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Abstract

Climate change is altering marine biogeochemistry, thereby modifying factors affecting 
the formation and trophic transfer of the bioaccumulative neurotoxicant methylmercury 
(MeHg) in the global ocean. However, both the directionality and magnitude of future 
changes are unclear. Here we use a coupled 3-D atmosphere-ocean-ecology model to 
forecast how MeHg concentrations in the surface ocean will respond to changes in 
primary production and associated carbon export in 2100. Model results suggest a 68-
93% increase in MeHg in the polar oceans and a 23% decrease in the high-latitude North 
Atlantic Ocean. Phytoplankton MeHg reservoirs will increase at high-latitudes and 
decrease in the mid- and low-latitude oceans due to a poleward shift in habitat. Ocean 
acidification is projected to increase phytoplankton MeHg reservoirs globally by 
promoting the growth of Synechococcus, a small phytoplankton species that efficiently 
accumulates MeHg. Changes in MeHg reservoirs in herbivorous zooplankton mimic their 
prey but with larger magnitudes due to non-linearity embedded in the food web structure. 
The effect of climate-driven shifts in marine biogeochemistry thus needs to be considered 
in evaluating future trajectories in biological MeHg concentrations.
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Mercury (Hg) is a global toxicant of concern. Its organic form, methylmercury 
(MeHg), has been associated with neurocognitive deficits in children and impaired 
cardiovascular health in adults (Debes et al. 2016; Roman et al. 2011). In most countries, 
human MeHg exposure occurs predominantly through seafood consumption and thus 
cycling of MeHg in the ocean is of great interest (Eagles-smith et al., 2008; Sunderland et 
al., 2018). MeHg in the ocean is mainly formed in situ from atmospherically deposited 
inorganic Hg (Obrist et al., 2018, Zhang et al., 2020). MeHg efficiently bioaccumulates 
in marine food webs with the largest magnification between seawater and plankton (Lee 
and Fisher, 2016). The first global treaty aimed at reducing anthropogenic mercury (Hg) 
releases (the Minamata Convention) entered into force in 2017 
(http://mercuryconvention.org). Evaluating the effectiveness of this treaty requires 
diagnosing the roles of anthropogenic Hg emissions and climate-driven changes for 
future MeHg exposures. Here we examine the effects of future changes in ocean 
biogeochemistry on MeHg concentrations and uptake at the base of the marine food web.

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 and light availability (Doney 2010). Higher atmospheric pCO2 (partial pressure 
of carbon dioxide) also leads to elevated carbonic acid and a lowering of seawater pH 
(ocean acidification) (Doney 2010). These changes are expected to substantially alter 
spatial patterns in primary productivity, carbon remineralization, and phytoplankton 
community structure, thus indirectly affecting MeHg accumulation in food webs 
(Dutkiewicz et al. 2013; 2015; Krabbenhoft and Sunderland, 2013).

Understanding the effects of climate change on MeHg formation in the marine 
environment is limited. Booth and Zeller (2005) predicted an increase in seawater MeHg 
concentrations in a future climate because they assumed inorganic mercury methylation 
would be enhanced by warmer ocean temperatures (Downs et al., 1998). Many studies 
have shown MeHg formation in the marine water column is associated with the activity 
of heterotrophic microbes, although the exact mechanism and identity of methylating 
microbes remain elusive (Cossa et al., 2009, 2011; Gilmour et al., 2013; Ginfriddo et al., 
2016; Sunderland et al., 2009; Zhang et al., 2020). It has been widely suggested that 
climate change will exacerbate MeHg production in the future, as higher temperatures 
facilitate organic carbon remineralization (Krabbenhoft and Sunderland, 2013; Obrist et 
al., 2018, Stern et al. 2012). 

The effects of climate change on the uptake at the base of the marine food webs 
are similarly uncertain. Jonsson et al. (2017) suggested that increases in terrestrial 
dissolved organic matter (DOM) discharges from rivers may elongate the trophic 
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structure of estuarine food-webs, leading to higher MeHg 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 (Hansell et al., 2009). Schartup 
et al. (2018) showed that shifts in phytoplankton community composition due to 
changing ecosystem productivity alter MeHg uptake at the base of marine food webs. As 
ecosystems become less productive, phytoplankton communities favor species with 
smaller cell surface area to volume ratios that facilitate nutrient and MeHg uptake 
(Schartup et al., 2018; Lee and Fisher, 2016). Prior work has assumed that uptake rates 
for MeHg increase in warmer seawater (Zeller and Reinert, 2004; Booth and Zeller, 
2005; Alava et al., 2018). However, experimental data collected by Lee and Fisher (2016) 
did not show a significant change in MeHg uptake at higher seawater temperatures for 
most marine phytoplankton species. Instead, the cell surface to volume ratio appears to be 
the most important factor driving MeHg uptake at the base of the marine food web.

Impacts of climate-driven changes on MeHg bioaccumulation are known to 
propagate to higher trophic level fish (Schartup et al., 2019). Prior modeling efforts have 
assumed a temperature-dependent increase in the grazing flux for herbivorous 
zooplankton under a warmer climate (Booth and Zeller, 2005; Alava et al., 2018). Alava 
et al. (2018) reported such bioenergetic shifts will result in an approximately 12% 
increase in MeHg concentrations in zooplankton in 2100 under the RCP 8.5 scenario. 
However, these studies did not consider shifts in phytoplankton community structure in a 
warmer environment, which may have a large impact on both MeHg uptake and the 
grazing flux for herbivorous zooplankton (Dutkiewicz et al., 2013). 

Here we simulate MeHg concentrations and uptake by marine food webs in the 
21st century global ocean. We specifically examine the impact of future changes in ocean 
biogeochemistry as a consequence of changing ocean temperature, circulation, sea-ice 
cover (hereon referred to as climate-driven changes) and ocean acidification (Dutkiewicz 
et al., 2015). We use a global three-dimensional simulation for Hg species and food web 
uptake driven by the output of an ecosystem model (DARWIN). We hold the emissions 
of Hg constant for the year 2010 to diagnose the role of changing ocean biogeochemistry 
for the future ocean.

Changing methylmercury (MeHg) concentrations in seawater

We use the year 2000 as a baseline for this study and discuss relative changes 
projected to 2100 for all results. The modeled mean MeHg concentrations in seawater 
globally for the upper 100 m of the water column (surface ocean) in the year 2000 (43±40 
fM) were consistent with available observations (69±67 fM) during 1990-2014 (Figure 1 
a, Zhang et al. 2020). For the year 2100, climate-driven changes result in a global mean 
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modeled increase in seawater MeHg of 8% (Figure 1c). However, the directionality and 
magnitude of changes differ substantially across ocean regions, decreasing in the North 
Atlantic Ocean and increasing in both the Arctic and Southern Oceans.

Figure 1. Modeled seawater MeHg concentrations in the year 2000 (panels A and B) and 
simulated changes in the year 2100 due to shifts in ocean circulation, seawater temperature, 
sea ice cover (panels C and D), and ocean acidification (panels E and F). Left panels (A, C, 
and E) show the top 100 m of seawater and right panels (B, D, and F) show changes at 500 
m depth. Superimposed circles on panel A are observations summarized in Zhang et al. 
(2020).

In the surface ocean, declines in seawater MeHg concentrations in 2100 are most 
apparent in the North Atlantic Ocean (Figure 1c). This reflects a reduced supply of 
nutrients due to enhanced ocean stratification, which decreases primary production and 
carbon remineralization associated with Hg methylation (Zhang et al., 2020). In 2100, 
increases in stratification and reduced nutrient supply result in a shift in the 
phytoplankton community structure toward smaller size classes (Bopp et al., 2005; 
Steinacher et al., 2010; Marinov et al., 2010). This diminishes export production at 100 m 
depth by 20% (Dutkiewicz et al., 2013) and modeled MeHg concentrations by 23% (12 
fM). Over the oligotrophic regions of the ocean (40°S - 40°N), seawater MeHg 
concentrations are lower than those at high-latitudes, and reduced nutrients and enhanced 
stratification drive a decline in MeHg concentrations of approximately 10%. 

Modeled seawater MeHg concentrations in the surface ocean increase in both the 
Arctic and Southern Oceans in the year 2100 (Figure 1c). In the Southern Ocean, 
atmospheric deposition is the major source of nutrients and this is held constant in our 
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simulation. Increasing seawater temperature in the 21st century ocean leads to higher 
primary productivity and carbon remineralization, which increases surface ocean MeHg 
concentrations by 69% (35.5 fM) relative to the year 2000. Above 80°N in both polar 
oceans, climate change is expected to enhance primary productivity and organic carbon 
remineralization through the combined effects of warmer seawater and greater open 
water surface area from melting sea ice. This increases MeHg formation and seawater 
MeHg concentrations in the surface ocean in this region by 83% (20 fM) (Figure 1c). 
Such charges will also be affected by declines in inorganic Hg as the substrate for 
methylation due to enhanced oceanic evasion in ice-free waters (Fisher et al., 2012; 2013) 
and the effects of a potentially large increase in inorganic Hg and MeHg from the 
terrestrial environment due to melting permafrost (Schuster et al., 2018). 

In contrast to the surface ocean, modeled global mean seawater MeHg 
concentration at 500 m depth (subsurface ocean) is projected to decrease by 7% (292 fM 
to 273 fM) by 2100 (Figure 1c, Figure S1). However, changes in subsurface seawater 
MeHg concentrations are spatially heterogenous with increases or no changes over iron-
limited regions: the Southern Ocean (13%), equatorial Pacific (0.4%), and North Pacific 
Ocean (1%). Declines in subsurface seawater MeHg concentrations are projected for all 
regions that are limited by dissolved inorganic fixed nitrogen. This reflects reduced 
remineralization of carbon at 500 m depth due to a decline in carbon export, which is 
used to parameterize microbial activity affecting MeHg formation. The decline in carbon 
export is driven by warmer temperatures that enhance the efficiency of carbon 
remineralization at shallower depths (Kwon et al., 2009). These declines are most 
pronounced in the North Atlantic Ocean (29%, 105 fM), and the eastern tropical Atlantic 
Ocean (16%, 82 fM) (Figure 1d). 

On a global mean basis, simulated ocean acidification in the year 2100 increases 
surface seawater MeHg concentrations by 8±6%. This reflects higher growth rates of 
most phytoplankton due to the CO2 fertilization effect (Eberlein et al., 2014; Lohbeck et 
al., 2012), which increases carbon remineralization, bacterial activity and modeled MeHg 
formation. Impacts of ocean acidification on seawater MeHg concentrations are fairly 
uniform across the global ocean (Figure 1e). The relative increase in MeHg 
concentrations is close to the mean growth rate increase in phytoplankton growth in 
response to elevated pCO2 (6%) (Dutkiewicz et al., 2015).

 Impacts of ocean acidification on seawater MeHg concentrations at 500 m depth 
are much smaller than other climate-driven changes (Figure 1f, Figure S1). Increased 
pCO2 elevates phytoplankton growth and primary productivity leading to more export 
production (Dutkiewicz et al., 2015) but only a negligible (1%) increase in MeHg 
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concentrations at 500 m depth. The average lifetime of MeHg in the subsurface ocean 
(100 – 1000 m) is approximately 7 years compared to 70 years in the deep ocean below 
1000 m depth (Zhang et al., 2020). Longer lifetimes of MeHg in deeper waters mean 
concentrations represent a cumulative function of in-situ production and degradation as 
well as isopycnal and diapycnal transport over a longer time compared to surface and 
subsurface waters (Zhang et al., 2020).

MeHg in phytoplankton

The global average MeHg reservoirs in phytoplankton in the 21st century ocean 
are not projected to appreciably change (-0.7%) due to climate-driven factors. Larger 
changes in phytoplankton MeHg reservoirs (20%) are attributable to ocean acidification. 
This increase is mainly driven by an increase in the productivity of the phytoplankton 
species, Synechococcus, in a lower pH environment (Dutkiewicz et al., 2015). 
Synechococcus has a small cell surface to volume ratio that enhances MeHg uptake 
compared to other common marine phytoplankton.

Figure 2. Climate-driven changes in MeHg concentrations in selected phytoplankton 
functional groups and small and large herbivorous zooplankton. Baseline conditions in the 
year 2000 are shown on the left (A, D, G, J, and M) and compared to changes driven by 
shifts in seawater temperature, ocean circulation, sea-ice fields in the middle column (B, E, 
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Prochlorococcus, which reduces the bioaccumulation of MeHg in the low-latitude ocean 
regions (Figure 3c).

Figure 3. Changes in total MeHg uptake by phytoplankton (BCF, A-C) and trophic 
magnification to herbivorous zooplankton (TMF, D-F) to climate-driven factors (temperature, 
circulation, mixing, and sea-ice fields) (B and E) and ocean acidification (C-F), compared to 
the values at present-day (A and D).

MeHg in herbivorous zooplankton

Figure 2 (j-o) shows the MeHg distribution in herbivorous zooplankton and their 
response to climate change. The modeled global trophic transfer flux for MeHg from 
phytoplankton to herbivorous zooplankton is 6.2 Mmol/yr for the year 2000 (Figure S3). 
Climate-driven changes are projected to decrease the trophic transfer flux by 32% to 4.2 
Mmol/yr in the year 2100. Taking into account the effects of ocean acidification increases 
the MeHg trophic transfer flux to 4.7 Mmol/yr. The magnitude of changes in MeHg 
reservoirs in herbivorous zooplankton is similar to that of the trophic transfer flux. Model 
results suggest a global average decline in MeHg in herbivorous zooplankton attributable 
to climate change in 2100 of approximately 30%, and an increase attributable to ocean 
acidification of approximately 4%.

Spatial changes in MeHg reservoirs for the small and large zooplankton are 
similar to their major prey (small zooplankton: Prochlorococcus and Synechococcus; 
large zooplankton: diatoms and other large phytoplankton). Climate change is expected to 
result in a poleward shift in zooplankton in response to warmer seawater temperatures 
(Figure 2k and 2n). We project a 35% increase for the MeHg reservoir in small 
zooplankton due to ocean acidification (Figure 2l), which is associated with the global 
increase in Synechococcus (Figure 2f). 
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We find changes in the MeHg reservoirs in herbivorous zooplankton and the 
trophic transfer flux are more pronounced than those for seawater and phytoplankton. 
This is associated with the nonlinear relationship between zooplankton and 
phytoplankton biomass. The response of the zooplankton grazing rate to phytoplankton 
biomass generally follows a Michaelis-Menten type function, and globally, the steepness 
of this function is greater than one as the phytoplankton biomass are lower than the half-
saturation constant (Dutkiewicz et al., 2009; Chust et al. 2014). Therefore, variations of 
phytoplankton biomass imply a stronger change in zooplankton grazing flux and trophic 
transfer of MeHg. This means climate-driven changes may have a greater effect on MeHg 
in zooplankton compared to phytoplankton. 

The modeled global average trophic magnification factor (TMF, defined as the 
ratio of the MeHg concentration in herbivorous zooplankton divided by that in 
phytoplankton) in the year 2000 is 4.7 and is forecasted to decrease to 3.5 as the result of 
climate-driven changes (Figure 3e). A substantial decrease (32%) in the grazing flux of 
MeHg drives this decline, as discussed above. The global average TMF is predicted to 
slightly increase due to ocean acidification (Figure 3f), and the corresponding increase in 
the global grazing flux of MeHg is 10%. The shift from Prochlorococcus to 
Synechococcus and the increase in small zooplankton results in an increase in the TMF in 
the low-latitude ocean regions. In the high-latitude oceans, the TMF decreases because of 
a decline in the biomass of eukaryotic phytoplankton and large zooplankton in response 
to ocean acidification. Globally, changes in the low- and high- latitude ocean regions tend 
to cancel each other out, resulting in a small mean change in the global TMF due to ocean 
acidification.

Summary

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 concentrations, uptake and trophic at the base of marine food-webs (an 
uncertainty analysis is available in the Supporting Information). Many of these changes 
are spatially heterogeneous and cannot be captured by a global mean value. Our model 
simulates how future changes in organic carbon export and remineralization will affect 
shifts in MeHg production rates in the global oceans. These changes reflect spatially 
variable impacts of climate-driven changes that result in increases in primary productivity 
driven by warming temperatures and higher pCO2, or decreasing productivity due to 
increasing ocean stratification and decreased nutrient supply. MeHg reservoirs in the 
phytoplankton are influenced by phytoplankton community structure. Increases in the 
productivity of Synechococcus as a result of ocean acidification are expected to enhance 
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MeHg uptake by phytoplankton at the base of the marine food web globally. The BCF is 
sensitive to changes in community structure, especially the increased fraction of small 
phytoplankton function groups in the future ocean. Our results suggest that MeHg 
reservoirs in herbivorous zooplankton in the 21st century ocean will change more than 
phytoplankton, reflecting non-linearity embedded in the food web structure.

Methods

We use the ocean biogeochemistry and ecosystem results from Dutkiewicz et al. 
(2015). These results were generated by the Darwin marine ecosystem model. The model 
has a resolution of 2°x2.5° and 22 vertical levels and is driven by physical ocean fields 
(velocities, mixing and temperature) from the IGSM climate model (Dutkiewicz et al. 
2015). The Darwin model simulates inorganic and organic forms of carbon, nitrogen, 
phosphorus, iron, and silica, as well as six categories phytoplankton functional groups 
(diatoms, other large, diazotrophs, coccolithophores, Prochlorococcus 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, and the 
two grazers feed preferentially on phytoplankton that match their sizes (i.e. large 
zooplankton prefer the former four types; small zooplankton prefer the latter two). These 
tracers interact through phytoplankton growth, zooplankton graze, as well as the 
formation, transformation, and remineralization of organic matters. 

The chemistry, transport, uptake, and trophic transfer of Hg chemicals is modeled 
using the MIT General Circulation Model for Hg (MITgcm-Hg), which is described and 
evaluated against available observations in Zhang et al. (2015; 2020). Briefly, the model 
has a horizontal resolution of 1°x1° with 50 vertical levels. The resolution is higher over 
equatorial regions (0.5°x1°) and the Arctic (~40 km). The model is driven by ocean state 
estimates between 1992 and 2011 by ECCO v4 (Forget et al., 2015). The ocean 
biogeochemistry and ecological variables are from the Darwin model. For simplicity, we 
use the sum of the 16 species of phytoplankton for each function group. 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.

The Hg model includes the transformation of inorganic and organic Hg species 
with initial conditions from previous model studies (Zhang et al., 2014; 2020). Two 
organic Hg species, monomethylmercury and dimethylmercury are included in this 
model. The methylation rate is scaled proportional to the organic carbon remineralization 
rate (Sunderland et al., 2009), while the demethylation rate is a function of sunlight and 
temperature. The warming climate in the year 2100 affects MeHg formation in our 
simulation in two major ways. First, increasing temperature enhances the metabolic rates 
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of microbes that facilitate MeHg formation. Second, increases in nutrient supply and 
altered light environments that may reduce phytoplankton growth and subsequent MeHg 
formation. 

Monomethylmercury is taken up by phytoplankton based on their volume 
concentration factor as a function of cell diameter and dissolved organic carbon 
concentration following the parameterization developed by Schartup et al. (2018). Uptake 
is represented as a fast equilibrium process because a steady state was reached within 
hours in controlled experiments (Lee and Fischer, 2016; Kim et al., 2014). The trophic 
transfer of monomethylmercury from phytoplankton to zooplankton is calculated based 
on the grazing flux, phytoplankton biomass, and monomethylmercury concentrations. 
The return of unassimilated monomethylmercury 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 simulation allows 
climate-driven factors such as temperature, circulation, and sea-ice to change from 2000 
to 2100 in the IGSM (i.e. the ALL-OTHER scenario in Dutkiewicz et al. [2015]). In a 
third simulation, we consider the response of phytoplankton to ocean pCO2 on top of the 
other changes included in the second simulation (i.e. the ALL scenario in Dutkiewicz et 
al. [2015]). The difference between the second and third simulations are attributed to 
ocean acidification and the difference between the first two to climate-driven factors. 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 (Zhang et al., 2015).
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Oceanic MeHg concentration cross-sections

Figure S1. Impacts of changing seawater temperature, ocean circulation, sea-ice cover and ocean acidification 
in the year 2100 on seawater MeHg concentrations in the Atlantic (25°W), Pacific (180°E), and Indian Ocean 
(63°E). Panels (A-C) show year 2000 baseline simulations of seawater MeHg concentrations. Panels (D-F) show 
the combined effects of changing seawater temperature, ocean circulation, and sea-ice cover and Panels (G-1) 
show modeled changes due to ocean acidification (G-I). Note the y-axis (for ocean depth) is stretched in the top 
500 m.
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