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Methylmercury (MeHg) is a potent neurotoxin that is biomagnified
approximately 1–10 million-fold in aquatic carnivores such as the
Northern elephant seal (Mirounga angustirostris), whose excreta
and molted pelage, in turn, constitute a source of environmental
MeHg contamination at the base of marine food chains. The po-
tential for this top-down contamination is greatest in coastal areas
with productive marine ecosystems that provide ideal habitats for
large marine mammal colonies that can number in the thousands.
This recycling of MeHg was evidenced by comparing total mercury
(HgT) and MeHg concentrations in seawater, and HgT in molted
pelage of M. angustirostris, at the Año Nuevo State Reserve pin-
niped rookery with concentrations at neighboring coastal sites in
Central California. Seawater MeHg concentrations around the
rookery (average = 2.5 pM) were markedly higher than those at
the comparison coastal sites (average = 0.30 pM), and were as
high as 9.5 pM during the M. angustirostris molting season. As a
consequence, excreta and molts from this marine mammal colony,
and presumably other marine predator populations, constitute a
major source of MeHg at the base of the local marine food chain.
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Anthropogenic emissions have increased global atmospheric
mercury (Hg) deposition to the oceans three- to fivefold

since preindustrial times (1, 2). Although more than 95% of
industrial and natural inputs are inorganic forms of Hg [e.g.,
Hg(0) and Hg(II)], a small fraction of inorganic Hg is converted
by microbial activity to methylmercury (MeHg), an organic neu-
rotoxin that readily bioaccumulates in marine organisms and bio-
magnifies in food chains (3–5). As a result, MeHg concentrations in
high-trophic predators (i.e., piscivorous fish, birds, and marine
mammals) can reach levels that are physiologically detrimental to
them and that constitute a human health threat (6, 7).
Although most “hot spots” of contamination in coastal waters

are associated with local industrial inputs, the highest Hg con-
centrations initially detected in California’s Mussel Watch program
four decades ago (1977–1978) were at Año Nuevo State Reserve
(Fig. 1) (8). Año Nuevo hosts a relatively remote, protected
rookery for a multitude of pinniped species including Northern
elephant seals (Mirounga angustirostris), harbor seals (Phoca
vitulina), Northern fur seals (Callorhinus ursinus), California sea
lions (Zalophus californianus), Steller sea lions (Eumetopias jubatus),
and Guadalupe fur seals (Arctocephalus townsendi). The average
(mean ± 1 SD) Hg concentration in mussels (Mytilus californianus)
at Año Nuevo was 2.50 ± 0.52 μg·g−1 dry weight (wt.) (8). This value
was 5–35 times greater than Hg concentrations in mussels collected
from 42 other locations along the west coast of the continental
United States (0.07–0.55 μg·g−1 dry wt.). The exceptionally high Hg
levels in mussels were tentatively attributed to the excreta of marine
mammals colonizing Año Nuevo because of the relatively high Hg
concentrations found in California sea lion feces (0.80 μg·g−1)
collected at the site (8). However, that attribution could not
be substantiated because of the technical inability to accurately
measure Hg concentrations in seawater in the 1970s (9).

The objective of this study was to test the fundamental hy-
pothesis of top-down Hg contamination by comparing total Hg
(HgT) and MeHg concentrations in nearshore seawater at the
mainland Northern elephant seal rookery at Año Nuevo South
Beach with those of seawater from comparison sites not affected
by large marine mammal populations (Fig. 1). In addition, Northern
elephant seal molted pelage was analyzed for HgT to determine
whether the sloughed-off integument represented a potential source
of Hg to the local ecosystem.

Results
We found no measurably elevated HgT seawater concentrations
at Año Nuevo (sampled in May 2012 and February 2013) com-
pared with the nearby coastal sites that did not have large marine
mammal populations (sampled in April 2012; Table 1 and Fig. 2B).
Total Hg concentrations in surface seawater collected from the
sound end of the Año Nuevo mainland breeding rookery, where
the majority of Northern elephant seals were hauled out, ranged
from 3.1 to 34.0 pM and were comparable during the breeding
and molting seasons (Fig. 2B). This range was similar to con-
centrations observed at the comparison sites (9.2–41.7 pM),
where the highest HgT value was from the San Lorenzo River,
which passes through the city of Santa Cruz.
In contrast to the HgT concentrations at Año Nuevo that did

not vary seasonally, there were pronounced variations in near-
shore seawater MeHg concentrations at the Año Nuevo rookery
during the molting season (0.28–9.5 pM) compared with during
the breeding season (0.39–0.83 pM; Table 1 and Fig. 2A). Fur-
thermore, the MeHg concentrations from the rookery were sig-
nificantly higher during both seasons than the concentrations at

Significance

Mercury is a potent neurotoxin that accumulates in food webs,
posing a global threat to environmental health. Marine mam-
mals are common sentinel species for studying marine pollu-
tion; however, their potential role as vectors of contaminants
to local ecosystems has rarely been addressed. By quantifying
the concentration and chemical form of mercury in seawater
affected by Northern elephant seal (Mirounga angustirostris)
colonization, we demonstrated here that marine mammal be-
havioral ecology can substantially influence nearshore mercury
cycling. Elevated methylmercury (MeHg) levels in seawater
adjacent to the rookery during the molting season may become
bioavailable to lower trophic levels, indicating that large ma-
rine mammal assemblages represent an important source of
MeHg to nearshore food chains and coastal marine fisheries,
thereby threatening ecosystem health.
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the comparison sites (P < 0.05), which ranged from 0.16 to 0.41 pM
during spring and summer upwelling conditions (10), excluding the
Cove Beach station (0.50 pM), which is situated∼2 km down-current
from the rookery. For perspective, the average MeHg concentration
of the six comparison sites located outside of Año Nuevo State
Reserve (i.e., excluding Cove Beach) was 0.26 pM. This concentra-
tion is approximately half the average concentration of the six
breeding season sites (0.61 pM) and more than an order of magni-
tude lower than the average MeHg concentration of samples col-
lected from the rookery during the molting season (4.5 pM).
Northern elephant seal molted pelage samples (n = 3) col-

lected concurrently with seawater during the molting season in
May 2012 were analyzed for HgT. Mercury concentrations in the
sloughed off material ranged from 3.1 to 4.5 μg·g−1 dry wt.
(Table 1). These values are comparable to previously reported
Hg concentrations of the hair of Pacific harbor seals (2.96–
144.31 μg·g−1 dry wt.) (11), California sea lions (6.55–139 μg·g−1
dry wt.) (12), Australian fur seals (9.59 μg·g−1 dry wt.) (13), and
Southern sea lions (19.16 μg·g−1 dry wt.) (14). We assume the
vast majority of the HgT in molted pelage is organic Hg (e.g.,
MeHg), on the basis of previous studies that determined that
MeHg accounts for more than 80% (wt/wt) of the HgT in both
bat fur (15) and human hair (16, 17).

Discussion
In contrast to the original hypothesis that concentrations of all Hg
species measured (i.e., HgT and MeHg) in seawater adjacent to the
rookery would be elevated, there was no evident increase in HgT in
seawater at Año Nuevo (3.1–34.0 pM) compared with the coastal
waters sampled at sites not colonized by large populations of marine
mammals (9.2–41.7 pM). The range of HgT concentrations for all
three sampling events were comparable to previously reported HgT
concentrations for the San Francisco Bay estuary (0.73–440 pM)
(18), which is widely recognized for its sizable amount of historic
and ongoing sources of industrial Hg, indicating that all the sam-
pling sites in this study were relatively enriched in Hg.
Conversely, the elevated concentrations of MeHg in seawater

around the rookery relative to other coastal sites were substantial.
Northern elephant seals fast throughout their entire residence
time at Año Nuevo; thus, organic Hg inputs from M. angustirostris
feces were considered to be negligible year-round (19). Therefore,
the approximately twofold enrichment of MeHg in seawater
at Año Nuevo during the elephant seal breeding season was
presumably a result of the high concentrations of Hg in feces
excreted by the thousands of other pinnipeds and marine birds
inhabiting Año Nuevo Island, which lies adjacent to the mainland
elephant seal rookery across a 500-m channel (Fig. 1B) (20).
MeHg has been found to account for 45% (wt/wt) of the Hg
in seabird guano, which has an average HgT concentration of
0.11 μg·g−1 dry wt. (21). As previously stated, California sea lion
excrement has ∼0.80 μg·g−1 HgT dry wt. (8), a substantial percentage

of which is assumed to be MeHg (22). Presumably, there was also
a considerable input of Hg to nearshore waters from the degradation
of molted lanugo, or natal coat, shed by newborn elephant seal

Fig. 1. Nearshore seawater sampling locations.
(A) Locations of Año Nuevo and comparison sites
along the Central California coast. (B) Detailed
map showing the sampling stations at the south
end of the Año Nuevo mainland breeding rookery
during the 2012 Northern elephant seal molting
season (M1–M6) and 2013 breeding season (B1–B6),
as well as the Cove Beach Año Nuevo State Reserve
sampling site.

Fig. 2. MeHg and HgT in nearshore unfiltered seawater samples. (A) MeHg
concentrations for the Año Nuevo mainland rookery during the 2012 molting
season (M1–M6), 2013 breeding season (B1–B6), and Central California com-
parison sites. (B) HgT concentrations for the rookery during the 2012 molting
season, 2013 breeding season, and Central California comparison sites. Error
bars (±1 SD) indicate the sample was analyzed at least three times. HgT for B5
(1,650 pM) was considered contaminated and is not graphed.
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pups, which numbered more than 1,700 at Año Nuevo in 2010 (20).
Northern elephant seal lanugo has been found to contain an average
HgT concentration of 19.0 μg·g−1 wet wt. (23).
The even greater (∼17-fold) enrichment of MeHg in seawater

at Año Nuevo during the M. angustirostris molting season (0.28–
9.5 pM) was remarkable and exceeded the range of surface water
MeHg concentrations observed in the highly urbanized San
Francisco Bay estuary (<0.05–2.3 pM) (18). One route of elim-
ination for MeHg is direct secretion into keratinized structures
such as hair (22); therefore, we attribute the MeHg enrichment
to the large flux of Northern elephant seal integument to the
nearshore marine environment during the spring molting season
(19). Female and juvenile Northern elephant seals migrate to
rookeries each spring between April and June for an annual
molt, during which the entire pelage and underlying epidermis is
sloughed off in approximately 4 wk (24). The distinct increase in
average percentage MeHg to HgT (wt/wt) in seawater during the
molting season (24%) compared with the breeding season
(3.9%) and with the comparison coastal sites (2.0%) further
indicates that the molted pelage, which likely contained a high
concentration of MeHg, was the primary source of that Hg
enrichment (Table 1). This assertion is supported by other
studies, which report an elevated MeHg percentage in sedi-
ments with biological sources of Hg (21), whereas a lower
percentage of MeHg is typically associated with industrial and
anthropogenic sources of Hg contamination (1, 5, 25). For ex-
ample, storm water inputs containing 0.5–1.6% (wt/wt) MeHg
were a main source of Hg to the local watersheds of the San
Francisco Bay estuary (25).

The importance of MeHg inputs to Año Nuevo waters from
Northern elephant seals was confirmed by the HgT concentrations
in molted pelage samples (average = 3.6 μg·g−1 dry wt.),
which presumably contained >80% (wt/wt) MeHg (15–17).
Assuming the average mass of molted integument eliminated
from a 400-kg elephant seal is ∼13.5 kg (24), the 4,000 adult seals
present at the Año Nuevo rookery in 2010 (20) shed an esti-
mated 54,000 kg of pelage. This equates to an annual per capita
emission factor of 0.05 g MeHg per adult elephant seal. On the
basis of this estimate, we calculate that ∼0.2 kg organic Hg en-
tered the nearshore environment of Año Nuevo during that
molting season. To put that amount in perspective, the San
Francisco Bay covers ∼1,100 km2, drains 40% of the state of
California (26, 27), and receives an estimated annual load of 8.0 kg
MeHg from external sources such as rivers and point source dis-
charges (25). Conversely, the Año Nuevo State Marine Conservation
Area covers only 26.4 km2 (28), indicating that the magnitude of
annual inputs from pinniped colonization constitutes a relevant,
previously unaccounted for, source of MeHg to that marine reserve.
The exceptional addition of organic Hg from pinniped coloni-

zation is not unique to Año Nuevo. The 1977–1978 Mussel Watch
site yielding the second-highest Hg concentration (0.55 μg·g−1)
was at San Miguel Island, which hosted 27,000 marine mammals
and 24,000 birds during the 1975–1976 breeding season (8).
Therefore, it appears that similar processes are occurring at other
marine mammal rookeries with large numbers of defecating
and/or molting pinniped populations. In 2010, the San Miguel
Island rookery experienced 16,000 M. angustirostris births, making
it the largest Northern elephant seal rookery in the United States,

Table 1. HgT and MeHg concentrations in unfiltered nearshore seawater and in Northern elephant seal molted pelage

Site* HgT, pM† MeHg, pM† Percentage MeHg Date sampled

Año Nuevo molting season
M1 17.6 3.0 17 5/19/2012
M2 18.9 ± 0.5 3.0 16 5/19/2012
M3 22.1 5.8 26 5/19/2012
M4 11.4 5.3 46 5/19/2012
M5 34.0 9.5 28 5/19/2012
M6 3.1 0.28 9.1 5/19/2012
Average‡ 17.8 ± 10.4 4.5 ± 3.4 24 ±13

Año Nuevo breeding season
B1 17.7 ± 0.5 0.66 3.7 2/12/2013
B2 33.1 ± 1.6 0.62 1.9 2/12/2013
B3 10.9 ± 0.6 0.47 4.3 2/12/2013
B4 18.2 ± 0.5 0.83 4.6 2/12/2013
B5 (1,650)§ 0.39 ± 0.02 — 2/12/2013
B6 11.3 0.71 4.9 2/12/2013
Average‡ 18.2 ± 9.0 0.61 ± 0.2 3.9 ± 1.2

Comparison coastal sites
San Gregorio 13.5 0.17 1.3 4/15/2012
Pescadero 19.6 0.22 1.1 4/15/2012
Cove Beach 13.2 0.50 3.8 4/14/2012
Waddell 11.3 0.24 2.1 4/14/2012
Scott 17.3 0.16 0.9 4/14/2012
Younger 9.2 0.38 4.1 4/13/2012
San Lorenzo 41.7 0.41 0.9 4/13/2012
Average‡ 18.0 ± 11.0 0.30 ± 0.13 2.0 ± 1.4

HgT in elephant seal molt samples
Molt 1 4.5 μg·g−1 dry wt. 5/19/2012
Molt 2 3.1 μg·g−1 dry wt. 5/19/2012
Molt 3 3.3 μg·g−1 dry wt. 5/19/2012
Average‡ 3.6 ± 0.8 μg·g−1 dry wt.

*Site locations shown in Fig. 1.
†Samples that were analyzed at least three times are reported as the mean ± 1 SD.
‡Value represents the average ± 1 SD of all sites in that sampling event.
§HgT for sample B5 was contaminated and was not included in calculations or interpretations.
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followed by San Nicolas Island (11,000 births) and Santa Rosa
Island (6,000 births; 29). The Pacific coast of the United States also
hosts an estimated 238,000 California sea lions, 73,600 harbor
seals, and 9,400 Northern fur seals (30), all of which aggregate in
haulouts and breeding rookeries (19, 30–32), undergo an annual
molt (31), and have the potential to exacerbate nearshore Hg
budgets and MeHg cycling via top-down contamination. Accord-
ing to our preliminary calculations of Hg inputs from the molting
elephant seals at Año Nuevo, we estimate that the Northern
Hemisphere’s total M. angustirostris population, which was
∼210,000–239,000 in 2010 (29), is redistributing a total of 10–12 kg
of Hg to the nearshore environments of the 21 total rookeries sit-
uated in the United States and Mexico (20). Most notably, the
predominant proportion of that top-down contamination is MeHg
that readily bioaccumulates in organisms at the base of marine food
chains and then biomagnifies to potentially toxic levels in marine
piscivores (Fig. 3) (3, 4, 11–14).
Particle-bound MeHg in molted hair has the potential to be-

come bioavailable to lower trophic levels through multiple
pathways. We hypothesize that much of that Hg is reintroduced
to the base of the food web as the molts degrade. Pinniped hair
measures less than 200 μm in diameter (33) and can be directly
ingested by filter-feeding and particulate-feeding invertebrates
and planktivorous fish (34, 35). The digestive lining of fish has
been reported to be permeable to MeHg after ingestion of prey
and can then accumulate MeHg in all organs (36). Particulate
MeHg is also a major source of Hg to bivalves and other benthic
invertebrates because of its high assimilation efficiency from
ingested sediment-associated particles (37, 38). However, the
bioavailability of MeHg bound in keratinous material (e.g., hair
and feathers) during digestion is largely unknown and merits
future investigation because of its potential ecological relevance
for nearshore environments, such as that at Año Nuevo. In ad-
dition, accumulated organic matter in bottom sediments is a
main factor affecting net MeHg production (39); therefore, in-
puts of marine mammal excreta and sloughed epidermis may
enhance Hg methylation in nearshore sediment. Resuspension of
this sediment in the nearshore environment because of wave
action, coastal upwelling, storm events, and/or nearshore pinniped
activity may also mobilize particulate MeHg to the water column
(40), which has been established as a main driver of organic Hg
bioaccumulation in estuarine pelagic food webs (41).
This natural perturbation to the global Hg cycle is expected to

intensify with rising Hg concentrations in pelagic food webs (2) and
to geographically shift as marine mammal distributions respond to
changes in ocean climate and prey availability (42, 43). Because
marine mammals forage in biologically productive areas, their dis-
tribution is highly correlated with human fisheries that yield the
highest catch (42). Furthermore, these regions are often developed
and prone to persistent anthropogenic Hg inputs. For example, the
Central Coast of California, where Año Nuevo is situated, drains rich
agricultural regions, lies adjacent to a historic gold mining district
where millions of kilograms of Hg were used (27), and also supports
one-third of the world’s cetacean species and six pinniped species
(43). This juxtaposition of economic and biologic demands makes
prioritizing conservation efforts a complex challenge. Results from
the Año Nuevo study suggest the phenomenon of top-down con-
tamination at marine mammal haulouts and breeding grounds is an
important mechanism of MeHg transport from open ocean prey
stocks to coastal marine reservoirs. This component of coastal Hg–
food web dynamics and MeHg bioavailability warrants further scru-
tiny as we evaluate nearshore Hg budgets and implement marine
conservation strategies.

Materials and Methods
Unfiltered seawater samples were collected under a State Parks Scientific
Collecting Permit, following established trace metal clean protocols (44), and
then preserved with either bromine monochloride for HgT analysis, or

Fig. 3. Illustration of the conversion of inorganic mercury [Hg(II)] to MeHg by
anaerobic bacteria, biomagnification of MeHg at successive marine trophic lev-
els, and then reintroduction ofMeHg to the base of the food chain via top-down
contamination. Images are courtesy of the Environmental Molecular Sciences
Laboratory (EMSL), a Department of Energy Office of Science user facility at the
Pacific Northwest National Laboratory (anaerobic bacteria); Richard R. Kirby,
Secchi Disk project (phytoplankton); Maria Grazia Mazzocchi, Stazione
Zoologica Anton Dohrn, Italy (zooplankton); and FishWatch, National Oce-
anic and Atmospheric Administration (prey fish).
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sulfuric acid (H2SO4) for MeHg analysis, as outlined by Parker and Bloom
(45). Molt samples were freeze-dried, stored at room temperature, and
analyzed on a Milestone, Inc., Direct Mercury Analyzer (DMA-80) at the US
Geological Survey Woods Hole Coastal and Marine Science Center. Seawater
samples were analyzed for HgT in accordance with US Environmental Pro-
tection Agency Method 1631 Revision E, using a Tekran Model 2600 cold
vapor atomic fluorescence spectroscopy Mercury Analyzer (46). Environment
Canada’s Certified Reference Material for Hg in river water [ORMS-4 (ele-
vated mercury in river water certified reference material)], as well as sedi-
ment reference materials [IAEA-158 (International Atomic Energy Agency
marine sediment); IAEA-SL-1 (International Atomic Energy Agency lake
sediment); MESS-3 (marine sediment certified reference material for trace
elements and other constituents); PACS-2 (marine sediment certified refer-
ence material for trace metals and other constituents)], yielded concentra-
tions within their certified values. MeHg was determined in accordance with
US Environmental Protection Agency Method 1630 via distillation, purge

and trap (tenax), and gas chromatographic cold vapor atomic fluorescence
spectroscopy (47). Details regarding coastal seawater sampling and analysis
are described in Ganguli et al. (48).
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