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ABSTRACT: Approximately 5,000 Pacific harbor
seals (Phoca vitulina richardii) reside year-round
in San Juan County (SJC), Washington (US) in
the center of the binational Salish Sea. We
retrospectively analyzed total cadmium (Cd),
copper (Cu), iron (Fe), mercury (Hg), magnesium
(Mg), manganese (Mn), lead (Pb), selenium (Se),
and zinc (Zn) in livers of dead stranded harbor
seals (n¼57) collected in SJC between 2009 and
2012 to identify age-related and regional patterns
of trace element exposure. Consistent with prior
studies of contaminants in pinnipeds, Hg, Cd, and
Se concentrations increased with age, and Se:Hg
molar ratios approached 1:1 in adult seals.
Concentrations of Cd and Hg were below putative
marine mammal toxicity thresholds. Mercury
concentrations were comparable among Salish
Sea populations. Although SJC is less urbanized
with fewer industrial inputs than South Puget
Sound (SPS), SJC nonpups had greater concen-
trations of Cd, Cu, and Zn, and pups had greater
concentrations of Zn compared to SPS seals. We
hypothesize these regional differences could be
due to prey preference and availability or to
natural geochemical processes. Reported concen-
trations inform future sampling protocols and can
assist in tracking long-term temporal and spatial
trends of trace elements in marine organisms.

Key words: Contaminants, harbor seal, heavy
metals, Phoca vitulina, Puget Sound, Salish Sea,
trace elements.

Pacific harbor seals (Phoca vitulina richar-
dii) are common along the western coast of
North America. Adults are nonmigratory,
long-lived, have a small home range, and are
generalist and opportunistic predators con-
suming over 60 species of fish, crustaceans,
and mollusks (Zier and Gaydos 2014). Conse-
quently, harbor seals are sentinels of essential
(calcium, Ca; selenium, Se; copper, Cu; iron,
Fe; magnesium, Mg; manganese, Mn; zinc,
Zn) and nonessential, potentially toxic (cad-

mium, Cd; mercury, Hg; lead, Pb) trace
elements over relatively small spatial scales.
Monitoring of trace element concentrations in
harbor seals is important to assess contami-
nant exposure risks to seals (e.g., impaired
lymphoid organ and immune function; Des-
forges et al. 2016), other wildlife, and humans.

The inland waters of Washington, US and
British Columbia, Canada are collectively
known as the Salish Sea. Although anthropo-
genic pollution in the Salish Sea has decreased
in recent decades, Cd, Cu, Hg, Pb, and Zn
continue to enter the system primarily
through surface runoff (Ecology and King
County 2011). San Juan County (SJC),
Washington is a 161,000 ha region in the
central Salish Sea. Comprised of sparsely
inhabited islands, SJC has little industry and
few impervious surfaces (San Juan County
2011). San Juan County has a robust harbor
seal population estimated at approximately
5,000 animals (Jeffries et al. 2003). We
retrospectively investigated trace element
concentrations in SJC harbor seals, identified
age-related patterns of exposure, and com-
pared findings to published results from seals
sampled in other regions of the Salish Sea.

From 2009 through 2012, the San Juan
County Marine Mammal Stranding Network
analyzed trace element concentrations in liver
samples from 57 dead, beach-cast harbor seals
found in good postmortem condition (carcass
code 2 or 3; Geraci and Lounsbury 2005). Wet
tissues were digested with mixtures of nitric
acid and either sulfuric or perchloric acids.
Liver total Hg (measured using flameless
atomic absorption spectrometry), Se (mea-
sured using fluorometric determination with
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diaminonaphthalene), and Ca, Cd, Cu, Fe,
Mg, Mn, Pb, and Zn (measured using
standard flame atomic absorption spectrome-
try) were reported in micrograms per gram
(lg/g) wet weight (ww). All analyses were run
based on quality control criteria from the
National Institute of Standards and Technol-
ogy. Necropsy, including gross and histologic
examination as well as ancillary diagnostic
testing (e.g., bacteriology, virology), was per-
formed on all 57 animals, and no findings
indicated signs of trace element toxicity (e.g.,
hepatic lesions; Siebert et al. 1999). Cases
were classified as pups (n¼47) or nonpups
(n¼10), with the latter category combining
adults (n¼9) and subadults (n¼1), based on
body straight length (Geraci and Lounsbury
2005).

Statistical analyses were performed in R
v3.3.2 (R Core Team 2016). We used an alpha
level of 0.05 for all analyses. The Shapiro-Wilk
test and Bartlett’s test were used to evaluate
data for normality and homoscedasticity.
Concentrations of Mn were normally distrib-
uted. Concentrations of Ca, Cu, and Zn were
transformed using log10 (xþ1). We performed
a one-way analysis of variance using straight
body length as a continuous variable. To
evaluate elements with distributions that were
neither normal nor log-normal (Cd, Fe, Hg,
Mg, Se), we used a generalized linear model
(GLM) with straight body length as a
continuous variable. Lead was omitted from
analyses because concentrations were below
detectable limits (2 lg/g). We used the
nonparametric Kruskal-Wallis rank sum test
to identify significant differences due to age
class. We converted Se and Hg liver concen-
trations from mg/g to nmol/g to calculate
Se:Hg molar ratios. Because all 10 nonpup
liver samples were from females, sex could not
be assessed as a potential factor affecting trace
element exposure.

Separating harbor seals into pups and
nonpups, we used a Gaussian GLM to
compare Cd, Cu, Hg, Se, and Zn concentra-
tions to seals from South Puget Sound (SPS;
n¼28) and the Strait of Juan de Fuca (SJF;
n¼13) that were sampled in prior studies
(Calambokidis et al. 1991; Akmajian et al.

2014; Fig. 1). Cadmium was omitted from
analyses for pups because all concentrations
were below detectable limits (0.2 lg/g). To
facilitate comparison of results, we converted
dry weights reported in prior studies to wet
weights assuming 75% moisture (Das et al.
2003). We reported the median (6SE) and
range of liver trace element concentrations by
age class for harbor seals in the Salish Sea
(SJC, SPS, SJF) and in Central and Northern
California (Brookens et al. 2007) as an
outgroup for comparison (Table 1).

Concentrations of Cd, Hg, and Se signifi-
cantly increased with seal length (GLM,
P,0.002; Fig. 2) and age class (Kruskal-Wallis
test, df¼4, P,0.001). Nonpups (n¼10) had an
average Se:Hg molar ratio of 1.35 (SD¼0.32),
excluding three outliers (5, 406, 30). In
nonpups, concentrations of Cd (P¼0.033;
Fig. 3A), Cu (P¼0.005; Fig. 3B), and Zn
(P¼0.023; Fig. 3E) were significantly greater
in SJC than in SPS. In pups, Zn was also
greater in SJC than in SPS (P¼0.044; Fig. 4D),
and Cu was comparable across all regions
(Fig. 4A). Concentrations of Hg in nonpups
were comparable among all locations (Fig.
3C). In pups, Hg concentrations were lower in
SJC than in SJF (P¼0.005; Fig. 4B). Concen-
trations of Se in pups were greater in SJC than
in SPS (P,0.001; Fig. 4C).

As observed in harbor seals sampled in
prior studies (Akmajian et al. 2014; Noël et al.

FIGURE 1. Locations of dead, beach-cast harbor
seals (Phoca vitulina richardii) sampled for liver trace
element analysis. Harbor seals used in this study were
collected in San Juan County (SJC; n¼57). Liver trace
element concentrations in SJC harbor seals were
compared to those of harbor seals from South Puget
Sound (SPS; n¼28) and the Strait of Juan de Fuca
(SJF; n¼13) using published data (Calambokidis et al.
1991; Akmajian et al. 2014).
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2016), seals in SJC exhibited age-accumula-
tion of Cd, Hg, and Se (Fig. 2). Other
elements are regulated to a greater degree
via excretion and absorption and do not
accumulate with prey preference during a
marine mammal’s lifetime (Law 1996). In
contrast to prior studies where older animals
displayed lower concentrations of Cu and Zn
(Akmajian et al. 2014), we found that concen-
trations of these elements did not differ by
seal length, the proxy for seal age in this study,
perhaps due to a lack of statistical power.

Mean liver concentrations of Cd, Cu, and
Zn in SJC seals were within or below liver
tissue ranges reported elsewhere (Europe;
Law et al. 1991; Kakuschke et al. 2012).
Consistent with these findings, Cu and Zn
contamination is not considered a high-
priority concern in the Salish Sea (Ecology
and King County 2011). Median Cd concen-
trations in SJC harbor seal livers were well
below 20 lg/g ww, the putative lower limit for
renal dysfunction in marine mammals (Law
1996). Compared to SPS seals, nonpups in
SJC had greater concentrations of Cd, Cu,
and Zn (Fig. 3A, B, E), and SJC pups had
greater concentrations of Zn (Fig. 4D).
Because SJC is rural, less populated, and less
industrialized, we do not suspect it has more
land-based, anthropogenic sources of Cd, Cu,
or Zn (e.g., pesticides, plumbing, roofing
materials) than SPS has. We hypothesize that
regional differences might be due to prey
preference and availability or natural geo-
chemical processes.

Mercury contamination is a high-priority
concern in the Salish Sea, and advisories to
limit human consumption of fish due to Hg
concentrations have been issued in SJC
(Washington State Department of Health
2015). Despite these concerns, liver total Hg

FIGURE 2. Wet weight (ww) concentrations (lg/g
ww) of liver total cadmium (A), mercury (B), and
selenium (C) by straight body length (cm) of dead,
beach-cast harbor seals (Phoca vitulina richardii) from
San Juan County, Washington, USA. Cadmium

 
concentrations that were under the detection limit of
0.2 lg/g ww are plotted as 0.2 lg/g ww. Dashed lines
are 95% confidence bands. Asterisks indicate the
statistical significance of generalized linear models
evaluating the relationship between liver trace ele-
ment concentrations and harbor seal length, the proxy
for age in this study. **¼P,0.01 (0.003);
***¼P,0.001.
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concentrations in SJC pups and nonpups were
well below the putative toxicity threshold for
marine mammals (60 lg/g ww; Arctic Moni-
toring and Assessment Programme 1998) with
the exception of one adult seal with an Hg
concentration of 74 lg/g ww. Although this
seal had no hepatic lesions indicative of Hg
intoxication, the possibility of immunotoxic
effects cannot be discounted (Das et al. 2003).
To examine the significance of this finding, it
is necessary to consider the various forms of
Hg and its interactions with other elements
and endogenous proteins. The bulk of a
marine mammal’s Hg burden comes from
absorption of the organic, more-toxic methyl-
mercury (MeHg). Marine mammals have
evolved various processes for protection
against mercury toxicity, including MeHg
demethylation in the liver (Ikemoto et al.
2004), production of metallothioneins to
sequester harmful elements (Das et al.
2000), and formation of inert mercury sele-
nide (Khan and Wang 2009). Selenium’s

protective abilities are hypothesized to be
sufficient when the Se:Hg molar ratio exceeds
one (Peterson et al. 2009). The Se:Hg molar
ratio declines as a seal ages and accumulates
inorganic Hg in the liver. All SJC nonpups
displayed Se:Hg molar ratios above or near
1:1, and all pups had molar ratios well above
1:1 due to negligible Hg concentrations.

As fetuses and neonates, phocids acquire
Hg via transplacental and lactational transfer
of MeHg (Habran et al. 2013). Perinates and
pups are hypothesized to have underdevel-
oped pathways to demethylate MeHg or slow
mercury selenide formation kinetics, account-
ing for their lower concentrations of inorganic
Hg (Ewald et al. 2019). We cannot rule out
the possibility that SJC harbor seal pups had
elevated MeHg concentrations because we
did not measure them. However, pups from
SJC had greater Se concentrations than pups
elsewhere in the Salish Sea (Fig. 4C), which
might confer protection to the toxic effects of
MeHg.

FIGURE 3. Medians and quartiles of trace element wet weight (ww) concentrations in livers (lg/g ww) of
harbor seal (Phoca vitulina richardii) nonpups (adults and subadults) by sampling location. SJC¼San Juan
County; SPS¼South Puget Sound (Akmajian et al. 2014). Asterisks indicate the statistical significance of
generalized linear models comparing SJC to SPS. *¼P,0.05 (0.033 for Cd; 0.023 for Zn); **¼P,0.01 (0.005).
The dotted line in C indicates published toxicity thresholds for Hg (60 lg/g ww).
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Our findings, in agreement with necropsy
reports that did not find signs of trace element
toxicity in any seal in this study, suggest that
trace element concentrations are not currently
a major health concern for harbor seals in San
Juan County, Washington. However, because
ocean acidification can alter metal speciation
and biological availability in the ocean (Stock-
dale et al. 2016), it is possible that trace metal
concentrations in harbor seals could change in
the future. Based on our findings, further
surveillance for trace elements in harbor seals
in SJC should focus on adults and include a
larger sample size with a more representative

sex ratio. It is important to note that seals
sampled in this study were found stranded
and might not be representative of the living
seal population. To assess the entire seal
population distribution in SJC, future sam-
pling would require the analysis of trace
elements in blood or hair from live seals.
Our findings highlight the value of stranded
harbor seals as a sentinel species for detecting
differences in trace element concentrations
between various geographic regions. Regional
variations in seal diet or natural geochemical
processes could explain the unexpected dif-
ferences found between SJC and more

FIGURE 4. Medians and quartiles of trace element wet weight (ww) concentrations in livers (lg/g ww) of
harbor seal (Phoca vitulina richardii) pups by sampling location. SJC¼San Juan County; SJF¼Strait of Juan de
Fuca (Calambokidis et al. 1991; Akmajian et al. 2014); SPS¼South Puget Sound (Calambokidis et al. 1991;
Akmajian et al. 2014). Asterisks indicate the statistical significance of generalized linear models comparing SJC to
SJF and SPS. *¼P,0.05 (0.044); **¼P,0.01 (0.005); ***¼P,0.001.
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industrialized study areas within the same
ecosystem.

All samples were collected under permits
from the National Marine Fisheries Service
Marine Mammal Health and Stranding Re-
sponse Program permit 18786. This study
was conducted while E. Ashley was an intern
through the National Oceanic and Atmo-
spheric Administration’s Ernest F. Hollings
Undergraduate Scholarship Program. Harbor
seal stranding response and necropsies were
performed using funding from the John H.
Prescott Marine Mammal Rescue Assistance
Grant with in-kind support from The Whale
Museum and the SeaDoc Society, a program
of the Karen C. Drayer Wildlife Health
Center, University of California, Davis
School of Veterinary Medicine. We thank
the numerous San Juan County Marine
Mammal Stranding Network volunteers who
helped collect carcasses and assisted with
necropsies. We also thank R. Amos for data
entry help and A. Akmajian, R. Davis, T.
Brookens, R. Davis, D. Montecino-Latorre,
B. Poppenga, J. West, and two anonymous
reviewers for comments that improved this
article.
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