
Absorption Spectrophotometry; Washington, DC., 1998.
(38) U.S. EPA.Method 1630: Methyl Mercury in Water by Distillation,
Aqueous Ethylation, Purge and Trap, and CVAFS; Washington, DC.,
2001.
(39) Miller, A.; Elliott, J. E.; Elliott, K. H.; Guigueno, M. F.; Wilson,
L. K.; Lee, S.; Idrissi, A. Spatial and Temporal Trends in Brominated
Flame Retardants in Seabirds from the Pacific Coast of Canada.
Environ. Pollut. 2014, 195, 48−55.
(40) Elliott, K. H.; Gaston, A. J. Dive Behaviour and Daily Energy
Expenditure in Thick-Billed Murres Uria Lomvia after Leaving the
Breeding Colony. Mar. Ornithol. 2014, 42, 183−189.
(41) Palmer, P. T. A Review of Analytical Methods for the
Determination of Mercury, Arsenic, and Pesticide Reidues on
Museum Objects. Collect. Forum 2001, 16, 25−41.

(42) Goldberg, L. A History of Pest Control Measures in the
Anthropology Collections, National Museum of Natural History,
Smithsonian Institution. J. Am. Inst. Conserv. 1996, 35, 23−43.
(43) Vo, A. T. E.; Bank, M. S.; Shine, J. P.; Edwards, S. V. Temporal
Increase in Organic Mercury in an Endangered Pelagic Seabird
Assessed by Century-Old Museum Specimens. Proc. Natl. Acad. Sci.
U.S.A. 2011, 108, 7466−7471.
(44) Bond, A. L.; Hobson, K. A.; Branfireun, B. A. Rapidly
Increasing Methyl Mercury in Endangered Ivory Gull (Pagophila
Eburnea) Feathers over a 130 Year Record. Proc. R. Soc. B Biol. Sci.
2015, 282, 20150032.
(45) Head, J. A.; Debofsky, A.; Hinshaw, J.; Basu, N. Retrospective
Analysis of Mercury Content in Feathers of Birds Collected from the
State of Michigan (1895-2007). Ecotoxicology 2011, 20, 1636−1643.
(46) Sonderegger, D. L.. SiZer: Significant Zero Crossings..2020.
(47) Bond, A. L.; Diamond, A. W. Total and Methyl Mercury
Concentrations in Seabird Feathers and Eggs. Arch. Environ. Contam.
Toxicol. 2009, 56, 286−291.
(48) Mallory, M. L.; Braune, B. M.; Provencher, J. F.; Callaghan, D.
B.; Gilchrist, H. G.; Edmonds, S. T.; Allard, K.; O’Driscoll, N. J.
Mercury Concentrations in Feathers of Marine Birds in Arctic
Canada. Mar. Pollut. Bull. 2015, 98, 308−313.
(49) Barton, K.. MuMIn: Multi-Model Inference. R Package Version
1.43.15, 2019.
(50) Burnham, K. P.; Anderson, D. R. Model Selection and
Multimodel Inference: A Practical Information-Theoretic Approach, 2nd
ed.; Spring-Verlag New York, Inc.: New York, 2002.
(51) Wickham, H. Ggplot2: Elegant Graphics for Data Analysis,
Springer-Verlag: New York, 2016.
(52) Robinson, S. A.; Lajeunesse, M. J.; Forbes, M. R. Sex
Differences in Mercury Contamination of Birds: Testing Multiple
Hypotheses with Meta-Analysis. Environ. Sci. Technol. 2012, 46,
7094−7101.
(53) Burger, J.; Gochfeld, M.; Jeitner, C.; Burke, S.; Volz, C. D.;
Snigaroff, R.; Snigaroff, D.; Shukla, T.; Shukla, S. Mercury and Other
Metals in Eggs and Feathers of Glaucous-Winged Gulls (Larus
Glaucescens) in the Aleutians. Environ. Monit. Assess. 2009, 152, 179−
194.
(54) Davis, M. L.; Elliott, J. E.; Williams, T. D. Spatial and Temporal
Variation in the Dietary Ecology of the Glaucous-Winged Gull Larus
Glaucescens in the Pacific Northwest. Mar. Ornithol. 2015, 43, 189−
198.
(55) Clatterbuck, C. A.; Lewison, R. L.; Orben, R. A.; Ackerman, J.
T.; Torres, L. G.; Suryan, R. M.; Warzybok, P.; Jahncke, J.; Shaffer, S.
A. Foraging in Marine Habitats Increases Mercury Concentrations in
a Generalist Seabird. Chemosphere 2021, 279, No. 130470.
(56) Therriault, T. W.; Hay, D. E.; Schweigert, J. F. Biological
Overview and Trends in Pelagic Forage Fish Abundance in the Salish
Sea (Strait of Georgia, British Columbia). Mar. Ornithol. 2009, 37, 3−
8.
(57) Mills, W. F.; Bustamante, P.; Mcgill, R. A. R.; Anderson, O. R.
J.; Bearhop, S.; Cherel, Y.; Votier, S. C.; Phillips, R. A. Mercury
Exposure in an Endangered Seabird: Long-Term Changes and
Relationships with Trophic Ecology and Breeding Success. Proc. R.
Soc. B Biol. Sci. 2020, 287, No. 2020683.
(58) Monteiro, L. R.; Furness, R. W. Accelerated Increase in
Mercury Contamination in North Atlantic Mesopelagic Food Chains
as Indicated by Time Series of Seabird Feathers. Environ. Toxicol.
Chem. 1997, 16, 2489−2493.
(59) Waldichuk, M. Pollution in the Strait of Georgia: A Review.
Can. J. Fish. Aquat. Sci. 1983, 40, 1142−1167.
(60) Fry, B.; Sherr, T. W. δ13C Measurements as Indicators of
Carbon Flow in Marine and Freshwater Ecosystems. In Stable Isotopes
in Ecological Research, Rundel, P. W.; Ehleringer, J. R.; Nagy, K. A.,
Eds.; 1989; Vol. 68, pp 196−229.
(61) Thébault, J.; Bustamante, P.; Massaro, M.; Taylor, G.;
Quillfeldt, P. Influence of Species-Specific Feeding Ecology on
Mercury Concentrations in Seabirds Breeding on the Chatham
Islands, New Zealand. Environ. Toxicol. Chem. 2021, 40, 454−472.

Environmental Science & Technology pubs.acs.org/est Article

https://doi.org/10.1021/acs.est.1c03760
Environ. Sci. Technol. 2022, 56, 12097−12105

12104

https://doi.org/10.1038/ngeo1918
https://doi.org/10.1038/ngeo1918
https://doi.org/10.1093/icesjms/fst199
https://doi.org/10.1093/icesjms/fst199
https://doi.org/10.1093/icesjms/fst199
https://doi.org/10.1093/icesjms/fst199
https://doi.org/10.1021/acs.est.5b02053?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.est.5b02053?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.est.5b02053?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.est.5b02053?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/0025-326X(86)90801-5
https://doi.org/10.1016/0025-326X(86)90801-5
https://doi.org/10.1016/0025-326X(86)90801-5
https://doi.org/10.1016/0025-326X(89)90361-5
https://doi.org/10.1016/0025-326X(89)90361-5
https://doi.org/10.1016/S0269-7491(98)00078-5
https://doi.org/10.1016/S0269-7491(98)00078-5
https://doi.org/10.1016/j.envpol.2020.114631
https://doi.org/10.1016/j.envpol.2020.114631
https://doi.org/10.1016/j.envpol.2020.114631
https://doi.org/10.1016/j.scitotenv.2021.145739
https://doi.org/10.1016/j.scitotenv.2021.145739
https://doi.org/10.1016/j.ecolind.2020.106922
https://doi.org/10.1016/j.ecolind.2020.106922
https://doi.org/10.1016/j.ecolind.2020.106922
https://doi.org/10.1016/j.envres.2019.108588
https://doi.org/10.1016/j.envres.2019.108588
https://doi.org/10.1016/j.envres.2019.108588
https://doi.org/10.1016/j.scitotenv.2014.09.006
https://doi.org/10.1016/j.scitotenv.2014.09.006
https://doi.org/10.1016/j.scitotenv.2014.09.006
https://doi.org/10.1016/j.scitotenv.2014.09.006
https://doi.org/10.1021/acs.est.6b05458?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.est.6b05458?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.est.6b05458?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.envpol.2014.08.009
https://doi.org/10.1016/j.envpol.2014.08.009
https://doi.org/10.1179/019713696806124601
https://doi.org/10.1179/019713696806124601
https://doi.org/10.1179/019713696806124601
https://doi.org/10.1073/pnas.1013865108
https://doi.org/10.1073/pnas.1013865108
https://doi.org/10.1073/pnas.1013865108
https://doi.org/10.1098/rspb.2015.0032
https://doi.org/10.1098/rspb.2015.0032
https://doi.org/10.1098/rspb.2015.0032
https://doi.org/10.1007/s10646-011-0738-6
https://doi.org/10.1007/s10646-011-0738-6
https://doi.org/10.1007/s10646-011-0738-6
https://doi.org/10.1007/s00244-008-9185-7
https://doi.org/10.1007/s00244-008-9185-7
https://doi.org/10.1016/j.marpolbul.2015.06.043
https://doi.org/10.1016/j.marpolbul.2015.06.043
https://doi.org/10.1021/es204032m?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/es204032m?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/es204032m?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1007/s10661-008-0306-6
https://doi.org/10.1007/s10661-008-0306-6
https://doi.org/10.1007/s10661-008-0306-6
https://doi.org/10.1016/j.chemosphere.2021.130470
https://doi.org/10.1016/j.chemosphere.2021.130470
https://doi.org/10.1098/rspb.2020.2683
https://doi.org/10.1098/rspb.2020.2683
https://doi.org/10.1098/rspb.2020.2683
https://doi.org/10.1002/etc.5620161208
https://doi.org/10.1002/etc.5620161208
https://doi.org/10.1002/etc.5620161208
https://doi.org/10.1139/f83-132
https://doi.org/10.1002/etc.4933
https://doi.org/10.1002/etc.4933
https://doi.org/10.1002/etc.4933
pubs.acs.org/est?ref=pdf
https://doi.org/10.1021/acs.est.1c03760?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


(62) Cherel, Y.; Barbraud, C.; Lahournat, M.; Jaeger, A.; Jaquemet,
S.; Wanless, R. M.; Phillips, R. A.; Thompson, D. R.; Bustamante, P.
Accumulate or Eliminate? Seasonal Mercury Dynamics in Albatrosses,
the Most Contaminated Family of Birds. Environ. Pollut. 2018, 241,
124−135.
(63) Eisler, R. Mercury Hazards to Fish, Wildlife, and Invertebrates: A
Synoptic Review, 1987; Vol. 85.
(64) Burger, J.; Gochfeld, M. Risk, Mercury Levels, and Birds:
Relating Adverse Laboratory Effects to Field Biomonitoring. Environ.
Res. 1997, 75, 160−172.
(65) Davis, M. L.; Elliott, J. E.; Williams, T. D. The Glaucous-
Winged Gull (Larus Glaucescens) as an Indicator of Chemical
Contaminants in the Canadian Pacific Marine Environment: Evidence
from Stable Isotopes. Arch. Environ. Contam. Toxicol. 2017, 73, 247−
255.

Environmental Science & Technology pubs.acs.org/est Article

https://doi.org/10.1021/acs.est.1c03760
Environ. Sci. Technol. 2022, 56, 12097−12105

12105

https://doi.org/10.1016/j.envpol.2018.05.048
https://doi.org/10.1016/j.envpol.2018.05.048
https://doi.org/10.1006/enrs.1997.3778
https://doi.org/10.1006/enrs.1997.3778
https://doi.org/10.1007/s00244-017-0368-y
https://doi.org/10.1007/s00244-017-0368-y
https://doi.org/10.1007/s00244-017-0368-y
https://doi.org/10.1007/s00244-017-0368-y
pubs.acs.org/est?ref=pdf
https://doi.org/10.1021/acs.est.1c03760?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

