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Climate change and overfishing increase
neurotoxicant in marine predators
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More than three billion people rely on seafood for nutrition.
However, fish are the predominant source of human exposure to
methylmercury (MeHg), a potent neurotoxic substance. In the
United States, 82% of population-wide exposure to MeHg is from
the consumption of marine seafood and almost 40% is from fresh
and canned tuna alone'. Around 80% of the inorganic mercury (Hg)
that is emitted to the atmosphere from natural and human sources is
deposited in the ocean?, where some is converted by microorganisms
to MeHg. In predatory fish, environmental MeHg concentrations
are amplified by a million times or more. Human exposure to
MeHg has been associated with long-term neurocognitive deficits
in children that persist into adulthood, with global costs to society
that exceed US$20 billion®. The first global treaty on reductions
in anthropogenic Hg emissions (the Minamata Convention on
Mercury) entered into force in 2017. However, effects of ongoing
changes in marine ecosystems on bioaccumulation of MeHg in
marine predators that are frequently consumed by humans (for
example, tuna, cod and swordfish) have not been considered when
setting global policy targets. Here we use more than 30 years of
data and ecosystem modelling to show that MeHg concentrations
in Atlantic cod (Gadus morhua) increased by up to 23% between the
1970s and 2000s as a result of dietary shifts initiated by overfishing.
Our model also predicts an estimated 56% increase in tissue MeHg
concentrations in Atlantic bluefin tuna (Thunnus thynnus) due to
increases in seawater temperature between a low point in 1969 and
recent peak levels—which is consistent with 2017 observations.
This estimated increase in tissue MeHg exceeds the modelled 22%
reduction that was achieved in the late 1990s and 2000s as a result
of decreased seawater MeHg concentrations. The recently reported
plateau in global anthropogenic Hg emissions® suggests that ocean
warming and fisheries management programmes will be major
drivers of future MeHg concentrations in marine predators.

The exploitation of fisheries in the northwestern Atlantic Ocean for
hundreds of years has led to large fluctuations in herring, lobster and
cod stocks, which has altered the structure of food webs and the avail-
ability of prey for remaining species®. We synthesized more than three
decades of ecosystem data and MeHg concentrations in seawater, sed-
iment and biological species that represent five trophic levels from the
Gulf of Maine, a marginal sea in the northwestern Atlantic Ocean that
has been exploited for commercial fisheries for more than 200 years.
These data were used to develop and evaluate a mechanistic model for
MeHg bioaccumulation that is based on bioenergetics and predator-
prey interactions (see Methods), to better understand the effects of
ecosystem changes and overfishing®.

A comparison of simulated MeHg concentrations based on extensive
analysis of the stomach contents of two marine predators (Atlantic cod
and spiny dogfish, Squalus acanthias) in the 1970s and 2000s reveals
that the effects of shifts in trophic structures caused by overfishing
differed between these two species (Fig. 1a, b). In the 1970s, cod con-
sumed 8% more small clupeids than in the 2000s as a consequence

of the overharvesting and reduced abundance of herring’. Simulated
tissue MeHg concentrations in cod (larger than 10 kg) in the 1970s were
6-20% lower than for cod consuming a diet typical of the 2000s that
relied more heavily on larger herring, lobster and other macroinver-
tebrates’. The 1970s diet for spiny dogfish when herring were limited
included a higher proportion (around 20%) of squid and other ceph-
alopods, which exhibit higher MeHg concentrations than many other
prey fish. In contrast to cod, simulated MeHg concentrations in spiny
dogfish were 33-61% higher in the 1970s than in the 2000s, when they
consumed more herring and other clupeids’. These results illustrate
that perturbations to the trophic structure of marine organisms from
overfishing can have contrasting effects on MeHg concentrations across
species. Such changes must therefore be assessed before concluding
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Fig. 1 | Modelled effects of ecosystem change on MeHg concentrations
in Atlantic cod and spiny dogfish. a, b, Differences in modelled

MeHg concentrations in Atlantic cod (a) and spiny dogfish (b) based

on a diet typical of the 1970s (dotted line) and the 2000s (solid line).
Prey preferences for each time period were derived from the stomach
contents of more than 2,000 fish”. ¢, d, Modelled changes in fish MeHg
concentrations (relative to a diet typical of the 2000s) that result from

a temperature increase of 1°C; a shift in diet composition driven by
overfishing of herring (represented by 1970s prey preferences when this
last occurred); an assumed 20% decline in seawater MeHg concentration;
the combination of both an increase in temperature and a decrease in
seawater MeHg; and the simultaneous combination of all three factors.
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Fig. 2 | Effects of seawater warming in the Gulf of Maine on tissue MeHg
concentrations in ABFT. a, Modelled seawater MeHg concentrations

over time. The model is based on measured MeHg concentrations

between 2008 and 20107 and scaled by modelled temporal changes in
seawater Hg'2. b, Measured temperature anomaly in seawater in the Gulf
of Maine®. The shaded grey area indicates the projected future change.

¢, Modelled MeHg tissue concentrations in 14-year-old ABFT based on
changes in seawater MeHg concentrations (dashed line), and based on the

that temporal trends in biological MeHg concentrations reflect shifts
in environmental Hg contamination.

Northward migration of the Gulf Stream and decadal oscillations in
ocean circulation have led to unprecedented seawater warming in the
Gulf of Maine between a low point in 1969 and 2015, which places this
region in the top 1% of documented seawater temperature anomalies®.
Both laboratory and field mesocosm data have demonstrated that rising
temperatures lead to increases in MeHg concentrations in estuarine
and freshwater fish>'°, but the magnitudes of potential changes in wild
species are poorly understood. The effects of seawater warming are
complicated by the narrow temperature niches of many marine fish
species, which we account for in our food web model (see Methods).
Seawater warming of greater than 1-2°C can lead to shifts in preferred
foraging territory to higher latitudes or deeper in the water column,
which alters the availability of prey for remaining species''.

The effects of ecosystem changes on MeHg bioaccumulation vary
across species and are not additive for predatory fish because of feeding
relationships and bioenergetics at lower trophic levels. We modelled
the changes in MeHg tissue concentrations in Atlantic cod and spiny
dogfish that would result from increases in seawater temperature,
declines in seawater MeHg concentrations and shifts in trophic struc-
ture due to overfishing (Fig. 1c, d). Experimental data indicate that
MeHg uptake by most marine algae is not sensitive to variability in
seawater temperature® and therefore our modelling analysis accounts
for temperature-driven changes in MeHg at higher trophic levels, from
zooplankton to predatory fish.

For a 15-kg Atlantic cod, our model predicts that an increase of 1°C
in seawater temperature relative to the year 2000 would lead to a 32%
increase in simulated tissue MeHg concentrations. A shift in trophic
structure characteristic of overexploited herring fisheries would result
ina 12% decrease in fish MeHg. In the absence of ecosystem changes,
simulated fish MeHg concentrations shift proportionally to seawater
MeHg concentrations. If we assume that seawater MeHg concentra-
tions decline by approximately 20% as a consequence of reductions
in Hg loading, the combination of all three factors simultaneously
results in a 10% decrease in tissue MeHg concentrations for Atlantic
cod (Fig. 1¢).

For a 5-kg spiny dogfish, our model estimates that a tempera-
ture increase of 1°C would result in a 70% increase in tissue MeHg
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combined effect of changes in seawater MeHg concentrations and seawater
temperature anomaly (solid line). The symbols indicate means of observed
concentrations in multiple fish: new data for ABFT that were captured

in 2017 (n = 33) are shown as a star; previously published data!®18-20 are
shown as crosses!® (n = 83), a square'® (n = 14), a triangle' (n = 3) and

a circle?® (n = 5). Sample size (1) represents the number of independent
fish; s.d. and statistics are provided in Extended Data Table 3. d, Changes
in MeHg concentrations in ABFT that are due to temperature only.

concentrations, and that switching to a diet that is characteristic
of low herring abundance would lead to a 50% increase in fish MeHg.
When combined with the assumed 20% decline in seawater
MeHg concentrations, the model predicts a 70% increase in tissue
MeHg concentrations for dogfish (Fig. 1d). Owing to a large reduction
in Hg releases from wastewater and declines in atmospheric deposi-
tion of Hg in North America'>!?, seawater MeHg concentrations in
the northwestern Atlantic Ocean are presumed to have declined since
the 1970s (Fig. 2a). Our results help to explain why temporal changes
in tissue MeHg concentrations in the Gulf of Maine have been mixed
across species, despite declining inputs of Hg to the marine environ-
ment since the 1970s'%.

We used historical temperature records to further investigate the
effects of recent temperature changes on MeHg bioaccumulation in
Atlantic bluefin tuna (ABFT), another important marine predator
(Fig. 2). No time-series data on seawater MeHg are available, so we
extrapolated measured concentrations using information on emissions
in North America and projected total Hg concentrations in seawater
(see Methods). Increases in seawater temperature coincide with puta-
tive declines in seawater MeHg concentrations (Fig. 2b).

The implications of changes in seawater MeHg concentrations
(Fig. 2a) and seawater temperature (Fig. 2b) in the Gulf of Maine for
tissue MeHg concentrations in 14-year-old ABFT (250 4 23 cm
length!* (mean = s.d.)) are illustrated in Fig. 2. The dashed line in
Fig. 2c shows the changes in MeHg in ABFT tissue that result from
changing seawater MeHg only, and the solid line shows the combined
influence of changes in seawater MeHg and temperature. Without
including the effects of temperature, shifts in MeHg concentrations
in ABFT lag peak seawater MeHg concentrations by five years, and
the amplitude of the peak is dampened relative to seawater (Fig. 2c,
dashed line). Historical temperature oscillations result in an additional
lag of six years in maximum MeHg concentrations in ABFT (Fig. 2c,
solid line), and reduce the standard error of the modelled tissue MeHg
concentrations in ABFT compared to observations (Fig. 2¢c, symbols)
from 120 ng g~! (Fig. 2c, dashed line) to 95 ng g~ (Fig. 2c, solid line).

Both the model and observations indicate that a large decline in
MeHg concentrations in ABFT occurred after the late 1980s and early
1990s (Fig. 2c). The modelled decrease from peak to low concentrations
is equivalent to a 23% decline in tissue MeHg concentrations (Fig. 2c).



Observed concentrations in 14-year-old ABFT from the Gulf of Maine
show a 31% decrease between 1990 and 2012. Our model results sug-
gest that 25-40% of tissue MeHg decreases in the 1990s are attributable
to temperature decreases over this decade (Fig. 2d).

Modelled effects of continued warming in the Gulf of Maine
suggest a reversal of previous declines, and projected increases of
almost 30% in 2015 that are sustained into 2030 (Fig. 2d). Between
2012 and 2017, observations are consistent with model trends and show
a statistically significant increase in MeHg (Fig. 2) of more than 3.5%
per year in ABFT (one-way ANOVA, P < 0.05). These results illustrate
the large effects on bioaccumulative toxicants in marine food webs that
are expected as a result of climate-driven changes in marine ecosystems.

Global anthropogenic emissions of Hg have been relatively stable
since approximately 2011 In North America and Europe, aggressive
Hg regulations that began in the 1970s have successfully reduced or
phased out most large Hg sources, and global emissions are now driving
atmospheric Hg trajectories in the Northern Hemisphere. This means
that future changes in tissue concentrations of MeHg in pelagic marine
predators such as ABFT and Atlantic cod in the Gulf of Maine will be
strongly influenced by further shifts in seawater temperature and prey
availability. Biotic MeHg concentrations in other marine regions are
likely to be similarly affected by widespread shifts in trophic interactions
and seawater temperature. A two-pronged regulatory effort that involves
reductions in the emissions of both greenhouse gases and Hg is therefore
needed to reduce MeHg concentrations in pelagic predators. Notably,
regulations that aim to reduce air pollution caused by carbon-intensive
fuel sources (such as coal-fired utilities) also have the co-benefit of bring-
ing about large reductions in anthropogenic Hg releases'.

Atmospheric Hg concentrations in the Northern Hemisphere
declined by approximately 30% between the mid-1990s and 2000s, as
a result of successful reductions in emissions from coal-fired utilities,
industry and waste incinerators, and the phasing out of Hg in many
commercial products in the United States and Europe'*. Previous studies
have suggested that these and other regulations have led to corre-
sponding declines in tissue Hg concentrations in ABFT and bluefish
(Pomatomus saltatrix) in the Atlantic Ocean'>!%, Despite these benefits,
recent regulatory proposals in the United States threaten to overturn
rules that regulate mercury releases from coal-fired utilities and pro-
posals to curb carbon emissions. Climate change is likely to exacer-
bate human exposure to MeHg through marine fish, suggesting that
stronger rather than weaker regulations are needed to protect ecosystem
and human health.
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METHODS

Mercury concentration data in fish. Many studies report total Hg rather than
MeHg in fish tissue. Extensive data on total Hg and MeHg concentrations in
pelagic, demersal and benthic food webs of the Gulf of Maine were collected
between 2000 and 2002°. We used the measured MeHg fraction (90%) to scale
total Hg values for ABFT. For lower trophic levels with variable MeHg concentra-
tions we relied on direct MeHg measurements. Size-fractionated phytoplankton
and zooplankton samples were obtained on research cruises and zooplankton spe-
cies were identified and separated by a plankton ecologist. These data are shown
in Extended Data Table 1. Fish and shellfish data are summarized in Extended
Data Table 2. Trophic levels were determined from stable nitrogen isotopes (5'°N)
measured in the same samples.

Mercury concentrations in apex predators were compiled from several sources.
A previous study?! reported total Hg in swordfish (Xiphias gladius) from the west-
ern Atlantic Ocean (n = 192) with corresponding weights. Another research team
measured total Hg in n = 1,279 ABFT harvested from the Gulf of Maine'®. Length
(cm) and body weights (kg) were available for all tuna and used to estimate age,
which ranged from 9 to 14 years. Data from this study' were converted from
dressed weight to whole weight by multiplying dressed weight by 1.25.

Temporal data on MeHg concentrations in ABFT harvested from the Gulf
of Maine were compiled from several sources, for fish lengths (250 + 23 cm
(mean =+ s.d.)) and ages that correspond to approximately 14-year-old fish
(Extended Data Table 3). For 1971 (n = 5)*° and 2002 (n = 3)", 14-year old fish
were identified based on reported length. For 1990, reported fish ages (n = 14)
ranged between 8 and 15 years'$. For 2004-2012, MeHg concentrations in 14-year-
old ABFT harvested from the Gulf of Maine were reported in a comprehensive
study'®. ABFT tissue from individual fish harvested in 2017 from the Gulf of Maine
were analysed for Hg in this study and are reported in Extended Data Table 3.
Food web bioaccumulation model. Measured MeHg concentrations in the north-
western Atlantic Ocean (Extended Data Fig. 1a) show characteristic increases
across more than five trophic levels (derived from §'°N)!°. However, MeHg con-
centrations in swordfish and ABFT are underpredicted by the linear relationship
between log[MeHg] and §'°N. The slope of this relationship is known as the trophic
magnification slope, and this parameter has been used to assess global patterns in
biomagnification of MeHg in freshwater ecosystems?2. However, the factors that
govern variability in trophic magnification slopes across ecosystems are poorly
understood, and their application to marine ecosystems is further complicated by
potential shifts in baseline §'°N for migratory species such as ABFT and sword-
fish?*. We therefore developed a new mechanistic model for biomagnification of
MeHg in marine food webs as a function of ecosystem properties®.

We parameterized the mechanistic model for MeHg bioaccumulation to the
food web that was characteristic of the Gulf of Maine in the early 2000s (Extended
Data Fig. 2), and evaluated predicted tissue MeHg concentrations against meas-
urements compiled previously for that period!®. We then applied the evaluated
model to simulate the effects of measured temperature anomalies and documented
shifts in trophic structure on MeHg concentrations in predatory fish. The model
can be run deterministically, using the central estimate of all parameter values, or
stochastically, to capture variability in seawater MeHg, dissolved organic carbon
(DOC), prey consumption and other parameters.

The food web model includes three size classes for phytoplankton (picoplankton
(0.2-2.0 pm), nanoplankton (2-20 pm) and microplankton (20-200 pm)); small
(herbivorous) and large (omnivorous) zooplankton; macroinvertebrates; and fish.
The lower (plankton) food web model has been described in detail previously®.
In brief, our model simulates changes in MeHg uptake by phytoplankton due to
varying seawater MeHg concentrations, differences in the composition of phyto-
plankton communities and varying DOC concentrations. The relative abundance
of different size classes of phytoplankton is based on empirical relationships with
surface concentrations of chlorophyll a®. Monthly average concentrations of chlo-
rophyll a for the Gulf of Maine were derived from measurements collected at eight
stations between 1997 and 2001°.

Phytoplankton MeHg concentrations are modelled based on passive uptake of
MeHg from seawater (driven by cell surface-to-volume ratios and DOC concen-
trations), because experimental data show that MeHg uptake by most phytoplank-
ton species is not sensitive to seawater temperature®. This parameterization has
previously been used to explain phytoplankton MeHg concentrations across
a range of ecosystems in the northwest Atlantic’. DOC concentrations meas-
ured in the Gulf of Maine (n = 82) are log-normally distributed (81 + 15 pM
(mean =+ s.d.))®. Seawater MeHg concentrations are based on previous measure-
ments'” in the upper 60 m of the water column in the Gulf of Maine. Measured
MeHg concentrations ranged between 0.015 and 0.055 pM and an average of 7%
of the total Hg was present as MeHg. Sediment MeHg concentrations are based
on those reported previously'? in integrated 15-20-cm grab samples of surface
sediment (n = 95) from the Gulf of Maine that were collected between 2000 and
2002 (0.44 + 0.32 pmol g~! (mean =+ s.d.)).

Time-dependent simulations for ABFT are based on measured MeHg concen-

trations in seawater'” between 2008 and 2010, scaled by the trajectory in total Hg
concentrations in the surface ocean between 1950 and 2030. Total Hg concentra-
tions in the North Atlantic surface ocean were modelled using historical data on
atmospheric Hg emissions®* and a global geochemical model with resolved ocean
basins**?. The annual concentrations (in pM) of MeHg in seawater that were used
to force the time-dependent bioaccumulation simulation are shown in Extended
Data Table 4. We used records of sea surface temperature (Extended Data Table 5)
for the Gulf of Maine from 1950 to 2015® to simulate temperature-driven changes
in MeHg in ABFT (Extended Data Table 6).
Evaluation and sensitivity analysis of the food web model. A comparison of mod-
elled and observed MeHg concentrations in ABFT as a function of size revealed
that measurements were substantially underestimated (n = 1,195 observations, 3%
within the 67% model confidence interval) when standard bioenergetics algorithms
for energy expenditure, prey consumption and growth were used (Extended Data
Fig. 1b, dashed line). Most bioaccumulation models assume that fish activity levels
are constant?. This results in a decreasing proportion of energy that is expended
for respiration as fish weight increases. By contrast, migratory distance and energy
expenditures for pelagic marine fish increase as they grow and swim more rap-
idly*”?%. Wild activity, particularly for migratory fish, is difficult to measure and
thus rarely incorporated into estimates of consumption rates. Accurate consump-
tion rates for fish in the wild are needed to model bioaccumulative contaminants
such as MeHg. To account for these factors, we used swimming speed-, mass- and
species-dependent activity multipliers (see Supplementary Information).

Increasing the migratory energy expenditure of ABFT on the basis of established
relationships with body size and swimming speed results in a shift in the expected
mean of the model to match the central tendency of observations (Extended Data
Fig. 1b, solid line). After accounting for migratory energy expenditure, the 95%
confidence interval of probabilistically simulated MeHg concentrations in ABFT
captures 90% of the observations. The probabilistic simulation includes distribu-
tions for variable seawater MeHg, DOC, MeHg assimilation efficiencies and prey
selection (Extended Data Table 7, Supplementary Information). Electronic tagging
data show that western ABFT and swordfish spend a large fraction of their lifespan
in shallow waters (<200-m depth) near the eastern coastline of North America®,
where measured MeHg concentrations'”*! range from 0.03 to 0.06 pM. The mod-
elled upper and lower bounds for MeHg and DOC concentrations measured in the
northwestern Atlantic Ocean capture 99% of the observed MeHg concentrations in
ABFT. These results indicate a good model performance for ABFT when migratory
energy expenditure is included.

Prey consumption by most species is restricted by their body size—
specifically, by the width of their mouth gape. This constrains the predator-
to-prey length ratio to approximately 9:1, which we use in our standard
model®2. For swordfish, observed MeHg concentrations (n = 156)2! are
underpredicted by both the standard bioenergetics model (Extended Data
Fig. 1c, dashed line) and the model adjusted for increased migratory energy
expenditure (Extended Data Fig. 1c, dotted line). Only 5% of observations fall
within the 67% model confidence interval.

Swordfish are known to slash and knock out prey of a larger size than that
predicted by their mouth-gape width®*. The primary prey for swordfish at
maturity are cephalopods, which catch larger prey using their tentacles and are
thus also less constrained by body size. Better agreement between modelled
MeHg concentrations and observations is achieved by adjusting allowable
predator-to-prey length ratios®>** to account for the larger prey sizes consumed
by swordfish and cephalopods (Extended Data Fig. 1c, solid line). Model results
show that 29% of the observations fall within the 67% confidence interval of the
probabilistic simulation (orange shaded region in Extended Data Fig. 1¢; 57%
within the 95% model confidence interval). Simulating the upper and lower
envelope of predator-to-prey length ratios (ratios from 10:1 to 2:1; yellow region
in Extended Data Fig. 1c) captures 98% of the observations. Following these
adjustments for apex predators, our results indicate excellent performance
(R? = 0.92) of the bioenergetics model for MeHg bioaccumulation® compared
to observations!® across five trophic levels in the Gulf of Maine food web
(Extended Data Fig. 1d).

Reporting summary. Further information on research design is available in
the Nature Research Reporting Summary linked to this paper.

Data availability
All data and model algorithms are available in the Extended Data and
Supplementary Information.

Code availability
All model code is available at the following link: https://github.com/SunderlandLab/
foodweb_bioaccumulation_model.
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Extended Data Fig. 2 | Feeding relationships in the Gulf of Maine marine food web. Trophic interactions for the Gulf of Maine food web that are
included in our MeHg bioaccumulation model.
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Extended Data Table 1 | MeHg in Gulf of Maine plankton

Category Dominant Size Mass MeHg Trophic
[mm] [a] [ng o] Level*
Microplankton Pleurosigma sp. 0.025-0.063 6.5x108 0.13+£0.10 1.0
Thalassionema nitschioides
Streptotheca sp. 0.063-0.12 1.1x10% 0.17+0.13 1.0
Rhizosolenia alata 0.12-0.25 8.2x10% 0.32+0.16 2.6
Oithona sp.
Mesoplankton Calanus sp. 0.25-0.50 6.5x105 0.48+0.32 2.8
Calanus finmarchicus (copepodites) 0.5-1.0 5.2x104 0.58+0.19 2.7
Macroplankton Calanus finmarchicus 1.0-2.0 4.2x103 1.41£0.72 3.1
(adults)
Calanus hyperboreus 2.0-4.0 3.4x102 2.0+1.2 3.4
Nekton Meganyctiphanes norvegica 4.0-8.0 0.27 4.3+1.3 3.4
Meganyctiphanes norvegica 8.0-16 2.1 5.5+1.9 3.4
Pasiphaea multidentata >16 17 14 +11 3.9

MeHg concentrations (ng g~!; mean + s.d.) measured in Gulf of Maine plankton between 2000 and 20021°. Plankton were collected yearly with 3-5 tows and sieved for size fractions. Macroplankton,
ichthyoplankton and nekton were collected yearly with 4-5 Vass-Tucker trawls!®.
*Trophic level (TL) was estimated previously'®as TL = 1 + (6!°N + 0.03)/3.4.



Extended Data Table 2 | MeHg in Gulf of Maine fish and shellfish
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Category Species Mass MeHg n Trophic
[ka] [ng g1 Level*
Invertebrates Blue mussel Mytilus edulis 0.005+0.001 5.3+1.1 12 3.1
Sea scallop Placopecten magellanicus 0.04+0.03 6.9+1.5 8 3.1
American lobster Homarus americanus 0.34+0.03 28+11 10 4.6
Benthic Winter flounder Pseudopleuronectes 0.22 15+7.8 14 4.4
Yellowtail flounder Limanda ferruginea 0.55+0.17 23+8.7 14 4.5
Benthopelagic Pollock Pollachius virens 0.41+0.48 15+5.4 10 4.6
Haddock Melanogrammus anglefinus 0.46+0.28 18+11 16 4.8
Cod Gadus morhua 1.5%1.2 27114 19 4.7
White hake Urophycis tenuis 1.1£0.40 24110 8 5.0
Cunner Tautogolabrus adspersus 0.12+0.02 75428 9 5.2
Spiny dogfish Squalus acanthias 1.410.80 84+27 16 4.2
Pelagic Atlantic Herring Clupea harengus 0.15+0.050 40125 15 4.5
Atlantic Mackerel Scomber scombrus 0.16+0.080 17+5.3 14 4.6
Swordfish Xiphias gladius 100£30 5801240 11 3.8
Atlantic Bluefin Thunnus thynnus 340+30 710140 5 3.7
Tuna
Thresher Shark Alopias vulpinus 560 1800 1 4.7

MeHg concentrations (ng g~!; mean + s.d.) measured in Gulf of Maine fish and shellfish between 2000 and 2002'°.
=Trophic level (TL) was estimated previously!® as TL = 1 + (5!°N + 0.03)/3.4.
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Extended Data Table 3 | MeHg in Gulf of Maine ABFT

Capture Mean MeHg+t Standard deviation Pairwise = Sample size (n) Data source
year (ng g-! wet weight) Comparisoni
1971 593 144 a 5 19
1990 992 144 f 14 18
2002 637 96.1 ac 3 16
2004 822 254 de 15 15
2005 652 147 ac 9 15
2006 815 199 de 10 15
2007 792 182 de 7 15
2008 755 198 bed 8 15
2009 580 - a 1 15
2010 777 214 cde 9 15
2011 614 195 ab 12 15
2012 689 123 ad 13 15
2017 809 277 ef 33 This study$

MeHg concentrations (ng g~!; mean + s.d.) measured in ABFT that were captured in the Gulf of Maine between 1971 and 2017. All fish are approximately 14 years old or have a curved fork length of
250 + 23 cm!4 (mean + s.d.).

tMeHg was estimated as 90% of total Hg on the basis of previously published measurements!®.

#A one-way ANOVA was used for each ABFT cohort to investigate the statistical significance of differences in fish MeHg concentrations between years (P < 0.05). Common letters indicate groups with
no significant difference in between-group comparisons (post hoc analysis using Tukey’s test). Statistical analysis was performed in R (v.3.4.3).

8Dorsal or cranial muscle tissue from ABFT that were captured in the Gulf of Maine in 2017 was freeze-dried and homogenized. Total Hg content was measured using a Nippon MA-3000 direct thermal
decomposition Hg analyser at Harvard University. Average recoveries of certified reference materials were 104.0 & 0.6% (mean + s.d.) (TORT, n = 5) and 102.2 4+ 1.7% (mean =+ s.d.) (DORM-4, n = 8).
The relative precision of duplicate samples (RPD) was 3.1%.



Extended Data Table 4 | Modelled changes in seawater MeHg in the Gulf of Maine
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Year MeHg (pM) Year MeHg (pM) Year MeHg (pM) Year MeHg (pM)
1950 0.049 1970 0.061 1990 0.052 2010* 0.044
1951 0.049 1971 0.062 1991 0.052 2011 0.044
1952 0.048 1972 0.063 1992 0.051 2012 0.044
1953 0.048 1973 0.063 1993 0.050 2013 0.044
1954 0.048 1974 0.064 1994 0.050 2014 0.045
1955 0.048 1975 0.064 1995 0.049 2015 0.045
1956 0.048 1976 0.063 1996 0.049 2016 0.045
1957 0.048 1977 0.063 1997 0.048 2017 0.045
1958 0.049 1978 0.062 1998 0.048 2018 0.046
1959 0.049 1979 0.061 1999 0.047 2019 0.046
1960 0.050 1980 0.060 2000 0.047 2020 0.046
1961 0.051 1981 0.059 2001 0.046 2021 0.046
1962 0.052 1982 0.058 2002 0.046 2022 0.047
1963 0.053 1983 0.057 2003 0.045 2023 0.047
1964 0.054 1984 0.057 2004 0.045 2024 0.047
1965 0.055 1985 0.056 2005 0.045 2025 0.047
1966 0.056 1986 0.055 2006 0.045 2026 0.047
1967 0.057 1987 0.054 2007 0.044 2027 0.048
1968 0.059 1988 0.054 2008* 0.044 2028 0.048
1969 0.060 1989 0.053 2009* 0.044 2029 0.048

Seawater MeHg concentrations that were used to force modelled changes in MeHg tissue concentrations in ABFT.

#Time series is based on average measured concentrations!” in the upper 60 m of the Gulf of Maine between 2008 and 2010 (grey shaded cells) and scaled by the trajectory in modelled total Hg in
seawater between 1950 and 20302425,
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Extended Data Table 5 | Changes in seawater temperature in the Gulf of Maine

Year 1981 1982 1983 1984 1985 1986 1987 1988 1989
oT -0.35 -0.08 0.43 0.29 0.06 -0.17 -0.65 -0.49 -0.24
Year 1990 1991 1992 1993 1994 1995 1996 1997 1998
oT 0.15 0.07 -0.73 -0.23 0.26 0.04 -0.83 -0.32 -0.37
Year 1999 2000 2001 2002 2004 2004 2005 2006 2007
oT 0.82 0.5 0.24 0.74 -0.14 -0.73 -0.04 0.58 -0.14
Year 2008 2010 2011 2012 2013 2013 2014 2015 2016
ST 0.2 0.29 0.89 0.81 2.1 1.23 1.16 1.17 1.23
Year 2017 2018 2019 2020 2021 2022 2023 2024 2025
ST 1.17 1.17 0.96 1.00 1.04 1.08 1.12 1.16 1.20
Year 2026 2027 2028 2029 2030

ol 1.24 1.28 1.32 1.36 1.40

Deviation (67) from average seawater temperature (7,°C) in the Gulf of Maine. Grey shading indicates projected temperatures. Data are from a previous study®.



Extended Data Table 6 | Food web model algorithms

Parameter Unit Description Equation or Value
dc; ngg’ Change in concentration of MeHg in predator {kp + ky — (kg + kg)} - C;
dt species (i)
kp a’ MeHg dietary uptake rate Cj
Ag - X; T
i
ky a’ MeHg water/gill ventilation uptake rate v
O
13 13
kg d’ MeHg elimination rate ag - MPe - eCET)
ke a7 MeHg growth dilution rate G
M;
t d time variable
M; g wet weight of predator fish (i) Modeled based on bioenergetics equations
Ag unitless dietary MeHg absorption efficiency Uniformly distributed between 0.75 and 0.95
X; a’ Rate of consumption of prey (j) Species-specific model parameter
G concentration of MeHg in prey species (j) Modeled
Gy Ld’ gill ventilation/ water filtration rate 14 (M; - 1073)065
Cox
n unitless absorption efficiency for MeHg from seawater (A r )‘1
+ —
Kow
ag a’ MeHg elimination rate slope 0.00335
by unitless MeHg elimination rate intercept -0.195
cg unitless temperature coefficient 0.0066
G gd’ growth rate Modeled based on bioenergetics equations
T T seawater temperature Extended Data Table 5
Cox mg Oz L dissolved oxygen concentration as a function of (—0.24 - T + 14.04) - Spx
temperature
Sox unitless oxygen saturation of the water column 0.9
A unitless constant 1.87
r unitless constant 155
Kow unitless octanol-water partition coefficient for CHsHgClI 1.7

Model algorithms for MeHg accumulation in marine predators. Additional background information is provided in the Supplementary Information and in our previous study®.
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Extended Data Table 7 | Trophic interactions in the food web model
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