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Methylmercury photodegradation influenced by
sea-ice cover in Arctic marine ecosystems

D. Point"?*, J. E. Sonke?, R. D. Day', D. G. Roseneau?, K. A. Hobson#, S. S. Vander Pol', A. J. Moors’,
R.S. Pugh', O. F. X. Donard® and P. R. Becker’

Atmospheric deposition of mercury to remote areas has increased threefold since pre-industrial times. Mercury deposition
is particularly pronounced in the Arctic. Following deposition to surface oceans and sea ice, mercury can be converted into
methylmercury, a biologically accessible form of the toxin, which biomagnifies along the marine food chain. Mass-independent
fractionation of mercury isotopes accompanies the photochemical breakdown of methylmercury to less bioavailable forms
in surface waters. Here we examine the isotopic composition of mercury in seabird eggs collected from colonies in the
North Pacific Ocean, the Bering Sea and the western Arctic Ocean, to determine geographical variations in methylmercury
breakdown at northern latitudes. We find evidence for mass-independent fractionation of mercury isotopes. The degree of
mass-independent fractionation declines with latitude. Foraging behaviour and geographic variations in mercury sources and
solar radiation fluxes were unable to explain the latitudinal gradient. However, mass-independent fractionation was negatively
correlated with sea-ice cover. We conclude that sea-ice cover impedes the photochemical breakdown of methylmercury
in surface waters, and suggest that further loss of Arctic sea this century will accelerate sunlight-induced breakdown of

methylmercury in northern surface waters.

ercury (Hg) deposition to remote environments has
I\/\ increased by a factor of 3+ 1 since pre-industrial times'.
Mercury levels are often enhanced in northern marine
wildlife species*™, posing a health risk for the people who regularly
consume these subsistence resources’. The view that the Arctic is a
sink for Hg emerged with the discovery of atmospheric Hg depletion
events that occur after polar sunrise®. Once deposited, a fraction
of Hg is re-emitted back to the atmosphere’® and a remaining
fraction can be methylated to produce neurotoxic methylmercury®
(MeHg). This organic form of Hg can be biomagnified and its
concentration in top predators is influenced by ecological processes,
including the length and structure of the food webs'®!!. Whereas a
cascade of processes might link global atmospheric Hg emissions to
Hg concentrations in Arctic biota, the contrasting spatiotemporal
trends that show an increase in Hg concentrations in biota in
the Canadian Arctic west of Greenland and a decrease east of
Greenland and around Iceland'? cannot be explained solely by net
atmospheric Hg deposition. Different Hg sources and/or climate
change effects on Hg biogeochemistry and food web structures
have been suggested as possible alternative factors underlying these
trends”!?. Our incomplete understanding of the coupling that exists
between the incorporation of Hg and its biomagnification in the
food chain and its geochemical cycle has limited our ability to
answer these questions.

Our present understanding of the global Hg cycle is based on
the spatial and temporal variations in concentrations of chemical
Hg species. Recent advances in mass spectrometry have allowed us
to investigate natural variations in the stable isotopic composition
of Hg and explore a new dimension of information on the

biological and physicochemical processes that relate Hg sources
to sinks'. Virtually all chemical transformations involving Hg,
such as photochemistry, abiotic and bacterial reduction, bacterial
demethylation, abiotic oxidation, evaporation, condensation and
human metabolism fractionate Hg isotopes as a function of isotope
mass'>'®. In addition, photochemical transformations of Hg
compounds may induce Hg isotopic variations that are independent
of isotope mass'®!?, a rare phenomenon that has previously been
observed in natural terrestrial processes only for the elements
oxygen and sulphur?*?!. Mass-independent fractionation (MIF) of
MeHg and inorganic mercury (iHg) during aquatic photoreduction
enriches the residual Hg pool in the odd Hg isotopes'®, whereas the
evading Hg" gas becomes depleted in the odd Hg isotopes'*. Hg
MIF signatures in natural samples were first observed as excess odd-
isotope anomalies in freshwater fish and invertebrates'®?2. Despite
suggestions that bacterial Hg methylation or in vivo fish metabolism
might cause MIF (refs. 22,23), experiments, field observations
and theoretical considerations indicate that biochemical MIF is
unlikely'>!7**, As a result, the uptake of residual aquatic iHg and
MeHg after MIF-inducing photoreduction'”'® remains the most
plausible explanation for the biological MIF anomalies. This implies
that the anomalies found in aquatic food webs provide direct
windows into Hg MIF variations in aquatic ecosystems.

Spatial variations in seabird egg Hg isotopic composition

We analysed cryogenically banked common murre (Uria aalge)
and thick-billed murre (Uria lomvia) eggs from three geographic
regions in Alaska (Fig. la) for mercury and nitrogen isotopes.
Murres remain in the northern latitudes year-round and Alaskan
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Figure 1| Common and thick-billed murre colony locations and sea-ice conditions at the beginning of the 2002 breeding season. a, The colonies include
Cape Lisburne (CLIS) in the Chukchi Sea; St Lawrence (STLW), St George (STGE) and Bogoslof islands (BOGO) in the Bering Sea; and East Amatuli
(EAAM) and St Lazaria islands (STLA) in the Gulf of Alaska (see Supplementary Table S1). Numbers of samples analysed from the colonies are shown in
parentheses, and the dashed circles show the maximum 170 km foraging range around them. Sea-ice concentrations (%) show the relative amounts of ice
in 25 km by 25 km blocks in late March 2002. b, Murres breeding at northern latitudes stage and forage in the open lead systems shown in the

inset pictures.

birds winter in the Bering Sea and Gulf of Alaska?~*’. Gulf of Alaska
murres usually winter along the gulf’s shelf break and in bays and
inlets of this region, and begin returning to the region’s nesting
colonies up to six to eight weeks before they lay eggs®*?*. Most of
the murres nesting in the northern Bering and eastern Chukchi seas
winter in and near the southern Bering sea-ice front and also return
to their respective northern breeding locations well before they

lay eggs””. When these birds arrive, the waters near their colonies
are still covered by ice, and as a result, they stage and forage in
the open lead systems (Fig. 1b) for several weeks. Murres lay large
single eggs that have been identified as key tissues for monitoring
contaminants, particularly Hg, in northern latitudes®?. Egg Hg
contents (essentially MeHg; refs 31,33) reflect the female’s dietary
exposure during egg formation**.
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The even-mass isotopes 198, 200 and 202 exhibited
mass-dependent fractionation (MDF) in the egg samples, as
illustrated in a §*°Hg versus §**Hg isotope diagram (Fig. 2a).
Odd-mass isotopes ’Hg and °'Hg, diagrammed for §2°' Hg versus
8?2Hg in Fig. 2b (see Supplementary Fig. Sla for §"Hg), show MIF
in all the samples. The observed deviation from the MDF line, as
expressed in A?°'Hg notation® (Fig. 2c, see Supplementary Fig. S1b
for A Hg) shows that paired §°*?Hg and A*°'Hg clearly separate
murres geographically. Noticeably lower average MIF values were
found above the Arctic Circle in the eastern Chukchi Sea (A*'Hg of
+0.48%0£0.08%0; mean % s.d., n=>5), compared with the southern
Bering Sea and Gulf of Alaska (A*'Hg of +0.92%0 % 0.12%;
mean =+ s.d., n =12, and +1.00%0 % 0.09%0; mean =+ s.d., n =24,
respectively). Murres are capable of foraging as far as 170 km from
their nesting colonies®, but our study sites were separated by
distances that were greater than this, with the exception of St George
and Bogoslof islands (Fig. 1a). This is a strong indication that the
trends and differences found in MeHg isotopic composition in
the murre eggs did not result from overlaps in foraging areas, but
were more likely related to other factors, including ecological and
biogeochemical processes and/or differences in mercury sources.

Role of seabird foraging ecology and climate

Murre diets traced by §'°N, and converted to trophic level by
normalizing for geographical §'°N baselines (see Supplementary
Method S1), clearly indicate differences in foraging behaviour
among regions (Fig. 3). Murres nesting at colonies in the southern
Bering Sea, where invertebrates play an important role in their
diets®, occupied a lower trophic level than the Gulf of Alaska
and Chukchi Sea birds, where fish are the primary prey*®*. These
differences influence Hg exposure and transfer, especially at the
more southern colonies, where trophic level noticeably influenced
egg Hg concentrations (Fig. 3a). In contrast, the colonies as a
whole showed a weaker, but still noticeable trend, because of
lower Hg levels in the eggs of birds nesting at more northern
latitudes, particularly birds nesting in the eastern Chukchi Sea
(Cape Lisburne). This may reflect differences in Hg concentrations
in the local food webs or differences in food web structure.

Hg MDF (Fig. 3b) seemed to be particularly sensitive to ecologi-
cal effects, with §*°?Hg increasing overall by 1.36%0=0.35%q (s.e.m.)
per trophic level for all colonies (1.56%0 % 0.28%¢ (s.e.m.) for
colonies at more southern latitudes), similar to the findings of other
published food web studies'”?2. Conversely, Hg MIF parameters
did not seem to be influenced by foraging behaviour at the more
southern latitudes, or among the colonies as a whole (Fig. 3c).
This indicates there is a low probability of in vivo biochemical MIF
during Hg trophic transfer and metabolism events'>'”. Moreover,
egg Hg MIF tends to decrease with increasing latitude (Fig. 4 and
Supplementary Table S1: A**'Hg (and A’ Hg) decreased by 0.43 %o
between 54° and 69° north). Murres nesting at northern latitudes
at the eastern Chukchi Sea and northern and southern Bering Sea
colonies overwinter in the same general region of the southern
Bering Sea”. Therefore, the lower egg Hg MIF patterns found in
the birds nesting at the northern colonies are probably acquired on
their breeding grounds. This implies that northern and southern
ecosystems have distinct Hg MIF (A?°'Hg) signatures. At present, it
is understood that the substantially positive MIF signatures (A**'Hg
reported up to 5%o; ref. 18) of marine and freshwater aquatic
organisms are the result of surface water photochemical iHg and/or
MeHg photoreduction, followed by uptake and bioaccumulation
along the food chain'*'7184° Therefore it is likely that the latitudinal
MIF gradient may be geochemically controlled by surface ocean
photochemistry conditions. However, the possibility must be
considered that geographic variations in atmospheric source MIF
signatures are responsible for the latitudinal MIF gradient. The
atmospheric deposition of Hg in Alaskan marine environments
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Figure 2 | Mercury three-isotope diagrams illustrating variations in
mercury MDF and MIF in murre eggs. a-c, §202Hg plotted against §2°0Hg
(@), 29"Hg (b) and A29Hg (c). See Fig. 1for legend. The dashed lines in
a and b represent the theoretically predicted MDF based on the

§202Hg values3®. Mercury 8'°?Hg and A'°?Hg information is shown in
Supplementary Fig. S1. The dotted lines in b and ¢ show the regression
trends for the birds breeding at northern latitudes (eastern Chukchi Sea)
and southern latitudes (southern Bering Sea and Gulf of Alaska). The
uncertainties reported for the samples are the external reproducibility
(h=7) of the method used for NIST Murre Egg Control Material
QCO4-ERM1 (£0.26%0, 20, s.d. for §202Hg, and £0.10%0, 20,

s.d. for A20THg).

reflects well-mixed northern hemispheric Hg emissions. Asian
emissions are estimated to represent up to 20% of Alaskan Hg
deposition*!. Alternatively, modelled contribution estimates of
anthropogenic Hg contributions to North Pacific ocean dissolved
Hg amount to only 9% (ref. 42). Regional variations in coal Hg MIF
exist, for example A% Hg 0f0.04%0£0.16%0, —0.34%0=£0.19%0 and
—0.13%04+0.12%¢ (mean = s.d.) for Chinese, Russian and North
American coal, respectively*. However, in spite of these marked
variations in coal A**'Hg, any latitudinal variations in coal-related
Hg deposition in northern environments seem too small in
magnitude to explain the 0.43%o gradient found in egg A*'Hg.
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Figure 3 | Ecological effects on mercury MDF and MIF in murre eggs.

a-c, Influence of trophic levels (colony mean + o, s.d.) on Hg
concentrations (colony mean =+ o, s.d.) (@), Hg MDF (§2°2Hg, colony mean
+ 0, s.d.) (b) and Hg MIF (A2°'Hg, colony mean =+ o, s.d.) (c) for murre
egg sampling events (see Supplementary Table ST for details and Fig. 1 for
legend). The trophic levels of the eggs were estimated from §"°N
measurements made on the samples using the method reported by Hobson
and co-workers3® and corrected for §'°N baseline shifts (see
Supplementary Method S1). Solid lines show the regression trends for the
southern Bering Sea and Gulf of Alaska eggs, and dashed lines show the
regression trends for all colonies.
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Figure 4 | Effect of latitude on mercury MIF. Colony mean A2°"Hg (+0,
s.d.) for common and thick-billed murre eggs collected at different latitudes
in the Gulf of Alaska and Bering and Chukchi seas (see Fig. 1 for legend).

Climatic factors that may potentially influence aquatic Hg
photochemistry across the latitudinal gradient are radiation fluxes
and ice cover. Solar radiation fluxes differ partly because of
geography and local climate in the western Gulf of Alaska
(annual average 111 W m™2), Bering Sea (122 W m~?) and eastern
Chukchi Sea (104 W m™?; ref. 44). Expressing egg Hg MIF against
the radiation flux for the different colonies does not show a
consistent trend, whether using radiation flux estimates expressed
on an annual basis or on a seasonal basis covering April-
June (arrival at breeding grounds until most eggs were laid,
see Supplementary Fig. S4). This indicates that solar radiation
fluxes might not be the dominant cause of the Hg MIF
latitudinal trend. Large amounts of ice are still present in the
Chukchi and northern Bering seas when murres arrive and begin
occupying their nesting colonies (Fig. 1), and average egg Hg
MIF values are correlated with the ice cover (expressed on a
% concentration, Fig.5). Sea ice is a proven barrier to Hg
exchanges between the oceanic and the atmospheric reservoirs®.
We therefore propose that the continuous decrease in egg
MeHg MIF with increasing latitude predominantly reflects the
negative feedback of sea-ice concentration on net photochemical
degradation of MeHg.

Hg Mass-independent fractionation and photochemistry

The relative magnitude of A"Hg and A?'Hg anomalies may
identify the different MIF mechanisms involved'*. Experimental
aquatic iHg and MeHg photoreduction produced A'**/?' Hg slopes
of 1.00 and 1.36, respectively'®. The agreement between this
experiment and recently reviewed iHg and MeHg MIF anomalies
in natural samples that define A/?°'Hg slopes of 1.03 4 0.03
(s.e.m.) and 1.30%0.02 (s.e.m.), respectively'*, indicates that Hg
photochemistry may be the primary source of these anomalies in
the environment. Although complementary iHg photoreduction
experiments have shown a possible A”/?'Hg slope variation, we
assume iHg photoreduction in the natural environment generally
follows the observed A!*/2'Hg reference slope of 1.03 (ref. 14).
Freshwater and marine fish MeHg contents with A'/2'Hg of
1.30 are therefore thought to originate from aquatic MeHg that
has been partly photodegraded'*!®. This A!**/?'Hg signature is
then preserved in the food chain when MeHg is assimilated by
primary producers and biomagnified up the food chain. Figure 6
shows that A*'Hg and A'”Hg for MeHg in murre eggs have a
regression slope of 1.3 that indicates MeHg photodegradation to
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Figure 5 | Influence of sea ice on egg mercury MIF. Influence of 2002
sea-ice concentrations on Hg MIF A2°"Hg (colony mean + ¢, s.d.) in
common and thick-billed murre eggs (see Fig. 1 for legend). Seasonal ice
concentration values represent the three-month mean condition (+o, s.d.)
from the arrival at the breeding grounds in early April until most eggs were
laid in late June. Sea-ice values for the colonies integrate the 170 km
foraging distance around the nesting locations (that is, the maximum
foraging range shown by the dashed circles in Fig. 1a).

be the dominant MIF-inducing reaction regardless of the statistical
method used (ordinary least squares: 1.26%0 £ 0.06%0 (s.e.m.);
York regression, taking into account uncertainties in x and y:
1.33%0 £ 0.06%0 (s.e.m.)). Recent work on Hg MIF in Arctic
snow driven by sunlight was shown to induce large negative snow
A'Hg down to —5.3%0 during an atmospheric mercury depletion
event (AMDE) and subsequent photochemical Hg re-emission
at Barrow (Chuckchi Sea shore, Alaska, USA; ref. 46). On the
assumption that this single AMDE event is representative of Arctic
snow Hg photochemistry, and that murre eggs record a potential
snowmelt Hg pulse, then seasonal sea-ice melting would potentially
release Hg with highly negative A'’Hg to the surface ocean. The
AY/2'Hg relation that accompanied snow Hg photoreduction
was 1.07 £0.04%o (s.e.m.; ref. 46). On the basis of our observed
murre egg MeHg AY¥/?'Hg of 1.3, we suggest that net AMDE
Hg deposition has not greatly impacted MeHg dynamics in the
Alaskan marine system. Finally, post-emission transformations of
Hg in the atmosphere may potentially induce MDF and MIF. Gratz
and co-workers*” observed positive Hg MIF in wet precipitation,
with A®Hg ranging from +0.04 to +0.52%o, and co-located
vapour phase Hg with A Hg of —0.16 to +0.3%o. Although an
exact oxidative or reductive atmospheric MIF mechanism could
not be identified, the overall precipitation/vapour A'**/?'Hg of
0.89+0.21% (s.e.m.) is different from our observations.

Anticipated effects of climate change on the Arctic Hg cycle
The magnitude of MeHg MIF in murre eggs can potentially
be used as a proxy for sea-ice cover (see Supplementary Fig.
S5). In addition, photochemical MeHg degradation can be
quantified from the observed egg MeHg A?*'Hg and A'*Hg by
applying extrapolated MeHg photoreduction MIF fractionation
factors to marine MeHg/DOC ratios (see Supplementary Method
S2). Translating latitudinal MeHg MIF variations into MeHg
photodegradation results in an approximate degradation increase
from 8% to 16% when moving from the 90% ice-covered Cape
Lisburne colony towards the 0% ice-covered Gulf of Alaska
colonies. This indicates that the anticipated disappearance of Arctic
sea ice in the twenty-first century might lead to a net increase in
photochemical MeHg degradation by ~8% (with an associated 50%
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Figure 6 | Odd-isotope anomalies in A2°"Hg versus A'*?Hg space. The
solid and dashed lines show the A199/201Hg s|opes associated with natural
iHg and MeHg photoreduction respectively, based on experiments'® and a
literature survey' (see Fig. 1for legend). The dash-dot line represents the
York regression trend for all samples. The uncertainties reported for the
samples are the external reproducibility (n=7) of the method used for
NIST Murre Egg Control Material QCO4-ERM1 (£0.11%, 20, s.d. for
A"?Hg, and £0.10%0, 20, s.d. for A20THg; see Supplementary Table S2b).

uncertainty, see Supplementary Method S2). In other words, an
additional 4%-12% of the bioavailable marine MeHg pool might
photodegrade in the absence of sea ice. Although this potential
outcome is only a preliminary finding, it can still be used to estimate
a first order of magnitude effect of climate change on a key abiotic
process in the Arctic Hg cycle.

Our suggestion that marine MeHg MIF varies with ice cover
provides the basis for using Hg MIF as a tracer for both ice
cover and surface ocean photochemistry, and this tracer can be
used on both recent and geological timescales. As the presence
and melting of ice influences Arctic and sub-Arctic food web
productivity, structure and species movements, warming in the
Arctic will perturb ecosystems. As a result, MeHg MDF and MeHg
MIF can be used to evaluate food web structures, and species
movements and distribution in relation to ice cover, and this may
prove to be a useful tool that can be used to help monitor changes
in polar ecosystems in warming environments.

Methods

Sample collection. Common and thick-billed murre (U. aalge and U. lomvia) eggs
were collected from colonies in the Chukchi and Bering seas, and Gulf of Alaska
during 1999-2002 (Fig. 1 and Supplementary Table S1). As noticeable temporal
trends for Hg concentrations and isotopic compositions were not present in the St
Lazaria eggs over the three sampling years, we pooled the data from this Gulf of
Alaska nesting location. All of the egg samples were collected, processed and banked
in the Marine Environmental Specimen Bank in Charleston, South Carolina, using
previously described protocols and procedures*®.

Mercury concentrations. Total Hg concentrations (based on wet mass) in

egg contents were determined using isotope dilution cold vapour inductively
coupled plasma mass spectrometry®!. Accuracy was checked against NIST Standard
Reference Material SRM 2976 (Mussel Tissue) and NIST QC04-ERMO1 (Murre Egg
Control Material), a perfect matrix-match in-house control material. No statistical
differences were observed from the certificate values. Reproducibility was less than
0.6% difference for the NIST QC04-ERMO1 replicates (n=4).

Mercury stable isotope measurements. Mercury isotopic compositions are
expressed in § notation and reported in parts per thousands (%o) deviation
from the NIST SRM 3133 standard, which was determined by sample-standard
bracketing according to the following equation:

8**Hg(%o0) = [((**Hg/"*Hg)sample/ **Hg/**Hg)sra3133) — 1171000
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