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Abstract: Monomethylmercury (MeHg+) is an environmental pollutant, which at sufficiently high exposures,
has induced neurotoxicosis in several animal species, including humans. Adverse neurological effects due to
gestational exposure are of particular concern as MeHg+ readily crosses the blood–brain and placental barriers.
The degree to which environmental concentrations in marine prey affect free-living piscivorous wildlife,
however, remains largely undetermined. We examined associations of gestational exposures to mercury on
neurodevelopment and survival using hair and blood concentrations of total mercury ([THg]) in a stranded
population of Pacific harbor seal pups from central California. A positive association was determined for the
presence of abnormal neurological symptoms and increasing [THg] in blood (P = 0.04), but not hair. Neither
hair nor blood [THg] was significantly associated with survival, or the neurodevelopmental milestone ‘freefeeding’, which was measured from the onset of hand-assisted feeding to the time at which pups were able to
consume fish independently. Both hair and blood [THg] exceeded threshold values considered potentially toxic
to humans and other mammalian wildlife species. The higher [THg] in blood associated with abnormal
neurological symptoms may indicate an adverse effect of this pollutant on neurodevelopment in harbor seal
pups. These data have broader implications with respect to human health and public policy as harbor seals and
humans consume similar fish species, and it is possible that safeguard levels established for marine mammals
could also extend to human populations that regularly consume fish.
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AND

PURPOSE

Mercury (Hg) is a ubiquitous pollutant that presents a
variety of health risks to humans and wildlife. Concerns
about mercury pollution stem largely from the potential
adverse effects of dietary exposure to monomethylmercury
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(MeHg+), a toxic form that readily accumulates in biota
and can biomagnify to harmful concentrations in organisms via the aquatic and marine food webs (Mahaffey 2000;
Wiener et al. 2003; Clarkson and Magos 2006; Woshner
et al. 2008; Dietz et al. 2011). Once ingested, MeHg+ readily
enters the bloodstream and crosses both the blood–brain
and placental barriers (Wagemann et al. 1988; Zheng et al.
2003), often resulting in higher levels of mercury in the
fetal than the maternal brain (Myers and Davidson 1998;
Sakamoto et al. 2002; Zheng et al. 2003). Because the developing central nervous system (CNS) is extremely sensitive to its neurotoxic effects (Castoldi et al. 2001; Grandjean
and Landrigan 2006), MeHg+ exposure is of particular
concern in neonates and fetuses (Johansson et al. 2007;
Davidson et al. 2008).
Within the San Francisco Bay (SF Bay) region, Hg
contamination has been a concern since historic mining of
gold and cinnabar contaminated the area. At present,
mercury concentration ([Hg]) in the muscle tissues of a
number of sport-caught fish from SF Bay exceed Advisory
Tissue Levels set by California’s Office of Environmental
Health Hazard Assessment (OEHHA) (Davis et al. 2011),
resulting in public health guidance to limit intake. While
regulatory and research efforts have largely focused on
exposure risks to humans, there has been a tremendous
growth in information documenting the presence of Hg in
marine mammal tissues. Recent studies (Brookens 2006;
Brookens et al. 2007, 2008; McHuron 2012; McHuron et al.
2014) have focused on total mercury concentrations
([THg]) in tissues of Pacific harbor seals because these
marine mammals reside in SF Bay and forage almost entirely on fish.
Pacific harbor seals are widely distributed along the
mainland coast and bays of California (Lowry et al. 2008)
and the most abundant pinniped in the Pacific Northwest
(Huber et al. 2001). As piscivores feeding at high trophic
levels, harbor seals share with humans a variety of fish
species as food, and bioaccumulate Hg. Their prey base
overlaps with species targeted by sport fishing industries in
SF Bay, such as white croaker (Genyonemus lineatus),
jacksmelt (Atherinopsis califoniensis), and striped bass
(Morone saxatilis) (Gibble 2011), all of which are currently
included in California’s Fish Consumption Advisory list for
reduced consumption by humans (Davis et al. 2011). This
overlap in prey selection indicates a link in the dietary needs
of harbor seals and humans and raises concerns about local
impacts of Hg exposure on harbor seal populations in SF
Bay in an Oceans and Human Health context.

During recent decades, harbor seal populations in SF
Bay have been increasing at a slower rate than other locations along the Pacific coast (Harvey et al. 1990; Sydeman
and Allen 1999; Neale et al. 2005; Davis et al. 2007). A
number of contributing factors have been hypothesized
such as harassment, reduction or change in prey resources,
and environmental contamination (Kopec and Harvey
1995; Grigg et al. 2004); however specific causes for a lessthan-expected population growth rate remain largely undetermined. Prior studies (Brookens 2006; Brookens et al.
2007, 2008; McHuron 2012; McHuron et al. 2014) indicate
that [THg] in the hair of some harbor seal adults and pups
sampled in northern and central California currently exceed the US Environmental Protection Agency’s (USEPA)
benchmark threshold of 11 lg/g dry weight (dw) in human
maternal hair associated with clinically discernible, adverse
neurodevelopmental milestones in children following in
utero exposure to MeHg+ (USEPA 1997). Whether or not
these concentrations are high enough to warrant concerns
regarding the health of marine mammals and their developing offspring is not known. Thus, more direct assessments of pinnipeds are needed.
Conclusive cause-and-effect relationships linking chemicals to toxicosis or population-level effects are seldom
documented for marine mammals as these cases are difficult to diagnose or research (O’Hara and O’Shea 2005) due
to logistical and political constraints. A majority of evidence regarding the neurotoxicity of MeHg+ on the developing CNS has therefore been generated through
experiments in laboratory animals, epidemiological investigations in humans, or from very high exposures (e.g.,
accidents, large local inputs) that are not relevant to most
fish consumption scenarios and pathways. Experimental
animal studies have been useful in establishing associations
between exposure and adverse outcomes, and are essential
in recognizing the high vulnerability of the fetal brain to
MeHg+ (Castoldi et al. 2008). Yet the extent to which results can be extrapolated from the laboratory to the field
and from one species to another remains equivocal (USEPA
1997). To draw valid and reliable conclusions on the effects
of MeHg+ exposure on the developing CNS in marine
mammals, data ideally need to be drawn directly from the
species of interest. One strategy is to utilize wild-stranded
populations for sequential observational and diagnostic
analysis throughout the rehabilitation period as a platform
of opportunity.
As sentinel species of marine ecosystem health,
stranded harbor seal pups are useful in detecting in utero
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exposures to environmental contaminants as well as primary infectious or parasitic diseases; their usefulness,
however, is limited when the objective is to determine
prevalence of a disease and its impact on a host population
(Gulland and Hall 2005). Stranded populations have wellrecognized biases, such as decreased immune function and
malnutrition due to maternal abandonment, which could
potentially skew the results of the study. Furthermore, data
from rehabilitated populations of stranded harbor seal pups
may be influenced by human-derived clinical support such
as subcutaneous fluid administration or oral rehydration
prior to sampling. The results of this study are therefore
limited in scope to the assessment of association or correlation, and do not indicate a cause-and-effect relationship. Broad conclusions relative to this research hypothesis
should also be avoided until several efforts from different
populations and geographical locations provide similar
results.
Each spring, live-stranded harbor seal pups from the
central California coast are admitted to The Marine
Mammal Center (TMMC) in Sausalito, CA for assessment
and rehabilitation. Upon admission, pups are clinically
assessed and samples of hair and blood are collected as part
of the routine veterinary medical protocol. Most of these
pups undergo an approximately 2-month period of rehabilitation during which they begin to independently catch
and consume fish. Harbor seal pups undergoing rehabilitation at TMMC therefore provide an opportunity to
evaluate [THg] in blood and hair determined at admission
with respect to frequently observed neurodevelopmental
behavior from a normally inaccessible wild population as
(1) harbor seal pups in rehabilitation are abundant, (2)
tissue collection techniques are relatively non-invasive, and
required for standard medical monitoring and intervention, and (3) pups can be observed and clinically evaluated
with minimal disturbance throughout rehabilitation over
time.
Until more advanced methods for observational data
collection in the field become available, stranded animals
offer a surrogate population from which valuable data can
be collected and analyzed, assuming careful consideration is
given to potential extraneous variables. The central goal of
this study was to determine if [THg] in the blood and hair
of Pacific harbor seal pups was associated with neurodevelopmental outcomes. These data have substantial implications for wildlife management and conservation
purposes, but also serve to expand the purview of public

health research by providing an interdisciplinary approach
to assessing the potential health risks in fish-eating human
populations due to THg exposures at environmentally relevant concentrations, something that cannot be adequately
described or predicted in laboratory models.

METHODS
Animals
All harbor seal pups that stranded along the central
California coast throughout the 2012 pupping season and
admitted to TMMC for rehabilitation in 2012 were considered for inclusion in this study. Harbor seal pups admitted later in the season, and considered potentially
weaned were omitted, leaving 57 animals. Pup age was
defined by criteria from Colegrove et al. (2005), and based
upon admission date, mass, pelage, stage of tooth development, and the presence of an umbilical cord or patent
umbilicus. All pups included in the study were determined
to be of pre-weaning age (4 weeks old) when admitted
for rehabilitation, and therefore exposures to Hg were
limited to either in utero or transmammary transfer, or a
combination. Pups were observed at a minimum of three
times per day for potential abnormal neurological behaviors by available staff veterinarians and trained volunteers,
and recorded in their individual medical charts. Neurological behavior data were assessed by two experienced
TMMC staff members and compiled into individual behavioral assessment logs. Neurological behaviors included:
seizure, myoclonus, head-shaking, head-bobbing, muscle
fasciculation, sensitivity to touch, nystagmus, and jaw
smacking. At TMMC, pre-weaned pups are initially fed a
milk-replacement diet (Multi-Milk formula [Pet-Ag,
Hampshire, IL] with fish oil, lecithin granules, and a pinniped multivitamin; (Mazuri, Purina Mills, Inc., St. Louis,
MO) by oral gavage using a soft tube, and then weaned to
herring (Lander et al. 2003). Weaned pups are first introduced to fish through hand-assisted feeding and later encouraged to track dead fish in the water. Eventually pups
are able to position and swallow fish, dead and alive, on
their own (free feed). Free-feeding pups may be approved
for release and considered successfully rehabilitated,
whereas pups not achieving this level of development are
not released. Our study utilized ‘free-feeding’ as a neurodevelopmental milestone to assess learning behavior using ‘‘Days to Free Feed’’ (DTFF) as a measurement of
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learning ability. DTFF was measured from the onset of
hand-assisted feeding (discontinuation of oral gavage) to
the time at which pups were able to feed independently on
fish added to the pool.

Sample Collection
Hair samples were collected from 57 harbor seal pups
4 weeks old when admitted for rehabilitation to TMMC
from March 21 through May 25, 2012. Hair was obtained
from an area shaved along the midline lumbar region prior
to venipuncture and stored in 300 9 500 Whirl–Pak bags at
ambient temperature until processing for analysis. For 36 of
the pups sampled, blood samples were drawn from the
epidural sinus into sterile evacuated royal blue EDTA blood
collection tubes, which were then frozen at -70°C and
archived for [THg] analysis. Body mass (kg) and standard
length (cm) were measured upon admission. All seals and
samples were handled under MMPA permit No. 932-1905/
MA-009526 Gulland F. No IACUC approval was needed as
samples were collected during routine veterinary examinations as part of standard protocols with subsamples
provided for this diagnostic assessment.

Mercury Analysis
Mercury analysis was performed at the Wildlife Toxicology
Laboratory at the University of Alaska Fairbanks (UAF).
Prior to analysis, hair samples were cleaned and freezedried following methods of Castellini et al. (2012). Total
mercury concentration of hair (*20 mg) and blood
(*100 ll) were measured using a Milestone DMA-80 Direct Mercury Analyzer (Milestone Inc., Shelton, CT) using
USA EPA method 7473 (Knott et al. 2011; Castellini et al.
2012; McHuron 2012; Rea et al. 2013). Minimum detection
limit was 0.035 lg/g dw for hair and 5 lg/L wet weight
(ww) for blood. All samples were analyzed in triplicate and
measurements were considered acceptable at <10% error
from the mean. Spikes were not analyzed due to limited
sample volume; however liquid standards and standard
reference materials were included in each analytical run
with consistently high recovery. Each analysis run included
a blank, a liquid standard (HgCl2: Perkin Elmer), and two
certified reference materials. All blank measurements were
below detection limit. For hair the liquid standard was
1 lg/g ww and the certified reference materials were IAEA086 (0.57 lg/g dw) and IAEA-085 (23.2 lg/g dw) (International Atomic Energy Agency). Recoveries were

106 ± 2.0% (1 lg/g standard), 95.20 ± 2.1% (IAEA-086),
and 97.0 ± 2.1% (IAEA-085). For blood the liquid standard was 100 lg/L ww and the certified reference materials
were DORM-3 (382 ± 60 lg/kg dw) and DOLT-4
(2580 ± 220 lg/kg dw) (National Research Council of
Canada). Recoveries were 94.6 ± 0.05% (100 lg/L standard), 102.2 ± 4.4% (DORM-3), and 100.1 ± 6.8%
(DOLT-4).

Statistical Analysis
Data were tested for homogeneity of variances (two-sample
F test) and normality (Shapiro–Wilk test) and transformed
if necessary. Once parametric assumptions were met, data
were analyzed using t tests, Pearson’s correlation coefficient, linear regression, or binary logistic regression analysis. Differences were considered statistically significant at
P < 0.05. All statistical analyses were performed using
AnalystSoft, StatPlus:mac; statistical analysis program for
Mac OS. Version 2009.
We tested if hair [THg] values were significantly correlated with blood [THg] (Pearson’s correlation coefficient). We then compared blood [THg] in harbor seal pups
to three established blood thresholds for humans: the
benchmark dose lower limit (58 lg/L ww) established by
NAS/NRC (National Academy of Sciences (NAS)/US National Research Council 2000); Health Canada’s ‘‘at risk’’
value of 100 lg/L ww above which symptoms of paresthesia may occur in adults, and a ‘‘clinical symptoms’’ value
of 200 lg/L ww derived from human observations in Minamata, Japan. Similarly, comparisons were made between
hair [THg] values and three thresholds associated with
adverse effects in humans and wildlife: reduction in NMDA
receptor levels and genomic DNA methylation in brain
tissues of polar bears (5.4 lg/g dw), delayed achievement of
developmental milestones in human infants (10 lg/g dw),
and clinical effects suggested for mink and river otters
(30 lg/g dw). Additionally, we applied a one-sample t-test
comparing means to determine whether [THg] in hair
differed significantly between pups with full-lanugo, partial-lanugo and non-lanugo hair.
We used binary logistic regression models to determine
whether admit date, admit mass, hair [THg], and blood
[THg] were predictive of harbor seal pup survival
throughout rehabilitation. Hair and blood [THg] were log
transformed to meet assumptions of normality. A onesample t test comparing means was further used to com-
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pare hair and blood [THg] between pups that survived to
release, and those that died in rehabilitation. To examine
associations among [THg] and abnormal neurological behavior, pups were grouped into two categories: those that
displayed one or more neurological symptom (NS+), and
those that did not (NS-). The decision to treat neurological endpoints as nominal data (NS+ and NS-) over
ordinal data (number of symptoms or severity of symptoms) was based on the relatively small number of symptoms as well as the lack of consistency in the symptoms
displayed among the harbor seal pups. Abnormal neurological behaviors were not described prior to observations,
but rather characterized by the presence of aberrant behaviors recorded in the observational records. Log-transformed blood and hair [THg] were compared between NS+
and NS- pups using a one-sample t test for means to
determine if pups with neurological symptoms had significantly higher [THg] than those without neurological
symptoms. Blood and hair [THg] were compared with
DTFF using linear regression to test whether DTFF values
could be explained by [THg].

RESULTS
[THg] in Hair and Blood
Mean total mercury concentration ([THg], ±SE, range) in
harbor seal hair was 11.0 (±0.9; 2.8–36.9) lg/g dw and in
blood was 166 (±18; 32–473) lg/L ww (Table 1). Log-

transformed hair and blood [THg] values were significantly
correlated (R = 0.77; P < 0.001). Fifteen of the 57 pups
(26%) presented with partial or full lanugo. Hair [THg] did
not differ significantly between pups with full-lanugo,
partial-lanugo and non-lanugo hair.

Threshold Value Comparisons
Of the 36 harbor seal pups from which blood was collected,
32 pups (89%) had blood [THg] above the benchmark dose
lower limit of 58 lg/L ww, 25 pups (69%) were above
100 lg/L ww, and ten (28%) were higher than 200 lg/L
ww (Figure 1). Of the 57 pups sampled for hair, 44 pups
(77%) had [THg] above 5.4 lg/g dw, 28 pups (49%) were
above 10 lg/g dw, and one pup was above the higher
30 lg/g dw threshold (Figure 2).

Survival; Neurological Behaviors; Neurological
Development (DTFF)
Of the 57 harbor seal pups admitted for rehabilitation, 45
(79%) were released from captivity and 12 (21%) either
died or were euthanized in rehabilitation. Blood and hair
[THg] did not differ significantly between pups that were
released and those that died/euthanized (Figure 3a, b).
There were no significant associations between independent variables: hair [THg], blood [THg], admit date, admit
mass, and the dependent variable ‘survived’ using binary
logistic regression. Blood [THg] was greater in pups with

Table 1. Mean (±SE) Total Mercury Concentration [THg] in Whole Blood (lg/L ww) and Hair (lg/g dw) Collected from Stranded
Harbor Seal Pups 4 Weeks Old in Central California, USA, and Admitted to TMMC from March 21 Through May 25, 2012 Based on
Presence (NS+) or Absence (NS-) of Adverse Neurological Symptoms and Survival Outcome (Survived/Died)
HAIR [THg] (lg/g dw)

Total
Mean (±SE)
Range
n
Released
Mean (±SE)
Range
n
Died/euth.
Mean (±SE)
Range
n

BLOOD [THg] (lg/L ww)

Total

NS+

NS-

Total

NS+

NS-

11.0 ± 0.9
2.8–36.9
57

13.5 ± 2.9
3.5–26.9
8

10.5 ± 0.9
2.8–36.9
49

166 ± 18
32–473
36

257 ± 71
103–473
5

151 ± 17
32–387
31

10.7 ± 1.0
2.8–36.9
45

13.7 ± 3.9
8.6–21.2
3

10.5 ± 1.0
2.8–36.9
42

151 ± 17
32–374
27

378
–
1

142 ± 16
32–315
26

12.0 ± 2.0
3.5–27.0
12

13.5 ± 4.5
3.5–26.9
5

10.9 ± 1.7
5.1–12.2
7

210 ± 49
80–473
9

228 ± 84
103–473
4

196 ± 66
80–387
5
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Figure 1. Total mercury concentration
[THg] in whole blood (lg/L ww) in
thirty-six
stranded
harbor
seal
pups  4 weeks old in central California, USA, and admitted to TMMC from
March 21 through May 25, 2012,
compared to three published healtheffect thresholds for whole blood mercury concentrations [Hg] (lg/L ww) in
humans: 1Clarkson and Magos 2006;
2
Health Canada 1984; 3NRC 2000.

Figure 2. Total mercury concentration [THg] in hair (lg/g dw)
in fifty-seven stranded harbor seal
pups 4 weeks old in central
California, USA, and admitted to
TMMC from March 21 through
May 25, 2012, compared to three
suggested health-effect thresholds
for hair mercury concentrations
[Hg] (lg/g dw) in humans and
selected wildlife: 1Basu et al. 2007;
Evers et al. 2007; 2WHO 1990;
3
Basu et al. 2009; Pilsner et al.
2010.
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(Figure 3b). Neither hair (R = 0.14; P = 0.34) nor blood
(R = 0.30; P = 0.12) [THg] was significantly associated
with the neurodevelopmental milestone ‘free-feeding’.

DISCUSSION
The higher blood [THg] associated with abnormal neurological symptoms in these harbor seal pups undergoing
rehabilitation suggests there may be an adverse effect of this
pollutant on neurodevelopment, as observed in laboratory
mammals and humans. However, the lack of association
between hair [THg] and abnormal neurological symptoms
indicates that the relationship is not clear, and is likely
influenced by other factors affecting neurodevelopment.
Thus, we caution very careful interpretation with respect to
these associations and emphasize that relating Hg exposure
to adverse neurological outcomes will require increased
sample numbers, and more detailed evaluation of harbor
seal pups in future studies.

Hair [THg] as an Indicator of Exposure

Figure 3. Total mercury concentration [THg] in whole blood (lg/L
ww; a, n = 36) and hair (lg/g dw; b, n = 57) collected from stranded
harbor seal pups 4 weeks old in central California, USA, and
admitted to TMMC from March 21 through May 25, 2012,
associated with observations of neurological symptoms and survival
outcome. Neurological symptoms were defined as the presence of
seizure, myoclonus, head-shaking, head-bobbing, muscle fasciculation, sensitivity to touch, nystagmus, and jaw smacking.

abnormal neurological symptoms than in pups without
abnormal neurological symptoms (P = 0.04) (Figure 3a).
Hair [THg] did not differ significantly between pups with
abnormal neurological symptoms and those without

Hair has widely been used as a good indicator of exposure
to MeHg+ in the diet of mammals (Horvat and Gibicar
2005). In addition, hair and blood exhibit increased correlations when Hg is present primarily as MeHg+ and blood
values are stable over time (Nuttall 2006), which may explain the relationship between hair and blood [THg] as
noted in our study. However, harbor seal pups often present with varying amounts of fetal pelage (lanugo) at birth,
and it is possible that [THg] varies with hair type, as both
temporal deposition of Hg in utero and hair composition
may influence [THg] in hair.
In our study population, 26% of all pups presented
with partial or full lanugo coats. Of the 15 pups with
lanugo, ten (66%) had partial lanugo coats and five
(33%) had full lanugo coats. Our results indicate that
hair [THg] did not differ significantly between pups
with lanugo (partial or full) and pups without lanugo,
or pups with partial and full lanugo coats. Considering
the small number (15) of lanugo samples in our study,
however, we again caution very careful interpretation of
these results with regards to these associations and
emphasize that relating [THg] to hair composition will
require increased sample numbers and further research
efforts.
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Neurologic Behavioral Outcomes
Mercury concentrations in hair directly reflect concentrations in blood during the period of hair growth, thus hair
samples taken from pups reflect blood [Hg] during fetal
and neonatal development (Shaw 2002). However hair reflects long-term exposures to Hg, whereas blood reflects
more recent exposures; thus, recent alterations in Hg exposure will not be reflected in hair. We therefore highlight
that the observed difference in association between blood
and hair [THg] and adverse neurological outcomes in our
study may be due to the timing of Hg exposure, but may
also be the result of the relative small sample size of this
study (in particular the adverse outcomes group). Additionally, medical interventions prior to sampling, such as
subcutaneous fluid administration and oral rehydration,
could alter blood and not hair [THg], and underlying
clinical disease may influence the results of observed neurological behaviors. For example, of the five pups sampled
for blood [THg] that displayed adverse neurological
symptoms, four pups (80%) either died or were euthanized. Based on histology and necropsy reports, all four
pups that died suffered from one or more underlying infectious condition (sepsis, suppurative meningoencephalitis, cerebral edema secondary to omphalophlebitis, and
phocine herpesvirus-1) associated with potential neurological sequelae in mammals. Whether these outcomes are
indirectly or directly related to the measures of [THg] in
blood, or not, cannot be determined in this study.
Ecologically relevant levels of MeHg+ may also be
causing subtle neurologic damage in a diverse group of
fish-eating wildlife species, the long-term consequences of
which are not yet understood (Scheuhammer et al. 2011).
Identifying these effects in wildlife is challenging, and requires rigorous scientific investigation and novel study
designs. In human studies examining neurodevelopmental
outcomes in children due to MeHg+ toxicity in utero,
cognitive function is often measured using a battery of tests
designed to reveal the individual effects of toxicity on:
memory, learning, perception, and sensory-motor function
(Newland et al. 2006; Weiss and Cory-Slechta 1994) at very
specific phases of development. These comprehensive
testing methods often require extensive manipulations to
the environment in order to draw conclusive evidence, and
are therefore impractical for use in wildlife populations.
To explore subtle neurodevelopmental outcomes related to MeHg+ exposures in harbor seal pups in our study,
we compared hair and blood [THg] to the singular

neurodevelopmental milestone ‘free-feeding’, using DTFF
as a proxy for learning behavior. ‘Learning behavior’ was
exploited specifically in our study for three reasons. First,
research studies in wild harbor seal pups suggest that acquisition of foraging skills are independent of parental influence (Muelbert et al. 2003), so a lack of maternal
presence throughout rehabilitation is unlikely to have an
impact on their learning process. Second, MeHg+ poses
significant neurotoxic risks to cognitive domains (including
learning) associated with developmental behavior (Newland et al. 2006). Finally, DTFF can be measured in harbor
seal pups undergoing rehabilitation without unwarranted
disturbance, which is essential to limiting stress and
maintaining wild behaviors in these populations.
Like their wild counterparts, harbor seal pups admitted
for rehabilitation must learn to forage independently in
order to survive, and the amount of time required to obtain
these skills (DTFF) can vary considerably among individual
pups. For example, pups in our study exhibited a wide
range of values in DTFF (3–74 days); regardless, DTFF was
not significantly associated with either blood or hair [THg].
While it is possible that either the sensitivity of the test was
too low to detect associations, or [THg] concentrations in
hair and blood were below levels at which subtle clinical
outcomes may be recognized in this species, the absence of
significance in association among hair and blood [THg]
with the single cognitive domain ‘learning behavior’ does
not rule out the potential for associations across other
cognitive domains associated with neurodevelopment.
Further studies are necessary, ideally using novel approaches to behavioral design that increase the sensitivity of
the behavioral assessment, and improve our ability to detect subtle, adverse effects due to MeHg+ exposures at environmentally relevant exposures. Until more advanced
methods become available, ‘free-feeding’ remains a valuable
neurodevelopmental milestone for measuring learning behavior in rehabilitated populations of harbor seal pups.

Risk Characterization: Blood and Hair [THg]
Threshold Levels
Deriving exposure levels that can assist in the protection of
wildlife is an integral component of regulatory ecological
risk assessment (Mayfield et al. 2013), though few toxicity
thresholds have been established for marine mammals.
From a public health standpoint, establishing toxicity
thresholds for [Hg] in tissues of localized marine mammal
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populations such as the harbor seal population in SF Bay,
may provide additional insights for risk assessments in
humans, as the primary source and route of exposure to
MeHg+ is similar between harbor seals and humans (oral
consumption of seafood), and it is possible that safeguard
levels established for marine mammals could also extend to
human populations that regularly consume fish.
Hair [Hg] levels exceeding 30 lg/g dw have been
suggested for clinical effects (sublethal and clinical health
responses) in mink (Mustela vison) and river otter (Lontra
Canadensis) (Basu et al. 2007; Evers et al. 2007), while
subclinical effects such as Hg-associated reduction of
NMDA receptor levels and genomic DNA methylation
status in brain tissues of polar bears (Ursus maritimus)
from Greenland have been reported in populations with
hair [Hg] means of about 5.4 lg/g dw (Basu et al. 2009;
Pilsner et al. 2010). While hair [Hg] effect thresholds
specific to in utero exposures are not available for comparisons in marine mammals, just under half of all pups
sampled in the current study exceeded the lower range
threshold value in human maternal hair (10 lg/g dw;
WHO 1990) associated with an increase in delayed developmental milestones in exposed offspring, and one pup
exceeded the 30 lg/g threshold suggested for clinical effects
in mink and river otter. Additionally, blood [THg] in 69%
of harbor seal pups surpassed the 100 lg/L ww (Health
Canada 1984) benchmark value used in human
biomonitoring studies in Canada associated with subclinical symptoms of paresthesia in adults (CDC 2014),
while more than one quarter (28%) exceeded the higher
value of 200 lg/L ww associated with human clinical
symptoms of neurotoxicity (Clarkson and Magos 2006).
Our data indicate that [THg] in the hair and blood of
harbor seal pups exceeded established threshold guidelines
considered potentially toxic to both humans and mammalian wildlife in a proportion of pups sampled. These
results are consistent with previous studies in harbor seal
pups from central California for hair (Brookens 2006;
Brookens et al. 2007, 2008) and blood (Brookens 2006;
Brookens et al. 2007). Because harbor seals cannot modify
their diets to regulate exposure to Hg, determining the
harmful thresholds of Hg in this species is particularly
important, and can assist in guiding policy focused on
maintaining healthy, viable marine ecosystems. Furthermore, the overlapping range of hair and blood [THg] in
harbor seals corresponding to exposure guidelines for adult
and infant humans argues in support of continued studies

on the adverse effects of Hg exposures in harbor seals from
this region.

CONCLUSION
This study examined the potential effects of in utero mercury exposure, based on hair and blood [THg], on neurodevelopment in a wild-stranded population of harbor
seal pups using both quantitative and qualitative approaches. Blood [THg] was positively associated (P = 0.04)
with adverse neurological behaviors, while hair [THg] was
not. There were no significant associations between hair
and blood [THg] and the neurodevelopmental milestone
‘free-feeding’. Hair and blood [THg] in pups exceeded
threshold values considered both ‘‘unsafe’’ and potentially
toxic to humans and other mammalian wildlife species in a
large proportion of the population. Specific reasons for the
conflicting findings are not fully understood, however they
draw attention to the inherent difficulties associated with
wildlife behavioral study designs, even under captive conditions. Further improvements to study designs are underway and include increased sample sizes in both blood
and hair [THg] over multiple years to improve statistical
power and represent a large range of tissue concentrations.
Continued research efforts will provide valuable insights on
the regional impacts of Hg on local populations of wildlife,
and draw focus to the interdependence of prey resources
among humans and harbor seals. Pending further studies,
the incorporation of these data into predictive models and
assessments of Hg in humans may serve to improve our
understanding of the link between wildlife and human
health, and allow for a more holistic approach to remedial
efforts concerning environmental health-related issues
common to both.
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