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Mercury (Hg) is a non-essential, toxic metal that is distributed worldwide. Mercury biomagniﬁes in food webs
and can threaten the health of top predators such as seabirds. The Kittlitz's murrelet (Brachyramphus brevirostris)
is a seabird endemic to Alaska and the Russian Far East and is a species of conservation concern in the region. We
determined Hg concentrations in eggshells, guano, blood, and feathers of Kittlitz's murrelets sampled from four
locations in Alaska. Mercury concentrations in eggshells, guano, and blood were low compared to other seabird
species. Mean Hg concentrations of breast feathers from Adak Island and Glacier Bay were signiﬁcantly greater
than those from Agattu Island or Icy Bay. Two Kittlitz's murrelets at Glacier Bay and one Kittlitz's murrelet at
Adak Island had Hg concentrations above those associated with impaired reproduction in other bird species, and
may merit further investigation as a potential threat to individuals and populations.

1. Introduction
The Kittlitz's murrelet (Brachyramphus brevirostris) is an endemic
seabird found in Alaska and the Russian Far East and is listed as Near
Threatened by the International Union for the Conservation of Nature
and Natural Resources (IUCN) Red List owing to an apparent population decline (BirdLife International, 2017) and a small global population size of approximately 34,000 individuals (USFWS, 2013). Causes
for the apparent population decline are uncertain, in part because many
information gaps exist, including exposure to environmental contaminants.
Mercury (Hg) is a non-essential metal that is distributed worldwide,
largely due to anthropogenic activities such as coal burning and waste
incineration (Pacyna and Pacyna, 2002), as well as natural processes
such as volcanic and local geologic activities (Mason, 2009). Once deposited in aquatic habitats, inorganic Hg is converted by bacteria to the
more toxic and bioavailable form, methylmercury (MeHg), which has
potential to bioaccumulate in individuals and biomagnify through food
webs (Watras et al., 1998).
The extended atmospheric lifetime of inorganic Hg facilitates longrange transport by atmospheric and ocean currents to regions far from
the source of emission (Holmes et al., 2010; Driscoll et al., 2013). Long-
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range transport of Hg is a concern in Alaska due to the accelerated
development in coal-burning industries throughout the world and the
prediction of warmer temperatures in Arctic regions related to global
warming that could enhance the bioavailability of Hg (AMAP, 2002).
Furthermore, recent research has identiﬁed potential avian Hg contamination hotspot regions in Alaska, including the Aleutian Archipelago and southeastern Alaska (Ackerman et al., 2016).
Due to their piscivorous diet, Kittlitz's murrelets may be at elevated
risk to Hg exposure (Burger and Gochfeld, 1997; Evers et al., 2004;
Ackerman et al., 2016). High concentrations of Hg in avian tissues have
been associated with physiological, behavioral, and reproductive eﬀects
(Scheuhammer et al., 2007; Ackerman et al., 2016). Low reproductive
success has been documented for Kittlitz's murrelets throughout its
Alaskan breeding range (Kaler et al., 2009; Lawonn, 2012; Kissling
et al., 2015; Kissling and Lewis, 2016), and has largely been attributed
to nestling mortality, presumably due to exposure and starvation;
however, the ultimate cause of nestling deaths remains poorly understood (Kaler et al., 2009; Lawonn, 2012). The apparent population
decline of Kittlitz's murrelets in the core of their breeding range, and the
range-wide low rate of reproductive success merits study of contaminants in tissues to help ﬁll an important knowledge gap.
Our objectives were to: 1) quantify Hg concentrations in multiple
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Fig. 1. Map showing sampling locations of mercury concentrations of Kittlitz's murrelets tissues in Alaska, U.S.A.

Sealy, 1977; Day, 1999; Pyle, 2009). Breast feathers grown in the spring
are dark-tipped (hereafter, alternate) and can be diﬀerentiated from
breast feathers presumably grown only in the fall, which lack pigmentation and are all white in color (hereafter, basic; Hatch, 2011).
Mercury concentrations in breast feathers are derived from circulating blood Hg during the time of active feather growth (Braune and
Gaskin, 1987; Monteiro and Furness, 2001), and represents a dynamic
equilibrium between both dietary Hg exposure and remobilization of
Hg stored in tissues. Breast feathers grown in the spring presumably
represent dietary Hg exposure during the non-breeding season, and
breast feathers molted during the fall should reﬂect dietary Hg exposure
during the breeding season. We attempted to collect both alternate and
basic breast feathers from each captured murrelet and separate them
prior to analytical processing; however, in some cases it was not possible and either the bird did not initiate the alternate molt at the time of
capture in May (i.e., no dark-tipped breast feathers present for collection) or the two types of breast feather were not separated prior to
laboratory processing (see Statistical analysis). For example, in 2008,
alternate and basic breast feathers were combined and not diﬀerentiated, but in 2009 and 2011, these feather types were analyzed separately. In addition, during 2011, we also collected 2–3 cm of the ﬁfth
secondary feather from adult murrelets captured on the water in Icy
Bay and Glacier Bay (n = 157, n = 19, respectively).
At Agattu Island, adult breast feathers were collected during
2008–2011 from nest scrapes during the incubation period (n = 29),
and from nestlings during the nestling period (n = 8; Kaler et al.,
2014). At Adak Island, adult breast feathers (n = 7), and one secondary
feather, were collected during the incubation period from nest scrapes
in 2011. Kittlitz's murrelets alternate incubation duties approximately
every 24–72 h (Day, 1999; Kaler unpublished data); therefore, we assume feather samples from Agattu and Adak islands represent a composite sample from both adults from a single nest site. Feathers were
stored in paper envelopes until laboratory processing.

tissues of Kittlitz's murrelets; 2) compare Hg concentrations in Kittlitz's
murrelets feathers collected from four regions within Alaska; and 3)
compare Hg concentrations in Kittlitz's murrelet tissues to published Hg
threshold levels developed for other marine birds.
2. Methods
2.1. Study sites
Sample tissues were collected from 2008 to 2011 at four areas
across the breeding range of Kittlitz's murrelet in Alaska. All tissue
samples were collected during the breeding season (May–August) from
two areas in southeast Alaska (Glacier Bay and Icy Bay) and two areas
in the Aleutian Islands (Adak Island and Agattu Island; Fig. 1).
2.2. Tissue sampling
Eggshell fragments were collected from Kittlitz's murrelet nest
scrapes (n = 20) after eggs hatched at Agattu Island in 2008 to 2011.
Kittlitz's murrelets lay a single egg, and infrequently lay a replacement
egg if the ﬁrst is depredated (Kaler et al., 2008). Eggshells were collected from the nest scrape using stainless steel forceps, air dried, and
placed in sterile plastic bags.
During the 24–40-day nestling period, nestlings defecate along the
edge of the nest, resulting in a fecal ring surrounding the perimeter of
the nest scrape (Kaler et al., 2009; Kenney and Kaler, 2013). Fecal
materials were collected during the nestling period at Adak Island in
2011 (n = 5), using stainless steel forceps, air dried, and stored in
sterile plastic bags in a − 20 °C freezer until analytical processing.
Whole blood samples (n = 102) were obtained from adult Kittlitz's
murrelets captured on the water at Icy Bay, May and June 2008 and
2009, using spot lights and salmon dip nets (Kissling et al., 2015).
Following capture, < 2 ml of blood was sampled from the ulnar vein,
using a heparinized syringe and vacutainer. All blood samples were
frozen immediately.
Similar to blood sample collection, we collected breast feathers from
adult Kittlitz's murrelets captured in Icy Bay, May and June 2008 and
2009 (n = 234), and in Glacier Bay, May 2011 (n = 21; Kissling et al.,
2015). Kittlitz's murrelets molt twice annually; they undergo a partial
molt of only body feathers during the spring (pre-alternate molt) and a
full molt of body and ﬂight feathers during the fall (pre-basic molt;

2.3. Laboratory analysis
Using gold-amalgamation atomic absorption spectroscopy with a
Direct Mercury Analyzer (DMA-80 Milestone), we analyzed Kittlitz's
murrelet tissues for total Hg. Eggshells, guano, and feathers, collected
from Kittlitz's murrelets at Agattu Island, Adak Island, and Glacier Bay,
were analyzed at the U.S. Geological Survey, Contaminant Ecology
2
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Table 1
Mercury concentrations (mean ± standard deviation) and sample size (n) in tissues of Kittlitz's murrelets collected at four locations in Alaska, U.S.A. All values are reported as μg/g dry
weight, except for blood which is reported as μg/g wet weight.
Location

Mixed Breast feather

Secondary feather

Agattu Island (2008–2011)
Adak Island (2011)
Icy Bay (2008–2009)

2.06 ± 1.28 (37)
5.15 ± 2.51 (7)
1.21 ± 0.22 (46)

37.18 (1)
2.01 ± 0.68 (157)

Glacier Bay (2011)

9.31 ± 1.28 (21)

2.87 ± 1.95 (19)

a
b

Blood

Eggshell

Guano

0.016 ± 0.004 (20)
0.006 ± 0.003 (5)
0.260 ± 0.076 (71)a
0.425 ± 0.031 (31)b

2008 collection.
2009 collection.

factor, and compared this to an intercept-only model as detailed above.
We also examined the relationship between blood and feather Hg in
62 individuals from Icy Bay in 2008 and 2009 from which both tissues
were sampled. We used a general linear model to test whether blood Hg
diﬀered with feather Hg, and feather generation. Analyses were conducted in R 3.2.4 using the package lme4 (Bates et al., 2014; R Core
Team, 2016). Values are presented as the mean ± SD, and range.

Research Lab, Corvallis, OR. Adult blood samples and breast feathers
from Icy Bay were analyzed at the Utah Veterinary Diagnostic
Laboratory for samples collected in 2008 and at Biodiversity Research
Institute, Gorham, Maine, for samples collected in 2009. Analytical
equipment was calibrated using certiﬁed standard solutions prior to
analysis, and accuracy and precision were evaluated within each analytical batch through the inclusion of certiﬁed reference materials (either dogﬁsh muscle tissue [DORM-3] or dogﬁsh liver [DOLT-4] from
the National Research Council of Canada), calibration veriﬁcations
(liquid standards), duplicates, and blanks. Recoveries for feathers,
eggshells, and guano averaged 98.3 ± 3.2% and 104.2 ± 2.3% for
calibration checks and certiﬁed reference materials, respectively.
Absolute relative percent diﬀerence for all duplicates averaged
12.0 ± 10.8%. Recoveries for blood samples averaged 98.2 ± 4.50%
and 102.3 ± 2.5% for calibration checks and certiﬁed reference materials, respectively.
Total Hg was used as a proxy for MeHg for in feathers and blood
(Fournier et al., 2002; Rimmer et al., 2005; Bond and Diamond, 2009),
however the proportion of total Hg comprised of MeHg in eggshells and
guano is unknown. Mercury in eggshells, guano, and feathers are reported as dry weight (dw) and blood Hg concentrations are reported as
wet weight (ww).

3. Results
Eggshell Hg concentrations were log-transformed (W = 0.919,
p = 0.09), and there were no diﬀerences among years (F2,17 = 0.101,
p = 0.91). Blood Hg concentrations were normally distributed
(W = 0.990, p = 0.73), and concentrations were signiﬁcantly higher in
2009 than 2008 (F1,85 = 41.47, p < 0.001). Log-transforming secondary feather Hg concentrations improved, but did not achieve normality (W = 0.854, p < 0.001). Secondary feather Hg concentrations
diﬀered among sites (F2,174 = 42.82, p < 0.001, Tukey's HSD, all
p < 0.001) with the highest concentrations at Glacier Bay
(2.87 ± 1.95 μg/g, range: 1.5–10.12 μg/g, n = 19), and the lowest at
Icy Bay (2.01 ± 0.68 μg/g, range: 0.82–5.17 μg/g, n = 157); the one
sample from Adak Island had the highest Hg concentration (37.17 μg/g;
Table 1).
Log-transformed basic breast feather Hg concentrations were not
normally distributed (W = 0.879, p = 0.001). The GLMM including
site, ﬁt the data signiﬁcantly better than an intercept-only model
(χ22 = 13.54, p = 0.001). Basic breast feather Hg was higher at Adak
Island (5.80 ± 2.00 μg/g, range: 3.60–8.25 μg/g, n = 6) and Glacier
Bay (14.87 ± 19.59 μg/g, range: 1.51–57.85 μg/g, n = 8) than at Icy
Bay (0.50 ± 0.20 μg/g, range: 0.21–0.96 μg/g, n = 23; Tukey's HSD,
p < 0.001).
Similarly, log-transforming improved, but did not achieve normality
in alternate breast feather Hg (W = 0.915, p < 0.001). The GLMM
with site diﬀerences was a better ﬁt to the data than an intercept-only
model (χ22 = 94.60, p < 0.001). Alternate breast feather Hg concentrations were higher at Glacier Bay (4.89 ± 2.90 μg/g, range:
1.14–9.96 μg/g, n = 13) than Icy Bay (1.25 ± 0.63 μg/g, range:
0.39–6.01 μg/g, n = 23; Tukey's HSD, p < 0.01). Basic and alternate
breast feathers had signiﬁcantly diﬀerent Hg concentrations
(F1,63 = 30.28, p < 0.001) that also diﬀered between sites
(F1,63 = 101.96, p < 0.001), and the interaction between breast
feather generation and site was signiﬁcant (F1,63 = 28.86, p < 0.001),
with basic breast feather Hg higher than alternate breast feather Hg in
Icy Bay, and the reverse in Glacier Bay.

2.4. Statistical analysis
We assessed all data for normality using Shapiro-Wilk's test (Shapiro
and Wilk, 1965), and log-transformed Hg concentrations when it improved normality. We tested for diﬀerences among years in eggshell
and blood Hg concentrations, and among sites in secondary feather Hg
concentrations using a general linear model (GLM), with Tukey's
Honest Signiﬁcant Diﬀerences (HSD) post hoc test for multiple comparisons.
Breast feathers represented two feather generations (see Methods).
We ﬁrst examined diﬀerences among sites in basic breast feather Hg
using a general linear mixed model (GLMM) with site as a ﬁxed factor
and sampling year as a random factor, and comparing this to a GLMM
with only an intercept and the random factor with an analysis of variance (ANOVA). (See Table 2.)
Some samples from Agattu Island (n = 37) included both feather
generations (hereafter mixed breast feather). To compare these with
other sites, we ﬁrst tested for diﬀerences in Hg concentrations in these
two feather generations using paired samples from Icy Bay in 2009
(n = 46) and Glacier Bay in 2011 (n = 21) in a GLMM. Because we
found signiﬁcant diﬀerences in Hg between feather generations (see
Results), we generated random samples of resampling (without replacement) either alternate or basic feathers from Icy Bay (2009) and
Glacier Bay (2011) to compare with mixed samples from Adak Island
(all feathers pooled together because of small sample size) and Agattu
Island. We resampled 15 feathers from each population (Icy Bay and
Glacier Bay), calculated the mean, and repeated this 15 times. We chose
n = 15, as this closely matched the sample sizes of mixed breast
feathers. Using resampled data and mixed breast feather samples, we
examined diﬀerences among sites using a GLMM with year as a random

Table 2
Tukey's post hoc comparisons of mixed feather mercury as a function of collection location, based on a general linear mixed model (see Methods). Signiﬁcant p-values in bold.
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Location

Agattu Island

Glacier Bay

Icy Bay

Adak Island
Agattu Island
Glacier Bay

0.008

0.43
0.022

< 0.001
0.90
< 0.001
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Fig. 2. Total mercury (Hg) concentrations in blood versus Hg concentrations of alternate breast feathers, unknown breast feathers, and basic breast feathers of Kittlitz's murrelets, from
Alaska, U.S.A.

0.107 μg/g dw; Liu et al., 2006) and seasonal diﬀerences in yellowlegged gull (Larus michahellis) guano Hg concentrations ranged from
0.80–1.02 μg/g dw (Signa et al., 2013), compared to concentrations
reported in our study (0.006 μg/g dw; Table 1).
Kittlitz's murrelet eggshells and guano are easy to collect at the nest
scrape and both tissues could be useful non-invasive biomonitoring
tools for evaluating local sources of Hg contamination, as well as other
contaminants (Evenset et al., 2007; Dauwe et al., 2000; Yin et al., 2008;
Chen et al., 2012; Joshi et al., 2013). However, in order to facilitate
their use as contaminant biomonitoring tools, detailed studies are
needed to determine how eggshells and guano reﬂect sources of Hg
exposure and potential impacts to the health of individual birds. For
example, eggshells are primarily composed of calcium carbonate with
little accumulation potential for Hg unless membrane tissues remain in
the egg. Thus, it's possible that eggshells are more reﬂective of surface
contamination than of egg contents. If egg membranes contribute Hg to
eggshells, then accounting for the amount of membrane remaining in
the egg may be important in order to standardize measurements. Similarly, guano represents a combination of undigested food, urine, and
metabolic wastes. Mercury in guano likely reﬂects some combination of
unassimilated Hg from prey, as well as remobilized tissue-bound Hg
associated with waste. Controlled studies and paired tissue analyses are
needed to determine what Hg in these tissues represents.
Mercury in blood reﬂects recent dietary exposure generally within
2–3 months (Stickel et al., 1977). Although mean blood Hg concentrations were higher at Icy Bay in 2009 (0.425 ± 0.031 μg/g)
compared to 2008 (0.260 ± 0.076 μg/g), these mean values are below
the suggested toxic threshold of 1.0–3.0 μg/g ww established for other
piscivorous birds (Burger and Gochfeld, 1997; Evers et al., 2004; Evers
et al., 2008; Ackerman et al., 2016). Furthermore, Ackerman et al.
(2016) identiﬁed a “lower risk” category of avian blood Hg concentrations between 0.2 and 1.0 μg/g ww. All Kittlitz's murrelet's
sampled had blood Hg concentrations below the upper limit of this
category (range: 0.036–0.680 μg/g ww, n = 87). These results suggest
that during the breeding season Kittlitz's murrelets at Icy Bay, are exposed to low concentrations of dietary Hg, and the values reported in
this study likely do not represent a toxicological risk to individuals.

There were signiﬁcant diﬀerences in mixed breast feather Hg among
sites compared to an intercept-only model (χ22 = 26.38, p = 0.001),
with two groupings: Hg was higher at Glacier Bay (9.31 ± 1.28 μg/g,
range: 6.49–10.57 μg/g) and Adak Island (5.15 ± 2.51 μg/g, range:
1.26–8.25 μg/g; Tukey's HSD, p = 0.10) than at Icy Bay
(1.21 ± 0.22 μg/g, range: 0.86–1.61 μg/g) and Agattu Island
(2.06 ± 1.28 μg/g, range: 0.14–6.09 μg/g; Tukey's HSD, p = 0.21;
Table 1); all Tukey's HSD values between these two groups with
(p < 0.001).
Blood Hg concentrations were related signiﬁcantly to breast feather
Hg concentration × feather generation interaction (F2, 58 = 12.95,
p < 0.001), indicating a diﬀerent relationship with each generation.
The relationship was positive for alternate feathers, absent for feathers
of unknown generation, and negative for basic feathers (Fig. 2).
4. Discussion
Overall, Hg concentrations in Kittlitz's murrelet eggshells, guano,
and blood were low compared to other seabirds. Mean Hg concentrations of mixed breast feathers from Adak Island and Glacier Bay were
signiﬁcantly greater than those from Agattu Island or Icy Bay and one
individual from Adak Island (37.17 μg/g) and two individuals from
Glacier Bay (29.78 μg/g and 57.85 μg/g) had feather Hg concentrations
greater than the potential toxic threshold of 20.0 μg/g dw that has been
suggested for other avian species (Bond et al., 2015).
Other studies have focused on the use of eggshells as biomonitoring
tools for assessing Hg contamination in seabirds (Burger, 1994; Morera
et al., 1997; Sanpera et al., 2000; Aliakbari et al., 2011; Xu et al., 2011;
Brasso et al., 2012), and guano (Liu et al., 2006; Chen et al., 2012; Signa
et al., 2013). Based on comparison to these other studies, Hg concentrations in Kittlitz's murrelet eggshells are relatively low (0.016 μg/
g; Table 1). For example, mean (+ SD) Hg concentrations in eggshells of
Audouin's gull (Ichthyaetus audouinii) were 0.22 (0.11) μg/g dw (Morera
et al., 1997) or ranged from 0.13–0.18 μg/g dw and were not correlated
with reproductive impairment (Sanpera et al., 2000). Similarly, higher
Hg concentrations in guano have been reported for other seabirds including mean Hg concentrations in red-footed booby (Sula sula;
4
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Island do not appear to represent high exposure rates, but more information on the physiological eﬀects of Hg on Kittlitz's murrelets is
needed. In addition to the apparent population declines in the core of
their breeding range, and low reproductive success in the Aleutians
(Kaler et al., 2009; Kaler unpublished data), northern Alaska (Kissling
and Lewis, 2016), southcentral Alaska (Lawonn, 2012), and southeastern Alaska (Kissling et al., 2015), the eﬀects of potentially high Hg
exposure at Adak Island and Glacier Bay could further exacerbate Kittlitz's murrelets tolerance to other environmental stressors.

Little is known about Kittlitz's murrelet molting or wintering areas,
which makes understanding sources and patterns of Hg exposure difﬁcult. Recent data on post-breeding movements of 35 Kittlitz's murrelets in the Aleutian Islands and south-central Alaska (Piatt, unpublished
data) and southeastern Alaska (Kissling, unpublished data), demonstrated similar migration routes westward to the Bering Sea and then
northward to the Chukchi Sea. Based on this information, we hypothesized that alternate breast feathers would have similar concentrations of Hg at all sampled sites in the present study, reﬂecting a
similar overwintering area and presumably diet. Contrary to our prediction, we found that alternate breast feathers from Kittlitz's murrelets
at Glacier Bay had signiﬁcantly higher Hg concentrations compared to
alternate breast feathers sampled from Icy Bay and Adak Island.
Furthermore, we found that within a study site, these patterns varied.
At Icy Bay, basic breast feathers had higher Hg concentrations than
alternate breast feathers, and at Glacier Bay, the opposite pattern was
observed with alternate breast feathers having higher Hg concentrations than basic breast feathers.
Our results indicate a positive relationship between alternate breast
feathers and blood, and a negative relationship between basic breast
feathers and blood of Kittlitz's murrelets (Fig. 2). Although the kinetics
of Hg in feathers is complex and not fully understood, the signiﬁcant
positive relationship between alternate breast feathers and blood suggests that alternate breast feathers may be used as a non-invasive biomonitoring tissue for better understanding Hg exposure during the
breeding season. Understanding speciﬁc molt patterns, migration
routes, and overwintering areas of Kittlitz's murrelets will further elucidate patterns and potential sources of Hg concentrations in feathers
observed in the present study.
Mean Hg concentrations for mixed breast feathers of Kittlitz's
murrelets sampled at Icy Bay (1.21 ± 0.22 μg/g), Glacier Bay
(9.31 ± 1.28 μg/g), Adak Island (5.15 ± 2.51 μg/g), and Agattu
Island (2.06 ± 1.28 μg/g) are below the adverse eﬀects threshold of
20.0 μg/g dw that has been suggested for avian species (Burger and
Gochfeld, 1997; Bond et al., 2015). However, feathers sampled from
two Kittlitz's murrelets at Glacier Bay (29.78 μg/g and 57.85 μg/g) and
one Kittlitz's murrelet at Adak Island (37.17 μg/g) exceed the suggested
toxic threshold of 20.0 μg/g dw. These data suggest that a small proportion of Kittlitz's murrelet individuals may be suﬀering from deleterious eﬀects due to Hg exposure. Due to the sensitive conservation
status of this species, potentially deleterious levels of Hg exposure in
even a small proportion of the population, compounded with other
conservation threats, warrants further study.
Although Hg concentrations in some feathers from our study are
near the maximum reported levels for wild seabirds, laboratory studies
that examined lethal doses of Hg in liver and brain, found that with the
addition of selenium, the symptoms of Hg toxicity were greatly reduced
(Hoﬀman and Heinz, 1998). Field studies have documented similar
patterns (Kim et al., 1996; Burger, 1997; Burger et al., 2007; Ikemoto
et al., 2004; Scheuhammer et al., 2007; McHuron et al., 2014). The
interpretation of risk and potential health eﬀects related to high Hg
concentrations in Kittlitz's murrelets feathers should be considered in
conjunction with selenium concentrations, in addition to physiological
traits of Kittlitz's murrelets that may ameliorate adverse eﬀects of Hg
exposure.

Author contributions
L.A.K and R.S.A.K conceived and designed the study. L.A.K,
R.S.A.K., and M.L.K. collected samples. C.A.E. performed mercury
analyses. A.L.B, L.A.K, and C.A.E. performed statistical analyses. L.A.K
and R.S.A.K drafted the manuscript. A.L.B., C.A.E, and M.L.K contributed to manuscript development and preparation.
Acknowledgments
Invaluable logistical support was provided by the U.S. Fish and
Wildlife Service and Alaska Maritime National Wildlife Refuge, especially from Lisa Spitler, Jeﬀ Williams, and Heather Renner. Michelle St.
Peters provided additional logistical support. We thank the National
Park Service (Wrangell St. Elias National Park, and Glacier Bay National
Park), Biodiversity Research Institute, and numerous technicians and
volunteers that helped in the ﬁeld. We also thank John Pierce and
Brandon Kowalski for lab support. We thank the USFWS Region 7 Avian
Health and Disease Program and the Fairbanks Fish and Wildlife Field
Oﬃce for funding support. We thank Mark Ricca for thoughtful discussions. We thank one anonymous reviewer for thoughtful feedback on
an earlier draft of this manuscript. In Icy Bay and Glacier Bay, all
capture and handling procedures were reviewed and approved by the
Alaska Department of Fish and Game (2007–2009) and the U.S. Fish
and Wildlife Service (2010 − 2012). The use of trade, product, or ﬁrm
names is for descriptive purposes only and does not imply endorsement
by the U.S. Government. The ﬁndings and conclusions in this manuscript are those of the authors and do not necessarily represent the
views of the U.S. Fish and Wildlife Service.
References
Ackerman, J.T., Eagles-Smith, C.A., Herzog, M.P., Hartman, C.A., Peterson, S.H., Evers,
D.C., Jackson, A.K., Elliot, J.E., Vaner Pol, S.S., Bryan, C.E., 2016. Avian mercury
exposure and toxicological risk across western North America: a synthesis. Sci. Total
Environ. 568, 749–769.
Aliakbari, A., Savabieasfahani, M., Ghasempouri, S.M., 2011. Mercury in egg and eggshell
of whiskered tern (Chlidonias hybrida) from Anzali wetlands of the Caspian Sea, Iran.
Bull. Environ. Contam. Toxicol. 86, 175–179.
Arctic Monitoring and Assessment Programme (AMAP), 2002. Oslo, Norway. Arctic
Pollution 2002: Persistent Organic Pollutants, Heavy Metals, Radioactivity, Human
Health, Changing Pathways. (xii +112p).
Bates, D., Machler, M., Bolker, B., Walker, S., 2014. Fitting Linear Mixed-Eﬀects Models
using lme4. arXiv: http://arxiv.org/abs/1406.5823.
BirdLife International, 2017. Species factsheet: Brachyramphus brevirostris. Downloaded
from. http://www.birdlife.org, Accessed date: 30 January 2017.
Bond, A.L., Diamond, A.W., 2009. Total and methyl mercury concentrations in seabird
feathers and eggs. Arch. Environ. Contam. Toxicol. 56, 286–291.
Bond, A.L., Hobson, K.A., Branﬁreun, B.A., 2015. Rapidly increasing methyl mercury in
endangered ivory gull (Pagophila eburnea) feathers over a 130 year record. Proc. R.
Soc. Lond. B Biol. Sci. 282, 20150032.
Brasso, R.L., Abel, S., Polito, M.J., 2012. Pattern of mercury allocation into egg components is independent of dietary exposure in Gentoo penguins. Arch. Environ. Contam.
Toxicol. 62, 494–501.
Braune, B.M., Gaskin, D.E., 1987. A mercury budget for the Bonaparte's Gull during autumn moult. Ornis Scand. 18, 244–250.
Burger, J., 1994. Heavy metals in avian eggshells: another excretion method. J. Toxicol.
Environ. Health 41, 207–220.
Burger, J., 1997. Heavy metals and selenium in herring gulls (Larus argentatus) nesting in
colonies from eastern Long Island to Virginia. Environ. Monit. Assess. 48, 285–296.
Burger, J., Gochfeld, M., 1997. Risk, mercury levels, and birds: relating adverse laboratory eﬀects to ﬁeld biomonitoring. Environ. Res. 75, 160–172.
Burger, J., Gochfeld, M., Sullivan, K., Irons, D.B., 2007. Mercury, arsenic, cadmium,

5. Conclusion
Substantial variability exists among bird species in their sensitivity
to Hg, and no information exists for Kittlitz's murrelet Hg thresholds for
any tissue. Based on the feather Hg eﬀect threshold of 20.0 μg/g dw,
established for other seabirds, our results suggest that at least one
Kittlitz's murrelet at Adak Island and two individuals from Glacier Bay
may be exposed to high levels of Hg at some point during their annual
cycle. Mercury concentration in blood of Kittlitz's murrelets from Icy
Bay, feathers and eggshells from Agattu Island, and guano from Adak
5

Marine Pollution Bulletin xxx (xxxx) xxx–xxx

L.A. Kenney et al.

Kissling, M.L., Gende, S.M., Lewis, S.B., Lukacs, P.M., 2015. Reproductive performance of
Kittlitz's Murrelet in a glaciated landscape, Icy Bay, Alaska, USA. Condor 117,
237–248.
Lawonn, M.J., 2012. Breeding Ecology and Nest Site Selection of Kittlitz's Murrelets on
Kodiak Island, Alaska. Oregon State University (Master of Science thesis).
Liu, X., Zhao, S., Sun, L., Yin, X., Xie, Z., Honghao, L., Wang, Y., 2006. P and trace metal
contents in biomaterials, soils, sediments and plants in colony of red-footed booby
(Sula sula) in the Dongdao Island of South China Sea. Chemosphere 65, 707–715.
Mason, R.P., 2009. Mercury emissions from natural processes and their importance in the
global mercury cycle. In: Mercury Fate and Transport in the Global Atmosphere.
Springer, U.S., pp. 173–191.
McHuron, E., Harvey, J.T., Castellini, J.M., Stricker, C.A., O'Hara, T.M., 2014. Selenium
and mercury concentrations in harbor seals (Phoca vitulina) from central California:
health implications in an urbanized estuary. Mar. Pollut. Bull. 83, 48–57.
Monteiro, L.R., Furness, R.W., 2001. Kinetics, dose-response, excretion, and toxicity of
methylmercury in free-living Cory's shearwater chicks. Environ. Toxicol. Chem. 20,
1816–1823.
Morera, M., Sanpera, C., Crespo, S., Jover, L., Ruiz, X., 1997. Inter- and intraclutch
variability in heavy metals and selenium levels in Audouin's gull eggs from the Ebro
Delta, Spain. Arch. Environ. Contam. Toxicol. 33, 71–75.
Pacyna, E.G., Pacyna, J.M., 2002. Global emission of mercury from anthropogenic sources
in 1995. Water Air Soil Pollut. 137, 149–165.
Pyle, P., 2009. Age determination and molt strategies in north American alcids. Mar.
Ornithol. 37, 219–225.
R Core Team, 2016. R: A Language and Environment for Statistical Computing. Version
3.2.4 [Computer Program]. R Foundation for Statistical Computing, Vienna, Austria.
Rimmer, C.C., McFarland, K.P., Evers, D.C., Aubry, Y., 2005. Mercury concentrations in
Bicknell's thrush and other insectivorous passerines in montane forests of
Northeastern North America. Ecotoxicology 14, 223–240.
Sanpera, C., Morera, M., Ruiz, X., Jover, L., 2000. Variability of mercury and selenium
levels in clutches of Audouin's gulls (Larus audouinii) breeding at the Chafarinas
Islands, southwest Mediterranean. Arch. Environ. Contam. Toxicol. 39, 119–123.
Scheuhammer, A.M., Meyer, M.W., Sandheinrich, M.B., Murray, M.W., 2007. Eﬀects of
environmental methylmercury on the health of wild birds, mammals, and ﬁsh. Ambio
36, 12–19.
Sealy, S., 1977. Wing molt of the Kittlitz's murrelets. Wil. Bull. 89, 467–469.
Shapiro, S.S., Wilk, M.B., 1965. An analysis of variance test for normality (complete
samples). Biometrika 52, 591–611.
Signa, G., Mazzola, A., Tramati, C.D., Vizzini, S., 2013. Gull-derived trace elements
trigger small-scale contamination in a remote Mediterranean nature reserve. Mar.
Pollut. Bull. 74, 237–243.
Stickel, L.F., Stickel, W.H., McLane, M.A.R., Bruns, M., 1977. Prolonged retention of
methyl mercury by mallard drakes. Bull. Environ. Contam. Toxicol. 18, 393–400.
U.S. Fish and Wildlife Service (USFWS), 2013. 12-month ﬁnding on a petition to list
Kittlitz's Murrelet as an endangered or threatened species. Fed. Regist. 78, 61764.
Watras, C.J., Back, R.C., Halvorsen, S., Hudson, R.J., Morrison, K.A., Wente, S.P., 1998.
Bioaccumulation of mercury in pelagic freshwater food webs. Sci. Total Environ. 219,
183–208.
Xu, L., Liu, Q., Sun, X.D., Chen, L.G., Yan, Q.Q., Liu, H., Luo, Y.H., Huang, J., 2011. A 700year record of mercury in avian eggshells of Guangjin Island, South China Sea.
Environ. Pollut. 159, 889–896.
Yin, X., Xia, L., Sun, L., Luo, H., Wang, Y., 2008. Animal excrement: a potential biomonitor of heavy metal contamination in the marine environment. Sci. Total Environ.
399, 179–185.

chromium lead, and selenium in feathers of pigeon guillemots (Cepphus columba)
from Prince William Sound and the Aleutian Islands of Alaska. Sci. Total Environ.
387, 175–184.
Chen, Q., Liu, X., Xu, L., Sun, L., Yan, H., Liu, Y., Luo, Y., Huang, J., 2012. High levels of
methylmercury in guano and ornithogenic coral sand sediments on Xisha Islands,
South China Sea. Arch. Environ. Contam. Toxicol. 63, 177–188.
Dauwe, T., Bervoets, L., Blust, R., Pinxten, R., Eens, M., 2000. Can excrement and feathers
of nestling songbirds be used as biomonitors for heavy metal pollution? Arch.
Environ. Contam. Toxicol. 39, 541–546.
Day, R.H., 1999. Kittlitz's murrelet (Brachyramphus brevirostris). In: The Birds of North
America.
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, 4967–4983.
Evenset, A., Carroll, J., Christensen, G.N., Kallenborn, R., Gregor, D., Gabrielsen, G.W.,
2007. Seabird guano is an eﬃcient conveyer of persistent organic pollutants (POPs)
to Arctic lake ecosystems. Environ. Sci. Technol. 41, 1173–1179.
Evers, D.C., Lane, O.P., Savoy, L., Goodale, W., 2004. Assessing the Impacts of
Methylmercury on Piscivorous Wildlife Using a Wildlife Criterion Value Based on the
Common Loon, 1998–2003. Report BRI 2004–05 Submitted to the Maine Department
of Environmental Protection. BioDiversity Research Institute, Gorham, Maine.
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, MS, Major, A., Munney, K., 2008. Adverse eﬀects from environmental mercury loads on breeding common loons. Ecotoxicology 17, 69–81.
Fournier, F., Karasov, W.H., Kenow, K.P., Meyer, M.W., Hines, R.K., 2002. The oral
bioavailabilityand toxicokineticsofmethylmercury in common loons (Gavia immer)
chicks. Comp. Biochem. Physiol. 133, 703–714.
Hatch, N.R., 2011. Foraging Ecology and Reproductive Energetics of the Kittliz's murrlet
(Brachyramphus brevirostris) in Southeast Alaska. Oregon State University Master of
Science thesis. http://ir.library.oregonstate.edu/xmlui/handle/1957/27862.
Hoﬀman, D.J., Heinz, G.H., 1998. Eﬀects of mercury and selenium on glutathione metabolism and oxidative stress in mallard ducks. Environ. Tox. Chem. 17, 161–166.
Holmes, C.D., Jacob, D.J., Corbitt, E.S., Mao, J., Yang, X., Talbot, R., Slemr, F., 2010.
Global atmospheric model for mercury including oxidation by bromine atoms. Atmos.
Chem. Phys. 10, 12037–12057.
Ikemoto, T., Kunito, T., Tanaka, H., Baba, N., Miyazaki, N., Tanabe, S., 2004.
Detoxiﬁcation mechanism of heavy metals in marine mammals and seabirds: interaction of selenium with mercury, silver, copper, zinc and cadmium in liver. Arch.
Environ. Contam. Toxicol. 47, 402–413.
Joshi, M., Bakre, P.P., Bhatnagar, P., 2013. Avian guano: a non–destructive biomonitoring
tool for organic pollutants in environment. Ecol. Indic. 24, 284–286.
Kaler, R.S.A., Kenney, L.A., Piatt, J.F., 2008. Breeding Biology of Kittlitz's Murrelet at
Agattu Island, Alaska, in 2008: Progress Report. U.S. Fish and Wildlife Service Report
AMNWR 08/17.
Kaler, R.S.A., Kenney, L.A., Sandercock, B.K., 2009. Breeding ecology of Kittlitz's
Murrelets at Agattu Island, Aleutian Islands, Alaska. Waterbirds 32, 363–479.
Kaler, R.S.A., Kenney, L.A., Bond, A.L., Eagles-Smith, C.A., 2014. Mercury concentrations
in breast feathers of three upper trophic level marine predators from the western
Aleutian Islands, Alaska. Mar. Pollut. Bull. 82, 189–193.
Kenney, L.A., Kaler, R.S.A., 2013. Identifying nesting habitat of Brachyramphus brevirostris: old nests lead to a new breeding record. Mar. Ornithol. 41, 95–96.
Kim, E.Y., Saeki, K., Tanabe, S., Tanaka, H., Tatsukawa, R., 1996. Speciﬁc accumulation
of mercury and selenium in seabirds. Environ. Pollut. 94, 261–265.
Kissling, M.L., Lewis, S.B., 2016. Nesting activity of the Kittlitz's murrelet in the Kakagrak
Hills, northwestern Alaska. Arctic 69, 246–252.

6

