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SCIENCE FOR SOCIETY Climate change is altering primary production and plankton biomass in the global
ocean, which in turn will influence the formation and bioaccumulation of the neurotoxin methylmercury
(MeHg). Here we use a model to project how changes in the ocean impact MeHg. Results show an almost
doubling of seawater MeHg in the polar oceans and a decrease in the North Atlantic Ocean due to changes
in primary productivity. Phytoplankton MeHg may increase at high latitudes and decrease in the mid- and
low-latitude oceans due to the shifts in phytoplankton communities. Ocean acidification might enhance the
MeHg uptake by phytoplankton by promoting the growth of a small species that efficiently accumulates
MeHg. Simulated changes in zooplankton MeHg differ from phytoplankton due to complex grazing relation-
ships. These effects thus need to be considered when evaluating future trajectories of biological MeHg con-
centrations, including marine fish and shellfish that are consumed by humans.

SUMMARY

Climate change-driven alterations to marine biogeochemistry will impact the formation and trophic transfer
of the bioaccumulative neurotoxin methylmercury (MeHg) in the global ocean. We use a 3D model to examine
how MeHg might respond to changes in primary production and plankton community driven by ocean acid-
ification and alterations in physical factors (e.g., ocean temperature, circulation). Productivity changes lead
to significant increases in seawater MeHg in the polar oceans and a decrease in the North Atlantic Ocean.
Phytoplankton MeHg may increase at high latitudes and decrease in lower latitudes due to shifts in commu-
nity structure. Ocean acidification might enhance phytoplankton MeHg uptake by promoting the growth of a
small species that efficiently accumulate MeHg. Non-linearities in the food web structure lead to differing
magnitudes of zooplankton MeHg changes relative to those for phytoplankton. Climate-driven shifts in ma-
rine biogeochemistry thus need to be considered when evaluating future trajectories in biological MeHg con-
centrations.

INTRODUCTION webs with the largest magnification between seawater and

plankton.”® The first global treaty aimed at reducing anthropo-

Mercury (Hg) is a global toxicant of concern. Its organic form,
monomethylmercury (CH3Hg), has been associated with neuro-
cognitive deficits in children and impaired cardiovascular health
in adults.”? In most countries, human CHzHg exposure occurs
predominantly through seafood consumption, and thus cycling
of CHzHg in the ocean is of great interest.>* CHzHg in the ocean
is mainly formed in situ from atmospherically deposited inor-
ganic Hg.>® CHzHg efficiently bioaccumulates in marine food
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genic Hg releases (the Minamata Convention) entered into force
in 2017 (http://mercuryconvention.org). Evaluating the effective-
ness of this treaty requires diagnosing the roles of anthropogenic
Hg emissions and climate-driven changes for future CH3Hg
exposures.

Excess radiative forcing associated with climate change is
leading to increases in global sea surface temperature and
altered ocean circulation, with secondary effects on nutrient
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and light availability.” Higher atmospheric CO, concentrations
also lead to elevated carbonic acid and a lowering of seawater
pH or ocean acidification (a projected drop of about 0.4 pH units
by 2100).'° These changes are expected to substantially alter
spatial patterns in primary productivity, carbon remineralization,
and phytoplankton community structure,’®'" thus indirectly
affecting CHsHg accumulation in food webs.'? In particular,
ocean acidification is expected to change spatial patterns in
plankton community composition. '’

Understanding the effects of climate change on CHzHg forma-
tion in the marine environment is limited. Booth and Zeller'® pre-
dicted an increase in seawater total methylmercury [MeHg, the
sum of CHzHg and (CHjz).Hg] concentrations in a future climate
because they assumed inorganic Hg methylation would be
enhanced by warmer ocean temperatures.’® Many studies
have shown MeHg formation in the marine water column is asso-
ciated with the activity of heterotrophic,'®~'® and the expression
of the key Hg methylating genes, hgcAB, has been found across
all ocean basins.'®?° It has been widely suggested that climate
change will exacerbate MeHg production in the future, as higher
temperatures facilitate organic carbon remineralization.® %2’

The effects of climate change on CH3Hg uptake at the base of
marine food webs are similarly uncertain. Jonsson et al.?* sug-
gested that increases in terrestrial dissolved organic matter
(DOM) discharges from rivers may elongate the trophic structure
of estuarine food webs, leading to higher CHzHg concentrations.
However, in open ocean regions, DOM concentrations are much
more uniform and will not be subject to the same magnitudes of
changes as the shelf and slope.?® Schartup et al.® showed that
shifts in phytoplankton community composition due to changing
ecosystem productivity alter CHzHg uptake at the base of ma-
rine food webs. As some ecosystems become less productive,
phytoplankton communities favor smaller species with larger
cell surface area-to-volume ratios that facilitate nutrient and
CH3Hg uptake.”*® Prior work has assumed that uptake rates for
CH3Hg increase in warmer seawater.'>?*?> However, experi-
mental data collected by Lee and Fisher’ did not show a signif-
icant change in CH3Hg uptake at higher seawater temperatures
for most marine phytoplankton species. Instead, the cell surface
area-to-volume ratio appears to be the most important factor
driving CH3Hg uptake by phytoplankton,? illustrating the impor-
tance of potential shifts in phytoplankton community structure.

Impacts of climate-driven changes on CHzHg bio-
accumulation are known to propagate to higher trophic-level
fish.?® Prior modeling efforts have assumed a temperature-
dependent increase in the grazing flux for herbivorous
zooplankton under a warmer climate.®2° Alava et al.?® reported
such bioenergetic shifts will result in an approximately 12% in-
crease in CH3zHg concentrations in zooplankton in 2100 under
the RCP 8.5 scenario (a high emission scenario often referred
to as “business as usual”).”” However, these studies did not
consider regional shifts in phytoplankton community structure
in a warmer environment that would affect the grazing flux for
herbivorous zooplankton, which depends on the biomass of
both phytoplankton and zooplankton.!' These changes also
potentially influence the food web dynamics of CHzHg.

Here we examine the effects of future changes in ocean
biogeochemistry on CHzHg concentration in seawater and its
bioaccumulation at the base of the marine food webs. We simu-
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late seawater MeHg concentrations and CHszHg uptake by ma-
rine food webs using a global 3-dimensional model (MITgcm-
Hg).® The model is driven by the output (e.g., carbon remineral-
ization, plankton biomass, and grazing fluxes) of an ecosystem
model (Darwin) that was used to simulate the ecological
response to climate change in a “business as usual” emissions
scenario over the 21st century.'® We perform three simulations:
(1) a baseline simulation, in which MITgcm-Hg is driven by the
output of the Darwin model for the year 2000; (2) a simulation
for the year 2100, in which MITgcm-Hg is driven by the projection
of the Darwin model as a consequence of changing ocean tem-
perature, circulation, and sea-ice cover (i.e., physical changes) in
2100. We also explore the effects of changing ocean biogeo-
chemistry on MeHg driven by ocean acidification. We do this
by conducting (3) a simulation with both physical changes as in
(2) and also with pH changes simulated in the work by Dutkiewicz
et al.’® The difference between simulation 2 and 3 is attributed to
ocean acidification and is referred to as “ocean acidification
only” results. The impact of other climate-change factors (i.e.,
difference between 2 and 1) is referred to as “physical factors
only” results, and the combined effects of all above-mentioned
factors (i.e., difference between 3 and 1) are referred to as “all
factors” results. We hold both the anthropogenic and natural
emissions of Hg constant for the year 2010, as well as the current
day circulation for MITgcm-Hg, to diagnose the sensitivity of the
changing ocean biogeochemistry and ecology of the future
ocean (see Experimental procedures for details).

RESULTS AND DISCUSSION

Changing MeHg concentrations in seawater

We focus on MeHg concentrations because most observational
studies report the sum of CH3Hg and (CHg).Hg in seawater.
Modeled seawater MeHg concentrations for the upper 100 m
of the water column (surface ocean) in the year 2000 (52 + 55
fM) are consistent with available observations (67 + 73 fM) during
1990-2015 (Figure 1A, data are from Zhang et al.,° Bowman
et al.,”® and references therein). The modeled concentrations
at peak MeHg level depth in the subsurface ocean (350 + 310
fM, typically 300-500 m depth) also agree with observations
(290 + 280 fM, Figure 1B). For the year 2100, MITgcm-Hg sug-
gests a 9% increase for the global mean seawater MeHg con-
centrations in the surface ocean (Figure 1G) and 6% decrease
at the peak MeHg depth (Figure 1H) as a result of changing
ocean biogeochemistry and ecology due to all factors. However,
the directionality and magnitude of the projected changes differ
substantially for different ocean regions and driving factors (Fig-
ures 1C-1F and Table 1).

First, we discuss the impacts of physical factors. In the surface
ocean, the model suggests a decline in seawater MeHg concen-
trations in 2100 in the North and Tropical Atlantic Ocean (33%
and 29%, respectively, Figure 1C). This reflects the reduced sup-
ply of nutrients projected by the Darwin model due to enhanced
ocean stratification and changes in seawater circulation, which
decreases primary production and carbon remineralization
associated with Hg methylation.® In 2100, increases in stratifica-
tion and reduced nutrient supply, as projected by the Darwin
model, result in a shift in the phytoplankton community structure
toward smaller size classes (such changes in community
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Figure 1. Projected changes in seawater MeHg concentrations in 2100

Modeled seawater MeHg concentrations in the year 2000 ([A] and [B]) and simulated changes in the year 2100 due to shifts in physical factors only ([C] and [D]),
ocean acidification only ([E] and [F]), and all factors together ([G] and [H]). Left panels ([A], [C], [E], and [G]) show the top 100 m of seawater, and right panels ([B], [D],
[F], and [H]) show concentrations (changes) at the depth of peak seawater MeHg levels. Superimposed circles on (A) and (B) are observations summarized in

Zhang et al.° and Bowman et al.?®

structure are typically simulated in climate change marine
ecosystem models; e.g., Bopp et al.,” Steinacher et al.,*° Mar-
inov et al.®). This diminishes export production at 100 m depth
by 20%.°

Seawater MeHg concentrations in the surface ocean are pro-
jected to increase in both the Arctic (87%, except for the region
adjacent to the North Atlantic Ocean) and southern (130%)
oceans in the year 2100 due to physical factors (Figure 1C).
The Darwin model projects that increasing seawater tempera-
ture and altered light environment in the 21st century in the polar
regions lead to higher primary productivity and carbon reminer-
alization.’® The MITgecm-Hg model suggests that this could
potentially increase surface ocean MeHg concentrations (Fig-
ures 1C and Table 1). Such changes are also likely to be affected
by declines in inorganic Hg as the substrate for methylation due
to enhanced oceanic evasion in ice-free waters®' = and a po-

tential increase in riverine discharge of inorganic Hg and
MeHgz from the terrestrial environment due to thawing perma-
frost.**” However, these changes cannot be quantitatively
evaluated as the climate impacts on sea-ice fraction, permafrost
dynamics, and riverine Hg discharge are not included in the
MITgecm-Hg model.

In contrast to the surface ocean, modeled global mean MeHg
concentrations at peak depth are projected to slightly decrease
by 6% in 2100 due to physical factors (Figures 1D and S1). How-
ever, the modeled changes are spatially heterogeneous with in-
creases or almost no changes over iron-limited regions: e.g., the
Southern Ocean (14%) and Tropical Pacific (—4%), as primary
production and carbon remineralization over these regions in-
crease as projected by the Darwin model.'® Declines in subsur-
face seawater MeHg concentrations are projected for all regions
that are limited by dissolved inorganic fixed nitrogen: e.g., North
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Table 1. Percentage regional responses to different driving factors in 2100 relative to the present-day conditions

Plankton®
Seawater® Phytoplankton Zooplankton
Basins surface max diatom syn pro small large BCF' ZMF9
Arctic —8° -5 —66 48 169 —36 21 —75
6° 1 45 53 —133 —12 14 -9
-3¢ —4 —22 101 35 —48 35 -84
—33 -30 —61 —29 —40 -39 —77 20 —60
NA 4 2 -13 17 —60 22 -8 7 -12
—-29 —28 —75 -1 —100 -17 —85 28 -72
—-29 —-17 —42 —48 —28 —61 —57 29 -25
TA 4 1 -27 27 —72 13 -3 —45 13
—25 —-17 —69 —21 —100 —48 —61 —-16 -12
—1 0 -1 9 -15 -5 —6 -2 0
SA 9 1 —-20 54 —85 65 —-20 12 -12
8 1 -30 64 —100 60 —26 11 —-12
-5 —6 -15 —-13 -10 —14 —-17 17 -6
NP 8 0 —-17 29 —-90 41 -10 -19
—6 —-32 16 —100 27 27 -2
—4 —4 —24 -18 —-15 -20 —36 2 -5
TP 5 1 —31 280 -85 15 -18 —54 25
1 —4 —55 262 —100 -5 —53 —52 21
-7 -15 27 -8 5 —14 -32 15 -1
SP 11 4 —23 64 —105 73 -2 —55 39
4 -1 -50 56 —100 58 —33 -39 28
1 -3 -7 0 —11 —20 -10 12 -9
Indian 11 2 —-28 77 -89 25 -8 —-22 —-11
12 -1 -35 77 —-100 5 -18 -10 -19
68 14 61 163 —43 164 —26 23
S 7 0 41 118 —57 —-37 12 —41
75 14 102 281 —100 127 -13 —18
2 -7 -8 13 —14 —23 —-35 7 —26
Global 7 1 —-11 64 —86 25 —-12 —36 1
9 -6 -19 77 —-100 3 —47 -29 —24

The global ocean is divided into nine basins: Arctic, NA (North Atlantic), TA (Tropical Atlantic), SA (South Atlantic), NP (North Pacific), TP (Tropical Pa-
cific), SP (South Pacific), Indian, and S (Southern) Oceans. Blank values indicate too little biomass to calculate robustly.

2For MeHg.

PFor CH3Hg.

°Changes due to physical factors only.
9Changes due to ocean acidification only.
°Changes due to all factorsy.

Defined as the ratios of the CHzHg concentration in all phytoplankton divided by that in seawater.
9Defined as the ratio of the CHzHg concentration in herbivorous zooplankton divided by that in phytoplankton.

Atlantic (30%), Tropical Atlantic (17%) (Figure 1D and Table 1).
This reflects the modeled reduced remineralization of carbon
at the subsurface ocean due to a decline in carbon export,10
which is used to parameterize microbial activity affecting
MeHg formation. The modeled decline in carbon export is driven
by less primary production and enhanced efficiency of carbon
remineralization at shallower depths due to warmer tempera-
tures (see discussion in Kwon et al.®®). Although the subsurface
maximum MeHg concentrations in the Arctic Ocean are
predicted to decrease by 8% in 2100 due to physical factors (Ta-
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ble 1), excluding the part influenced by the North Atlantic Ocean
results in an increase of 10%, reflecting the competing effect of
projected increased primary production and enhanced carbon
remineralization in subsurface waters.

We now consider the effect of ocean acidification. On a global
mean basis, the surface seawater MeHg concentrations are
simulated to increase by 7% due to ocean acidification only in
the year 2100. This reflects modeled higher growth rates of
most phytoplankton due to the CO; fertilization effect,**° which
increases carbon remineralization, bacterial activity, and
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modeled MeHg formation. Modeled impacts of ocean acidifica-
tion on seawater MeHg concentrations are fairly uniform across
the global ocean (Figure 1E). The relative increase in MeHg con-
centrations is close to the mean growth rate increase in phyto-
plankton growth in response to elevated pCO, (partial pressure
of CO;, in seawater, 6%) simulated by the Darwin model.'®

The modeled impacts of ocean acidification on seawater
MeHg concentrations at peak depth are much smaller than
physical factors (Figures 1F and S1). Increased pCO, was
modeled to elevate phytoplankton growth and primary produc-
tivity leading to more export production by the Darwin model'®
but only a negligible (1%) increase in concentrations at peak
MeHg depth. The modeled impact of ocean biogeochemistry di-
minishes with depth due to the continuous decrease of reminer-
alization rate for sinking particles,”’ which is associated with Hg
methylation (e.g., Sunderland et al.'®). Moreover, despite large
spatial and temporal variability, the average lifetime of MeHg in
the surface ocean (top 100 m) and subsurface ocean (100-
1000 m depth) is approximately 20 days and 7 years, respec-
tively, compared with 70 years in the deep ocean below 1000-
m depth.® Longer lifetimes of MeHg in deep waters (>1000-m
depth) mean concentrations represent a cumulative function of
historical in situ production and degradation as well as isopycnal
and diapycnal transport over a longer time compared with sur-
face and subsurface waters.®

CHsHg in phytoplankton

We focus on only CH3Hg in the marine food web because the po-
tential of (CH5).Hg to bioaccumulate has not been established.*
The modeled CH3Hg in phytoplankton generally agrees with
available observations at present day (Figures 2 and S2).° The
global average CH3Hg reservoirs in phytoplankton in 2100 are
projected to increase by 19% as a result of all factors of climate
change, with no appreciable change due to physical factors
(—0.7%) and larger changes attributable to ocean acidification
(20%) (Figure 2). This increase is mainly driven by a projected in-
crease in the biomass of the phytoplankton species, Synecho-
coccus, in a lower pH environment (Figures 2G and S4, Dutkie-
wicz et al.'®). Experimental studies suggest that the size of
phytoplankton cells is the most important factor for the uptake
of CH3Hg from seawater to phytoplankton.”*® Synechococcus
have a small radius and subsequent high surface area-to-volume
ratio that enhances CH3Hg uptake compared to other common
marine phytoplankton. Overall, the CHsHg in small phyto-
plankton (Synechococcus and Prochlorococcus) is projected
to increase by 34% in 2100 while the CH3Hg in large phyto-
plankton (including diatoms and others) is projected to decrease
by 5% due to all factors.

Modeled CH3Hg reservoirs in different functional groups of
phytoplankton have distinct spatial patterns, reflecting the
different biogeoprovinces they occupy as projected by the Dar-
win model (Figure 2 left column). Large spatial variabilities are
projected for their responses to ocean acidification and physical
factors (Figure 2). Model results suggest declines in phyto-
plankton CH3Hg reservoirs in the mid- and low-latitude regions
and increases at high latitudes for physical factors (Figure 2,
the second column from left, Table 1). For example, the CHzHg
reservoir in tropical Atlantic and Pacific Oceans are projected
to reduce by 28% to 48% and 15% to an increase in 24% for
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different phytoplankton, respectively (Table 1). This spatial
pattern mimics the modeled changes in surface seawater
MeHg concentrations in 2100 (Figure 1C). This pattern is also
driven by the modeled poleward shifts in the habitats of different
functional groups as the ocean warms (Figure S4)."°

The modeled impact of ocean acidification on CH3Hg in indi-
vidual phytoplankton species varies more substantially than
physical factors (Figure 2, the third column from left), and dom-
inates the overall pattern for all climate change factors (Figure 2,
right column). Ocean acidification is potentially a stronger driver
of functional diversity change than physical factors.'® For larger
phytoplankton, ocean acidification amplifies the effects of phys-
ical factors because elevated temperature and higher pCO, both
increase growth in the higher nutrient high latitudes (Figure 2C).'°
Ocean acidification is projected to increase Synechococcus
biomass nearly everywhere due to enhanced growth rates with
elevated pCO, compared with other phytoplankton classes, as
suggested by the Darwin model. Similar trend is projected for
the CH3zHg reservoir in this phytoplankton (Figure 2G). The model
suggests that small phytoplankton (Prochlorococcus and Syne-
chococcus) dominate the overall uptake of CHzHg by phyto-
plankton in the global oceans due to their large surface area-
to-volume ratios. The modeled global increase in CHzHg in
phytoplankton due to ocean acidification (mean global change
of 20%) is mainly driven by the modeled increase in Synecho-
coccus biomass (58%) in 2100.

Figure 3 (left column) shows modeled bioconcentration factors
(BCF, defined as the ratios of the CHzHg concentration in all
phytoplankton divided by the concentration in seawater) for
2000 and 2100. The model suggests a strong latitude-dependent
pattern for the change of BCF as a result of all factors (Figure 3G).
Over low latitudes, the projected increase in Synechococcus and
decrease in Prochlorococcus by the Darwin model overall
decrease the average BCF values, as the former is three times
larger in size than the latter, which results in a smaller overall sur-
face area-to-volume ratios and less efficient CHzHg uptake. For
example, the BCF values in Tropical Atlantic and Pacific Oceans
are predicted to decrease by 16% and 52%, respectively (Table
1). In the high-latitude oceans, a similar transition is predicted to
occur from large eukaryotes to smaller Synechococcus, which
causes a decrease in BCF values. For instance, the BCF values
in the North and South Atlantic Ocean are projected to increase
by 28% and 11%, respectively, as a result of all factors.

CHsHg in herbivorous zooplankton

Figure 2 (M-T) shows the CHzHg distribution in herbivorous
zooplankton and their response to climate change. The modeled
results at present day are within the range of available observa-
tions in the open ocean as summarized by Hammerschmidt
et al.** and Zhang et al.° The modeled global trophic transfer
flux for CH3Hg from phytoplankton to herbivorous zooplankton
is 6.2 Mmol/year for the year 2000 (Figure S3). This flux is pro-
jected to decrease to 4.7 Mmol/year in 2100 resulting from all
factors, while ocean acidification (+0.5 Mmol/year) and physical
factors (—2.0 Mmol/year) are operating in opposite directions.
The magnitude of changes in CH3Hg reservoirs in herbivorous
zooplankton is similar to that of the trophic transfer flux. Model
results suggest a global average decline in CHzHg in herbivorous
zooplankton attributable to physical factors in 2100 of
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Figure 2. Climate-driven changes in CHzHg concentrations in plankton in 2100

Baseline conditions in the year 2000 are shown on the left ([A], [D], [G], [J], and [M]) and compared with changes driven by shifts in physical factors only ([B], [F], [J],
[N], and [R]), ocean acidification only ([C], [F], [I], [L], and [O]), and all factors together ([D], [H], [L], [P], and [T]). Results are shown for three functional groups of
phytoplankton: Diatoms (diameter = 12 um; [A]-[C]), Synechococcus (Syn, 1.8 um; [D]-[F]), and Prochlorococcus (Pro, 0.6 um; [G]-[l]), and small (small zoo.,
30 pum; [J]-[L]) and large (large zoo., 100 um; [M]-[O]) herbivorous zooplankton (results for other phytoplankton are available in Figure S4). Note the log scale of the
color bar. Negative changes are indicated by blue and positive changes by red. See also Figure S2.

approximately 30%, and a much smaller increase attributable to
ocean acidification of approximately 2%. Again, these link to the
opposite signs of primary productivity suggested by the Darwin
model for the different altering factors.

The responses of CHzHg reservoirs in zooplankton to climate
change factors depend on size. Similar to the relative increase
in smaller sized phytoplankton projected by the Darwin model,
the community structure of herbivorous zooplankton also shifts
to the smaller sized category in the future ocean (Figure S4).'°
The CH3Hg reservoir in small zooplankton is projected to slightly
increase by 3%, while to decrease 47% for the large zooplankton
due to all factors (Table 1). Spatial changes in CH3Hg reservoirs for
the small and large zooplankton are similar to their biomass, which
reflects the availability of their major prey (small zooplankton feed
on Prochlorococcus and Synechococcus; large zooplankton feed
on diatoms and other large phytoplankton). Physical factors are
modeled to result in an increase in zooplankton in higher latitudes
in response to higher phytoplankton concentrations and warmer
waters (Figures 2N and 2R). We project a 25% increase for the

284 One Earth 4, 279-288, February 19, 2021

CHgzHg reservoir in small zooplankton due to ocean acidification
(Figure 2L), which is associated with the projected global increase
in Synechococcus (Figure 2G).

Forecasted changes in CHsHg reservoirs in herbivorous
zooplankton in response to all factors (small and large: 3% and
—47%, respectively) differ vastly in magnitude from the changes
of phytoplankton (34% and —5%, respectively). Similar results
are simulated for individual ocean basins (Table 1). This is asso-
ciated with the nonlinear relationship between zooplankton and
phytoplankton biomass. Trophic amplifications have been seen
in biomass and production in previous model studies (e.g., Chust
et al.*®). The response of the zooplankton grazing rate to phyto-
plankton biomass generally follows a Michaelis-Menten type
function, and the steepness of this function deviates from one
as the phytoplankton biomass are lower or higher than the
half-saturation constant.*’“> This effect is seen here also in the
bioaccumulation of Hg. This reinforces the importance of food
web dynamics for understanding the impacts of climate change
on CHzHg bioaccumulation at higher trophic levels.
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Figure 3. Projected changes in CH3Hg uptake by phytoplankton and trophic magnification to zooplankton in 2100
Changes in total CHzHg uptake by phytoplankton (BCF; [A], [C], [E], and [G]) and trophic magnification to herbivorous zooplankton (ZMF; [B], [D], [F], and [H]) as a
result of physical factors only ([C] and [D]), ocean acidification only ([E] and [F]), and all factors together ([G] and [H]), compared with the corresponding values at

present day ([A] and [B]).

The modeled global average zooplankton magnification fac-
tor (ZMF, defined as the ratio of the CHzHg concentration in
herbivorous zooplankton divided by that in phytoplankton) in
the year 2000 is 4.7 and is forecasted to decrease by 24% in
2100, with ocean acidification (+1%, Figure 3F) and physical
factors (—26%, Figure 3D) contributing to the opposite direc-
tion. A substantial decrease (32%) in the grazing flux of
CH3Hg resulting from physical factors mainly drives this
decline, as discussed above. Although the global average
ZMF is predicted to only slightly increase due to ocean acidifi-
cation (1%, Figure 3F), changes are not uniform globally. The
projected shift from Prochlorococcus to Synechococcus and
the increase in small zooplankton results in an increase in the
ZMF in the low-latitude ocean regions (e.g., 13% and 25% for
Tropical Atlantic and Pacific Ocean, respectively, and 39%
for South Pacific Ocean, Table 1). In the high-latitude oceans,
the ZMF decreases because of a projected decline in the

biomass of eukaryotic phytoplankton and large zooplankton
in response to ocean acidification (e.g., 12% in North
Atlantic Ocean).

Summary and uncertainty

The results of this study help to diagnose the roles of multiple
simultaneously occurring changes in the global oceans. Here
we suggest that these changes will affect seawater MeHg con-
centrations, CHzHg uptake, and trophic transfer at the base of
marine food webs. These changes are spatially heterogeneous.
Our results suggest that the changes in CHzHg driven by alter-
ations in physical factors have different patterns than the
changes that might occur due to ocean acidification. Our model
simulates how future changes in organic carbon export and re-
mineralization will affect shifts in MeHg production rates in the
global oceans. These changes reflect spatially variable impacts
of increases in primary productivity driven by warming
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present day, all factors, and physical factors only
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tainty of both the projections of the
ecosystem change over the 21st cen-
tury and our ability to include the

many components of the Hg cycling.
Predicting the CHsHg concentrations

in the marine food web has implications

for human exposure through seafood
consumption. Besides the changes in

| Regridding |
Atmospheric Hg ] ] Initial Ocean Hg
Deposition MITgcm Ocean Concentrations
— Hg Model

Riverine Hg l 1 ECCOv4 Ocean
Discharge Physical State

Seawater and

plankton MeHg

temperatures and ocean acidification, or decreasing productiv-
ity due to increasing ocean stratification and decreased nutrient
supply. CHzHg reservoirs in the phytoplankton are influenced
by phytoplankton community structure. The increase of Syne-
chococcus at the expense of larger phytoplankton as a result
of ocean acidification is expected to increase CHzHg uptake
by phytoplankton at the base of the marine food web. Our re-
sults suggest that the magnitude of change of CH3Hg reser-
voirs in herbivorous zooplankton in the 21st century ocean
differ from phytoplankton, reflecting nonlinearity embedded in
the food web structure.

Anticipating changes in Hg cycling in the 21st century
ocean depends on our understanding of the fundamental pro-
cesses that drive Hg methylation and food web uptake. The
MITgcm-Hg model presented here has been extensively eval-
uated against observations but contains structural uncertainty
due to an incomplete understanding of the processes leading
to CHzHg formation and bioaccumulation in marine food
webs. Nonetheless, it represents a state-of-the-science
assessment of multiple interacting processes.® Quantitative
evaluation of all these parameters is computationally prohibi-
tive, and the overall uncertainty could be represented by the
differences between the modeled and observed seawater
MeHg concentrations (approximately +30%). However, some
of the model uncertainty can be canceled, as we are analyzing
the differences between different simulations. Similarly, there
is uncertainty inherent in the ocean biogeochemistry and
ecosystem model used to project the 21st century ocean con-
ditions. Model intercomparisons reveal that shifts in primary
production in nitrogen-limited regions are robust among
models but less consistent in iron-limited regions.?® Models
also agree that the overall fraction of smaller phytoplankton
will increase in warming scenarios.”° The response of ocean
biogeochemistry and phytoplankton community structure to
ocean acidification, on the other hand, is subject to greater
uncertainty due to the lack of experimental data on the phyto-
plankton growth response over the full range of pCO, consid-
ered and the associated physiological tradeoffs.'® The results
of this study must be understood within this degree of uncer-
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anthropogenic Hg emissions targeted

by the Minamata Convention, our study

demonstrates the importance of chang-

ing ocean biogeochemistry and ecology
in CHzHg cycling. Figure 4 shows a flowchart of the models
and data used in this study. Overall, this study provides an enve-
lope for shifts in CH3zHg cycling projected for the 21st cen-
tury ocean.

EXPERIMENTAL PROCEDURES

Resource availability

Lead contact

Further information and requests for resources and reagents should be
directed to and will be fulfilled by the lead contact, Yanxu Zhang (zhangyx@
nju.edu.cn).

Materials availability

This study did not generate new unique materials.

Data and code availability

We have included the data and all scripts that replicate the results presented in
this study in Mendeley Data: https://doi.org/10.17632/9gr7cd7bhd.1.

Model setup

We use the ocean biogeochemistry and ecosystem results from Dutkiewicz
et al.’® These results were generated by the Darwin marine ecosystem model
that is run for 1860 to 2100. The model is based on MITgem (http://mitgcm.org)
and has a resolution of 2 ° x 2.5 ° and 22 vertical levels. It is driven by physical
ocean fields (velocities, mixing, and temperature) from the IGSM climate
model.'’ The model system was spun up for 2000 years using 1860 conditions.
The Darwin model simulates inorganic and organic forms of carbon, nitrogen,
phosphorus, iron, and silica, as well as six categories of phytoplankton func-
tional groups (diatoms, other large, diazotrophs, coccolithophores, Prochloro-
coccus and Synechococcus; 16 species for each group and 96 in total). Two
herbivorous zooplankton grazers with different sizes (small and large) are
included in the ecology model. The two grazers feed preferentially on phyto-
plankton in two size classes (i.e., large zooplankton prefer the former four
types; small zooplankton prefer the latter two). For this study, we use the
monthly mean concentrations of dissolved organic carbon, particulate organic
carbon, chlorophyll, and the biomass of different plankton types. We also use
the monthly mean fluxes (or rates) of primary production, carbon remineraliza-
tion, zooplankton grazing for each phytoplankton type, and mortality of
zooplankton. For simplicity, we use the sum of the biomass of the 16 species
of phytoplankton for each of the six function group.

The chemistry, transport, uptake, and trophic transfer of Hg chemicals is
modeled using the MIT General Circulation Model for Hg (MITgecm-Hg), which
is described and evaluated against available observations in Zhang et al.®*®
Briefly, the model has a horizontal resolution of 1 ° x 1 ° with 50 vertical levels.
The resolution is higher over equatorial regions (0.5 ° x 1 °) and the Arctic
(~40 km). The atmospheric deposition, air-sea exchange, and riverine discharge
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of Hg are considered following Zhang et al.%**The ocean biogeochemistry and
ecological variables are regridded from the Darwin model as described above.
The model is driven by ocean state estimates between 1992 and 2011 by
ECCO v4.*” The impacts of future change in ocean physics on Hg cycling are
not evaluated in this study because the Hg model is driven by present-day ocean
physics. Although it is a discrepancy that the Darwin model was driven by ocean
physics that includes the effect of climate change, the impact is of second order
as we focus on the annual mean of the large-scale model state.

The Hg model includes the transformation of inorganic and organic Hg spe-
cies with rate constants from previous model studies.® Four inorganic and
organic Hg species, elemental Hg, inorganic divalent Hg, CHzHg, and
(CHs)2Hg are included in this model. The initial concentrations of ocean Hg spe-
cies are taken from the previous model study, which was spun up for 10,000
years before simulating 1450 to 2008.*® The methylation rate is scaled propor-
tional to the organic carbon remineralization rate,'**® while the demethylation
rate is a function of sunlight and temperature. CHzHg is taken up by phyto-
plankton based on their volume concentration factor (defined as the ratio of
CH3zHg concentrations in phytoplankton and seawater) as a function of cell
diameter and local seawater dissolved organic carbon concentration following
the parameterization developed by Schartup et al.® Uptake is represented as a
fast equilibrium process because a steady state was reached within hours in
controlled experiments.”*® The trophic transfer of CHzHg from phytoplankton
to zooplankton is calculated based on the grazing flux, phytoplankton biomass,
and CH3zHg concentrations. The return of unassimilated CH3;Hg in zooplankton
to seawater via zooplankton elimination and mortality are also included.

We perform a simulation that uses the output of the Darwin model driven by
IGSM for the year 2000 to represent a baseline condition.'® The second simu-
lation allows physical factors such as temperature, circulation, and sea-ice to
change from 2000 to 2100 in the IGSM. In a third simulation, we consider the
response of phytoplankton to ocean acidification on top of the physical factors
in the second simulation. The model is run for 10 years for each scenario and
the result for the last year is used for data analysis, as this time is sufficient for
the distribution of Hg species at the top 500 m to adjust to changes in ocean
biogeochemistry (Figure S5).°

SUPPLEMENTAL INFORMATION

Supplemental Information can be found online at https://doi.org/10.1016/].
oneear.2021.01.005.
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