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ABSTRACT: Methylmercury (CH3Hg
+, MMHg) in the phytoplankton

and zooplankton, which form the bottom of marine food webs, is a good
predictor of MMHg in top predators, including humans. Therefore,
evaluating the potential exposure of MMHg to higher trophic levels
(TLs) requires a better understanding of relationships between MMHg
biomagnification and plankton dynamics. In this study, a coupled
ecological/physical model with 366 plankton types of different sizes,
biogeochemical functions, and temperature tolerance is used to simulate
the relationships between MMHg biomagnification and the ecosystem
structure. The study shows that the MMHg biomagnification becomes
more significant with increasing TLs. Trophic magnification factors
(TMFs) in the lowest two TLs show the opposite spatial pattern to
TMFs in higher TLs. The low TMFs are usually associated with a short
food-chain length. The less bottom-heavy trophic pyramids in the oligotrophic oceans enhance the MMHg trophic transfer. The
global average TMF is increased from 2.3 to 2.8 in the warmer future with a medium climate sensitivity of 2.5 °C. Our study suggests
that if there are no mitigation measures for Hg emission, MMHg in the high-trophic-level plankton is increased more dramatically in
the warming future, indicating greater MMHg exposure for top predators such as humans.
KEYWORDS: prey, predator, trophic level, biomagnification

1. INTRODUCTION

Methylmercury (CH3Hg
+, MMHg) is a strong neurotoxin that

can induce neurocognitive defects in fetuses and cardiovascular
diseases in grown-ups.1−3 Human’s MMHg exposure is
primarily from the ever-increasing consumption of seafood.4−7

Once MMHg passes through cell membranes, it strongly binds
with protein sulfhydryl or selenium and is very slow to be
eliminated.8 Therefore, MMHg undergoes significant bio-
magnification in the marine food webs. The MMHg level in
seafood such as fish is largely controlled by MMHg in the
lower trophic levels (TLs), especially the plankton that is at the
base of marine food webs,9,10 including its community
composition and grazing relationships.11

Food webs are substantially different from oligotrophic to
eutrophic oceans.12−15 The biomass pyramids are more
bottom-heavy in productive areas, while “inverted” pyramids
can be found in oligotrophic areas.12,14 In oligotrophic oceans,
a relatively high proportion of predators consume more
production, enhancing the energy transfer efficiency.13,15 In
contrast, zooplankton biomass saturates with increasing
phytoplankton biomass, suggesting that grazing pressure is
less intense in areas with dense populations.16 Diversity, an
important factor that affects the stability of ecosystems, peaks
at intermediate levels of productivity, while massive blooms
result in minimum diversity.17 Global warming will change the

primary production and reorganize the structure of ecosys-
tems,18,19 thereby altering the trophic transfer efficiency.20,21

Previous studies have found that the geographical variability
in the structure and dietary habits of the ecosystems22,23 can
influence the accumulation of MMHg in the global marine
food webs.24−26 Lavoie et al.26 found that trophic magnifica-
tion slope in aquatic food webs was positively correlated with
the latitude, and MMHg magnification was the most significant
in cold and low-productivity regions. Higher productivities
induce the “growth dilution” of MMHg,27 leading to a lower
efficiency of MMHg trophic transfer,25,28 while MMHg
biomagnification is more significant in oligotrophic oceans
due to the slow growth rate.29 Besides trophic states, food-
chain length matters in the transfer of contaminants to top
predators, and low mercury (Hg) biomagnification is
associated with short food chains.30

Observational studies are usually conducted at a single site
and are limited by sample sizes, which makes it hard to
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compare across different ecosystems. Global models have been
developed to simulate MMHg transfer in the marine organisms
at low TLs, but the structure of plankton communities is highly
simplified and only includes a handful of representative
plankton function groups.24,31 In this study, the MMHg
model is coupled with an ecosystem model that incorporates
366 plankton types of different sizes, biogeochemical functions,
and temperature tolerances.32 We explore the relationships
between the MMHg biomagnification and a variety of holistic
indicators for plankton ecosystems, including the shape of
trophic pyramids, primary production, and food-chain length.
We also simulate the ecosystem dynamics in both present and
future climate change scenarios.

2. METHODS

2.1. General Description. The marine plankton ecosys-
tem and trophic transfer of MMHg are simulated in the MIT
Integrated Global Systems Model (IGSM) framework.32−34

This model framework simulates the physical and biogeo-
chemical cycles of different plankton types and Hg species in
the global ocean. Similar model frameworks have been applied
in previous studies.24,31,35 The model has a horizontal
resolution of 2° × 2.5° with 22 vertical layers. The ocean
circulation data are from the IGSM.34 The simulation of the
ocean boundary layer physics is based on Large et al.,36 and the
effects of mesoscale eddies are modeled according to Gent and
McWilliams.37 In this study, due to the high computational
demand of the climate/ecosystem/MMHg modeling frame-
work, we use a single climate simulation from an ensemble of
perturbed initial conditions, perturbed physics (climate
sensitivity), and varied emission scenarios.38 The climate
simulation is under a business-as-usual scenario that is similar
to the Representative Concentration Pathway 8.5 (RCP8.5),
with a medium climate sensitivity (2.5 °C).39 We elaborate on
the plankton ecosystem and the trophic transfer of MMHg
below.
2.2. Ecosystem Model. The ocean plankton biogeochem-

istry and ecology are simulated by an ecosystem model that
resolves diverse size classes, functional types, and thermal
norms.32 Detailed descriptions and parameter values are
provided in that article. The model includes six functional
groups: pico-phytoplankton, coccolithophores (that calcify),
nitrogen-fixing cyanobacteria (diazotrophs), diatoms (that
utilize silicic acid), mixotrophs (that photosynthesize and
graze on other plankton), and zooplankton. The equivalent
spherical diameter of the simulated plankton varies from 0.6 to
2425 μm with 4 size classes for the pico-phytoplankton (0.6−2
μm), 5 size classes for coccolithophores and diazotrophs (3−
15 μm), 11 size classes for diatoms (3−155 μm), 10 size
classes for mixotrophic dinoflagellates (7−228 μm), and 16
size classes for the zooplankton (6.6−2425 μm). For the
phytoplankton and mixotrophic dinoflagellates, each size class
is divided into 10 thermal norms, which set the temperature
tolerance range over which the plankton can grow.
The zooplankton and mixotrophic dinoflagellates both graze

on the plankton (phytoplankton or zooplankton) 5 to 20 times
smaller than themselves, among which the 10 times smaller
ones are the preferential choice (schematically shown in Figure
S1 in size classes and functional types). However, the
zooplankton have higher maximum grazing rates than
mixotrophic dinoflagellates of the same size.40 The palatability
of predators to prey differs in functional groups. For instance,

predators prefer the plankton with hard coverings less (e.g.,
coccolithophores and diatoms).
Sourcing from the death of all populations, the particulate

and labile dissolved organic matters are explicitly modeled,32

while an established data set of recalcitrant dissolved organic
carbon (DOC) is used as an input into the model.41 According
to eq 1, the MMHg content in the phytoplankton is influenced
by the total (labile and recalcitrant) DOC, while only the labile
DOC affects through remineralization to the inorganic form.
The ecosystem model is numerically integrated forward in

time under a present and a future scenario with high
greenhouse gas emissions.34,38 The seasonally varying quasi-
steady plankton biomass, grazing fluxes, and mortality fluxes
from the two scenarios are used as inputs for the MMHg
model. The mortality fluxes represent all losses excluding
grazing (e.g., cell death and viral lysis) for the plankton that
have explicit predators in the model. A density-dependent term
is used to parameterize the grazing by higher TLs for the
zooplankton without explicitly modeled predators.

2.3. MMHg Model. The MMHg model is based on Wu et
al. and Zhang et al.24,31,35 The physical and biogeochemical
cycles of the marine MMHg are simulated: air−sea exchange,
river discharge, redox reactions, sinking of particle mercury,
methylation, demethylation, and the trophic transfer of
mercury in marine plankton food webs.
MMHg in seawater passively crosses the cell membrane

(diffusion) and then accumulates in the phytoplankton:

dMMHg VCF( , DOC ) MMHgphy sea= [ ] · (1)

where MMHgphy and MMHgsea are the MMHg concentrations
of the phytoplankton and seawater, respectively. The volume
concentration factor is a function of the cell diameter d and
total DOC concentrations (Table S1).27 By affecting the rate
of MMHg entering the phytoplankton cells, the distribution of
DOC influences the spatial pattern of MMHg in the
plankton.24

After entering the phytoplankton, MMHg is progressively
transferred to higher TLs by the following processes: (1)
MMHg intake directly from seawater; (2) MMHg absorption
from the diet; (3) MMHg released after death; and (4)
MMHg excretion:

t
k k

k k

dMMHg

d
MMHg AE MMHg

( ) MMHg

pred
BC sea GR MMHg prey

MT EX pred

= · + · ·

− + · (2)

where MMHgpred is the MMHg concentration in predators
(i.e., zooplankton and mixotrophic dinoflagellates) and
MMHgprey is the MMHg concentration in prey (i.e., all
plankton 5 to 20 times smaller than the predators). kBC, kGR,
kMT, kEX, and AEMMHg are the bioconcentration rate, grazing
rate, mortality rate, excretion rate, and MMHg assimilation
efficiency for the predators, respectively (Table S1).
The MMHg model is run from the year 2000 to 2015 in the

“present” scenario and from 2085 to 2100 in the “future”
scenario. In the above two experiments, we hold the
atmospheric Hg concentration and deposition fluxes constant
to diagnose the effect of a changing ocean ecosystem. The
model’s initial conditions for the two scenarios are from Zhang
et al.,31 and the concentration of atmospheric Hg and its
deposition fluxes are from the output of the GEOS-Chem
model.42 Also, when the MMHg model is run from 2085 to
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2100, we use the DOC, particle organic carbon, and
chlorophyll from the ecosystem model with the present
scenario. These variables affect the formation of MMHg.31

The average of the last 5 years’ results is used for analyses.
2.4. TL and Trophic Magnification Factor. The position

of an organism in the food chain is defined as the TL. The TL
of the phytoplankton (producer) is set as 1 and that of
herbivorous zooplankton (primary customer) is set as 2. The
TL of the omnivorous zooplankton and the carnivorous
zooplankton is larger than 2 and is defined as43

TL 1 (TL DC )i
j

j i j,∑= + ·
(3)

where TLi is the TL of the predator i, TLj is the TL of prey j of
predator i, and DCi,j is the fraction of prey j in the diet of
predator i.
The TL is assumed to be the primary driver of

bioaccumulated contaminants in food webs as diet is the
major route of exposure.44 The relationship between the base-
10 logarithm of MMHg concentration and the TLs is
calculated as26,44

b alog MMHg TL10[ ] = + (4)

where a is the intercept and b is the slope of the relationship,
which varies with space and time. The trophic magnification
factor (TMF) is defined as44

Figure 1. (a) Global average MMHg concentrations in the plankton of different body sizes and TLs. (b) Global average MMHg concentrations in
the plankton at different TLs. The lines indicate the linear relationship between the base-10 logarithm of MMHg concentration and TL 2−4. The
circle and triangle markers indicate the “present” and “future” experiment, respectively.

Figure 2.Modeled spatial pattern of TMFs in the global ocean: (a) TMFs between TLs 2 and 4 in the “present” experiment; (b) changes of TMFs
in the “future”” experiment; (c) TMFs between TLs 1 and 2; and (d) TMFs between TLs 1 and 4. The red boxes superimposed on the maps show
the regions with high TMFs: (1) the tropical Pacific Ocean except for the equatorial regions, (2) the South-Sargasso Sea, (3) the Brazilian Atlantic
gyre, and (4) the South Indian gyre. Circles and triangles in (b) show the observed TMFs of MMHg51−56 and total Hg52,57−60 in marine plankton
systems (for more details, see Table S2).
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TMF 10b= (5)

3. RESULTS AND DISCUSSION

3.1. General MMHg Bioaccumulation and Biomagni-
fication. Figure 1 shows the average MMHg concentrations in
the plankton of different body sizes and TLs. The TLs of the
modeled plankton range from 1 to 4, which are positively
correlated with size because the predation and energy transfer
are influenced by the body size.32,45 The modeled ecosystem
and MMHg in seawater have been evaluated against measured
data in previous studies.31,32 In this study, the MMHg
concentrations are reported as wet weight. The modeled
average MMHg concentration in the phytoplankton other than
pico-phytoplankton is 3.4 ng/g, which is within the range of
measured data in the central Pacific (0.1−4 ng/g).46 The
average MMHg concentration in the pico-phytoplankton is
much higher (18.5 ng/g) due to their high cell surface area to
volume ratios, which lead to high MMHg uptake efficiencies.
Unfortunately, there are no measured data for such small size
classes; however, high concentrations have been found in pure
experimental pico-phytoplankton cultures.47 In contrast to the
phytoplankton, MMHg concentrations in large predators
(mixotrophic dinoflagellates and zooplankton) are higher
than in smaller ones due to significant biomagnification
(Figure 1a). The modeled average MMHg concentrations in
predators vary from 0.6 to 6.9 ng/g, consistent with the
observed range (0.2−3.4 ng/g in the central Pacific46 and 1.9−
4.1 ng/g in the Southern Ocean48).
With the increase in the TL, the biomagnification of MMHg

becomes more significant (Figures 1, 2, and S1). The global
average TMF among all TLs (i.e., 1−4) is 1.3, while the TMF
among consumers (i.e., 2−4) is 2.3 (Figure 1b). The mean
modeled MMHg levels in TL 1 (phytoplankton) are higher
than their predators. Overall, the TMFs between the lowest
two TLs are less than 1, which indicates trophic dilution
(Figure 2c). Indeed, the modeled phytoplankton community
contains species with a wide range of sizes, and their MMHg
concentrations also vary drastically even though they have the
same TL (Figure 1a). The larger phytoplankton group seems
to fit the regression between the TL and MMHg
concentrations, whereas the smaller phytoplankton groups do
not (Figure S1). This result is consistent with the previous
findings with a simpler plankton community structure.24,31

Compared with mixotrophic dinoflagellates, biomagnification
is more significant between zooplankton and their prey due to
higher grazing rates of the zooplankton (Figure S1). This
indicates that MMHg biomagnification depends on the

physiological characteristics of the plankton (e.g., sizes and
grazing rates) and their TL positions in the food webs.

3.2. MMHg Biomagnification and Plankton Ecosys-
tem Structure. Figure 2 shows the global spatial pattern of
MMHg TMFs. The spatial pattern of TMFs is strongly
correlated with the holistic characteristics of ecosystems
(Figure 3). The trophic pyramids indicate the biomass
distribution and energy flow in the ecosystems,49 which affect
the MMHg trophic transfer.50 Here, we use the slope between
biomass and the TLs to reflect the shape of the trophic
pyramids (trophic pyramid’s slope, TPS. TPSs at several
selected grid points are shown in Figure S7). A threshold value
of 10−5 mmol c m−3 is used to determine the presentence or
absence of a plankton type in a given community.
High TMFs between TLs 2 and 4 are found in the South-

Sargasso Sea, the Brazilian Atlantic gyre, the South Indian gyre,
and the tropical Pacific Ocean except for the equatorial regions
(Figure 2a), where the TPSs are also relatively high. TMFs
between TLs 1 and 2 present the opposite spatial pattern to
the TMFs between TLs 2 and 4 (Figure 2a,c). TMFs in the
high-latitude ocean are relatively low, reflecting the relatively
shorter food chains (Figure 4). In the Southern Ocean, where
diatoms are dominant, high TLs (≥3) are absent (Figures S2
and 4).

Empirical studies for MMHg biomagnification in the global
open ocean are rather limited. Large uncertainties thus exist for
the model results, which are more reliable for the spatial
patterns and trends instead of the absolute magnitudes.
Overall, our modeled TMF among all TLs is close to the
observation near the tropical estuarine Guanabara Bay (Figure
2d).51 Modeled TMFs in the Atlantic and Arctic Ocean are
lower than the empirical studies, but this is difficult to evaluate
as there are inconsistencies in the definition of TLs and the
differences in the units used (e.g., TLs determined by δ15N vs
diet, dry vs wet weight basis). However, we capture the trend

Figure 3.Modeled spatial pattern of the slopes between biomass and TLs 2−4 (TPS) in the global ocean: (a) TPS in the “present” experiment and
(b) changes of TPS in the “future” experiment.

Figure 4. Modeled food-chain length in the global ocean.
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that TMFs in the Atlantic Ocean are higher than those in the
Arctic Ocean52−56 (Figure 2d).
Figure 5 shows the relationships between TMFs and TPSs.

We exclude the polar regions due to the much shorter food

chain length (Figure 4). We find that in the low- and mid-
latitude oceans, TMFs are positively correlated with the TPS.
Relatively high TPSs are usually found in oligotrophic regions
with low primary production and plankton biomass (Figures 3a
and S3a), which is confirmed by a large number of ecological
communities in nature.12,14 Both previous and our studies
simulated low zooplankton/phytoplankton ratios in oligotro-
phic waters (Figure S4).61 This seems to be opposite to the
spatial pattern of TPSs probably because the definition of TPS
distinguishes the TLs. A field study across 58 lakes in the
northeastern United States found that high plankton biomass
reduces mercury biomagnification.28 Also, a worldwide meta-
analysis suggested that Hg biomagnification is highest in low-
productivity systems.26

In the oligotrophic waters, very tight and efficient coupling
between the phytoplankton and heterotrophs enhances the
capacity to support more predator biomass and the biomass is
less dense-dependent, as indicated by previous studies,12,14

which also explains the high TPSs as discussed above. More
consumers and intense grazing pressure propagate more flows
to high TLs. Diet is the primary source of MMHg27 and higher
grazing flux can greatly enhance the biomagnification.24

Besides the less grazing flux, growth dilution caused by a
faster growth rate is another contributor to the reduced TMFs
in the productive oceans.24,26 TPSs are not always negatively
correlated with primary production. For example, primary
production and TPSs are both low in the subtropical oceans
with short food-chain lengths (e.g., the South Pacific gyre, the
North Atlantic gyre near Africa, and the South Atlantic gyre
near South America). These regions with super low
productivity cannot support much biomass.62 Additionally,
the TMFs are low in these regions. An observation found that
short food chains result in low Hg biomagnification in the
tropical Western Africa.30

In the high-latitude oceans (e.g., the Arctic Ocean and the
Southern Ocean adjacent to Antarctica), despite the high
TPSs, the TMFs are not high (Figures 2 and 3). In contrast,

Lavoie et al.26 found significant biomagnification in the cold
high-latitude systems due to the low growth rate (i.e., no
growth dilution) and low excretion rate. Our previous findings
suggest that the excretion rate has weak effects on the MMHg
biomagnification in plankton systems.24 The absence of high-
trophic-level predators (Figure 4) may explain the low
modeled TMFs in these regions.30 The short food chain of
producers to copepods was observed in the high-latitude Scotia
Sea.63

Diversity and primary production show high spatial
correlation (Figures S3 and S5). Diversity is maximum in
mid-productivity regions and saturates where the primary
production is considerably high (Figure S6a). Al-Reasi et al.
found that the complex species’ diversity in the tropical marine
ecosystems leads to the lower Hg biomagnification.64 Our
model results show that generally high diversity reduces
MMHg biomagnification in the low- and mid-latitude oceans.
However, the diversity and TMFs are not strongly correlated
(Figure S6b) as the TPS is more closely related to productivity
than diversity in spatial patterns.

3.3. Future Scenarios. In the future ocean with the
warming climate, reduced rates of nutrient supply will lower
the primary production in low latitudes,18 but in the high-
latitude oceans, increased growth rates due to increased
temperatures lead to higher productivity (Figure S3b), which is
consistent with previous modeling studies.19 The changes in
the modeled diversity are relatively large but without a strong
spatial coherence (Figure S5b). With a lower primary
production, the TPSs are increased in the low- and mid-
latitude oceans (Figure 3b). The trophic positions in the future
are similar to those of today, indicating that, at least within the
model, the food-chain length will not change much (Figure 1).
This is probably because there is no population extinction or
outbreak in the simulated future and the fraction of a certain
prey in a predator’s diet composition will not change a lot.
The average MMHg concentrations in the low-trophic-level

plankton barely change. Experimental studies show the similar
results that MMHg uptake by the phytoplankton is not
sensitive to changes in temperature.27 However, MMHg
concentrations in the plankton at high TLs (>3) are increased
considerably, leading to more significant biomagnification
(Figure 1b), consistent with field data.65−67 Consumers will
exert a greater predation pressure on the plankton at lower TLs
to meet their rising energy demands in warmer environments20

(Figure S8). Grazing (and photosynthesis) in the ecosystem
model are parameterized following an Arrhenius curve such
that they increase exponentially with temperature.32 Also, the
higher temperature accelerates the bioconcentration (kBC in eq
2); thus, more MMHg is taken up by the zooplankton,
especially for the larger zooplankton. With lower productivity,
the decline of biomass with TLs becomes weaker in the future
(Figure 3b). A more significant MMHg biomagnification on a
larger scale is predicted in the future as the oligotrophic waters
are expanding with global warming.68 Although it is debatable
whether warming will promote the energy transfer in the food
web,21 an observation in a subtropical lake does confirm that
the biomagnification of persistent pollutants such as polycyclic
hydrocarbons is enhanced with the high temperature in
planktonic food webs.65 Additionally, for high-trophic-level
organisms such as fish, both model and field data show that
rising temperatures lead to increases in MMHg concentrations,
suggesting more human exposure to MMHg through seafood
in the warming future.66

Figure 5. Relationships between TMFs and TPSs (2 ≤ TL < 4) in the
low- and mid-latitude oceans (−60−60°N). Colors represent the
number of grid points.
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