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ABSTRACT: Methylmercury is greatly bioconcentrated and biomagnified in marine plankton
ecosystems, and these communities form the basis of marine food webs. Therefore, the evaluation
of the potential exposure of methylmercury to higher trophic levels, including humans, requires a
better understanding of its distribution in the ocean and the factors that control its
biomagnification. In this study, a coupled physical/ecological model is used to simulate the
trophic transfer of monomethylmercury (MMHg) in a marine plankton ecosystem. The model
includes phytoplankton, a microbial community, herbivorous zooplankton (HZ), and carnivorous
zooplankton (CZ). The model captures both shorter food chains in oligotrophic regions, with
small HZ feeding on small phytoplankton, and longer chains in higher nutrient conditions, with
larger HZ feeding on larger phytoplankton and larger CZ feeding on larger HZ. In the model, trophic dilution occurs in the food
webs that involve small zooplankton, as the grazing fluxes of small zooplankton are insufficient to accumulate more MMHg in
themselves than in their prey. The model suggests that biomagnification is more prominent in large zooplankton and that the
microbial community plays an important role in the trophic transfer of MMHg. Sensitivity analyses show that with increasing body
size, the sensitivity of the trophic magnification ratio to grazing, mortality rates, and food assimilation efficiency (AEC) increases,
while the sensitivity to excretion rates decreases. More predation or a longer zooplankton lifespan may lead to more prominent
biomagnification, especially for large species. Because lower AEC results in more predation, modeled ratios of MMHg concentrations
between large plankton are doubled or even tripled when the AEC decreases from 50% to 10%. This suggests that the
biomagnification of large zooplankton is particularly sensitive to food assimilation efficiency.

■ INTRODUCTION

Methylmercury (MeHg), particularly monomethylmercury
(MMHg), is a potent neurotoxin that is associated with
cardiovascular effects in adults and causes neurocognitive
deficits in fetuses.1−3 Globally, the consumption of marine fish
and shellfish is still rising and remains the primary source of
human MMHg exposure.4−6 As the base of marine food webs,
phytoplankton introduce MMHg into the food web and
transmit them to higher trophic levels.7,8 Many studies have
shown that the MMHg concentrations in phytoplankton can
reach 105 times higher than those in seawater, and
concentrations in zooplankton can reach 105−106 times.7,9

This study focuses on the biomagnification of MMHg in
marine plankton food webs.
MMHg is bound to proteins and is further bioaccumulated

in marine food webs.10 Organisms at higher trophic levels have
higher energy requirements and tend to eat more, which
facilitates the trophic transfer of MMHg.11 MMHg also
accumulates further up the food web at higher concentrations
because the lifespan of these organisms are longer.12 Many
laboratory and field studies have observed MMHg biomagni-
fication between phytoplankton and zooplankton.12−15 For
example, Hammerschmidt et al.12 found that in the Northwest
Atlantic Ocean, the MMHg concentration in large zooplankton
(1.04 ± 0.80 ng/g wet weight) was significantly higher than
that in small zooplankton (0.28 ± 0.24 ng/g) due to the longer
lifespan of large zooplankton.

The global plankton ecosystem has tremendous diversity
with large regional differences caused by different physiological
and environmental factors.16−19 This variability influences the
transmission processes of MMHg in food webs. For instance, a
different marine plankton community structure will alter the
bioconcentration and grazing fluxes of MMHg.20 Dissolved
organic carbon (DOC) also influences the transmission: when
DOC concentrations are low, MMHg has higher bioavailability
and passes through cell membranes more easily.9

Models have been developed to study the biomagnification
of MMHg in marine food webs. The Ecotracer and Ecopath
models have been applied to simulate MMHg trophic transfer
in marine food webs.21−24 However, these studies often focus
on a single site, and many of the MMHg transfer processes are
not connected to plankton physiological parameters. Zhang et
al.25 first linked MMHg transfer with a plankton ecosystem
model (DARWIN), but it only included two trophic levels
(producers and primary consumers). In contrast, Schartup et
al.9 considered a longer food chain, but it was limited to
coastal, shelf, and pelagic regions of the Northwest Atlantic
Ocean.
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In this study, a coupled physical/ecosystem model is used to
simulate the MMHg trophic transfer in the global marine
plankton ecosystem. The MMHg transfer processes are related
to an existing ecosystem model26 that has physiological
descriptions of metabolically diverse plankton, including
primary producers (phytoplankton), primary consumers
(herbivorous zooplankton, HZ), and a diverse microbial
community including heterotrophs and chemoautotrophs
(here referred to as microbial metabolic functional groups,
MMFG). In addition, we extend the ecosystem model to
include secondary consumers (carnivorous zooplankton, CZ)
and their MMHg transfer processes. The regional variability of
MMHg trophic transfer in the different trophic levels is also
explored. Modeling experiments are then conducted to explore
the sensitivity of MMHg biomagnification to plankton
physiological parameters.

■ METHODS
General Description. We simulate the MMHg bioconcen-

tration and biomagnification in the MITgcm physical frame-
work.27 The ocean circulation data is from the Integrated
Global Systems Model (IGSM).28 The physical model has a
resolution of 2° × 2.5° horizontally with 22 vertical levels. The
ocean boundary layer physics is modeled based on Large et
al.,29 and the effects of mesoscale eddies are parametrized
following Gent and McWilliams.30

Ecosystem Model. The ocean plankton ecology and
biogeochemistry are simulated by a recent ecosystem model
that resolves diverse functional types as populations (schemati-
cally shown in Figure 1).26 Briefly, the model simulates six

representative categories of phytoplankton with different sizes,
growth rates, affinity to nutrients and other physiological
parameters. There are two small phytoplankton: Prochlor-
ococcus (which do not use NO3

− and have the lowest
equilibrium resource concentrations31), and Synechococcus
(which also have low equilibrium resource concentrations);
three large phytoplankton groups: diatoms (with hard silica
shells and using silica), diazotrophs (which fix nitrogen), and
other large eukaryotic phytoplankton; and intermediately sized
coccolithophores (with calcium carbonate plates). Six micro-
bial metabolic functional groups (MMFG) are also included:
aerobic heterotrophic bacteria that consume dissolved organic
matter (DOM) and sinking particulate organic matter (POM),
anaerobic nitrate-reducing (NO3

− → NO2
−), anaerobic

denitrifying (NO2
− → N2), anaerobic NH4

+ oxidizing

(anammox, NH4
+ → N2), NH4

+ oxidizing (NH4
+ → NO2

−),
and NO2

− oxidizing (NO2
− → NO3

−) microorganisms. In the
remainder of this article, we will consider the six microbial
groups as a single entity (i.e., MMFG) as they are modeled as
the same size, and our study focuses on the trophic interactions
which are set as a function of size. Remineralization of organic
matter proceeds as a function of organic matter consumption
and respiration by the heterotrophic groups. Labile dissolved
and particulate organic matter are explicitly modeled and
sourced from the mortalities of all populations,26 while
recalcitrant DOC is an input into the model from an
established data set.32 The total (recalcitrant and labile)
DOC impacts microbial and phytoplankton MMHg content
according to eq 1 below, while only the labile DOC affects
microbial growth. Four HZ types graze on phytoplankton and
MMFG in size classes: HZ1 grazes on Prochlorococcus and the
six MMFG, HZ2 on Synechococcus, HZ3 on coccolithophores,
and HZ4 on large phytoplankton groups (diatoms, diazo-
trophs, and other large phytoplankton).
New to this study, we add two CZ groups into the

ecosystem model. The smaller one (CZ1) grazes on smaller
HZ (HZ1 and HZ2), and the larger one (CZ2) grazes on
larger HZ (HZ3 and HZ4) (Figure 1). Physiological
parameters of CZ and HZ are a function of body size
following Taniguchi et al. (Table S1).33 We numerically
integrate the ecosystem model forward in time until the
biomass of each plankton reach a seasonally varying quasi-
steady state (20 years). The plankton biomass, grazing fluxes,
and mortality rates from this steady state serve as an input for
the methylmercury model. The mortality rate represents all
losses other than grazing (viral lysis, cell death) for MMFG,
phytoplankton, and HZ but also includes a parametrization of
loss to higher trophic levels for the CZ (as no predators for CZ
are explicitly modeled).

Methylmercury Model. The methylmercury model is
based on Zhang et al.25,34 which simulates the transport and
biogeochemical processes of marine methylmercury cycle,
including river discharge, air-sea exchange, sinking of particle
mercury, redox reactions, methylation, demethylation, and
bioconcentration and biomagnification in marine plankton
food webs. We also extend their model to include newly
introduced MMFG and CZ species.
Phytoplankton and MMFG accumulate MMHg primarily by

passive uptake from seawater (diffusion) across the cell
membrane

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

where MMHgphy and MMHgsea are the MMHg concentrations
in phytoplankton/MMFG and seawater, respectively. The
volume concentration factor (VCF) is a function of the cell
diameter d and total DOC concentrations (Table S1).9

The transfer of MMHg in herbivorous and carnivorous
zooplankton includes the following processes: (1) direct
MMHg intake from seawater; (2) uptake of MMHg by
predation; (3) MMHg released by death; (4) maternal
transfer; and (5) excretion of MMHg

= · − + + ·

+ · ·

dMMHg

dt
k MMHg (k k k ) MMHg

k AE MMHg

pred
BC sea MT MA EX pred

GR MMHg prey (2)

where MMHgpred is the MMHg concentrations in predators
(i.e., HZ or CZ), MMHgprey is the MMHg concentrations in

Figure 1. Schematic of modeled marine plankton food webs. The
numbers above the plankton type name are the cell/body sizes in the
unit of μm. The arrows connect the prey to its predator. There are six
phytoplankton types: DIA (diatoms), TRO (diazotrophs), OTHER
(other large phytoplankton), COCCO (coccolithophores), SYN
(Synechococcus), PRO (Prochlorococcus), six MMFG (microbial
metabolic functional groups), represented here though as one
category as they are all the same size; four herbivorous zooplankton:
HZ1, HZ2, HZ3, and HZ4; and two carnivorous zooplankton: CZ1
and CZ2.
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prey (i.e., phytoplankton, MMFG or HZ), and MMHgsea is the
MMHg concentrations in seawater. AEMMHg, kBC, kMT, kMA,
kEX, and kGR are the MMHg assimilation efficiency,
bioconcentration rate, mortality rate, maternal transfer rate,
excretion rate, and grazing rate for the predator, respectively
(Table S1).
The rate parameters are related to the volume and mass of

plankton bodies as well as environmental parameters such as
seawater temperature.35 The AEMMHg for HZ and CZ range
from 50%−70% and 75%−95% respectively,9 and 60% and
90%, respectively, are chosen in this study. More details of the
model are available in the Supporting Information. The model
is run from 2000 to 2015 with the initial condition from Zhang
et al.,25 and we use the results of the last year for the following
analyses. The atmospheric mercury concentration and
deposition fluxes are taken from the output of GEOS-Chem
model.36

Sensitivity Analysis. The trophic transfer of MMHg relies
on plankton food web dynamics, such as grazing, excretion,
maternal transfer, mortality, and the assimilation efficiency of
carbon (AEC, i.e. food assimilation efficiency). To save
computational costs, a box model is used instead of a 3-D
simulation to test the sensitivity of the physiological rates. In
the box model, the concentrations of MMHg and the
parameters of the plankton ecosystem are taken as the global
means in the euphotic zone of the 3-D methylmercury and
ecosystem models, respectively. In the box model, the grazing,
mortality, and excretion rates are varied from 0.1 to 10 times

the original values used in the 3-D model. The AEC is varied
from 10% to 100% in the 3-D ecosystem simulation. The
changes of MMHg concentrations in all possible model food
chains are calculated as an indicator of biomagnification.

■ RESULTS AND DISCUSSION

Ecosystem Model. We analyze the results of the modeled
euphotic zone (the top 115 m) where most (75%) of the
phytoplankton and zooplankton are sustained. Figure 2 shows
the spatial distributions of the biomass of selected plankton
functional groups (results for the other groups are available in
Figure S1). Overall, the modeled distributions of phytoplank-
ton and HZ are consistent with the previous model results16,37

and observations.38,39 As observed, small phytoplankton
functional groups (Prochlorococcus and Synechococcus) are
more ubiquitous and dominate in the oligotrophic oceans
(e.g., subtropical oceans) while the large groups (diatoms and
the other large phytoplankton) bloom in the eutrophic areas
(e.g., regions of upwelling: high-latitude oceans, such as the
Southern Ocean and the equatorial regions).40,41 Like total
phytoplankton and zooplankton, MMFG have higher biomass
in the eutrophic regions where production rates are higher
(Figure S2c).42 As source of food, the spatial distributions of
phytoplankton restrict those of HZ (Figure 2c,d), which
further restrict those of CZ (Figure 2e,f).43

The spatial distributions of phytoplankton groups are similar
to previous modeling results without CZ, indicating that the

Figure 2. Modeled spatial distributions of the selected plankton biomass in the global euphotic zone [mmol C m−3]. (a) Prochlorococcus; (b)
diatoms; (c) small herbivorous zooplankton HZ1; (d) large herbivorous zooplankton HZ4; (e) small carnivorous zooplankton CZ1; and (f) large
carnivorous zooplankton CZ2.
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locations where the different types dominate are not
significantly affected by the inclusion of predators two trophic
level higher.44 However, the addition of CZ increases the
global total biomass of phytoplankton groups by 158%
compared to the simulation without CZ, and decreases that
of HZ by 22%. This is because the inclusion of CZ increases
predation pressure on HZ, which is unfavorable for their
accumulation of biomass, and this in turn benefits
phytoplankton and increases their biomass.45 The modeled
total primary production (PP) of global oceans is 53 Pg/year,
which is within the estimate of 44−67 Pg/year based on
satellite data.46

Methylmercury Model. Figure 3a shows the spatial
distribution of MMHg in the model surface ocean. Relatively
high MMHg concentrations are simulated in the high latitude
oceans and the equatorial Pacific Ocean, while there are low
concentrations in the mid- and low-latitude oceans. This
pattern reflects the influence of solar radiation and temper-
ature.25 Figure 2b−e maps the MMHg concentrations in the
different groups of plankton (phytoplankton, MMFG, HZ, and
CZ). Figure 4 illustrates the trophic transfer fluxes of MMHg
between individual types.
MMHg in Phytoplankton and MMFG. High MMHg

concentrations in phytoplankton are modeled in the high-
latitudes and the eastern equatorial Pacific oceans, due to both
high plankton biomass and high MMHg concentrations in the
seawater (Figure 2a,b, Figure 3b,c). Small phytoplankton
species, such as Prochlorococcus and Synechococcus, have large

cell surface area to volume ratios and subsequently high
MMHg uptake efficiencies, contributing to the relatively high
concentrations in tropical regions.47 This is consistent with the
modeled results by Zhang et al.25 The spatial pattern of
MMHg concentrations in MMFG is similar to that of
phytoplankton, and the concentrations are at least twice as
large as those in phytoplankton due to their even smaller sizes
and hence even larger surface to volume ratios (Figures 3c and
4).
The concentrations of MMHg in this study are reported as a

wet weight, unless otherwise noted. The modeled global
average MMHg concentrations in the large phytoplankton
range between 0.7 and 3.6 ng/g wet weight, which is consistent
with measurements in the central Pacific (0.1−4 ng/g).48 The
modeled MMHg concentrations in the small phytoplankton
and MMFG are much higher (8.3−35.3 ng/g). Unfortunately,
there are no observations of concentrations in these small size
classes to evaluate the model. However, higher concentrations
in smaller classes have been hypothesized given their higher
surface to volume ratios.49 As the MMFG have high
concentrations of MMHg, this leads to a high trophic transfer
to their predators, HZ1. Indeed, this model predicts 2204
kmol/yr of MMHg transferred by MMFG to herbivorous
zooplankton, which is larger than the transfer from any other
type of the phytoplankton groups to the zooplankton (Figure
4).

MMHg in Zooplankton. MMHg in zooplankton comes
from both seawater and food. In this model, the contribution

Figure 3. Modeled spatial distributions of the MMHg concentrations in the seawater [fM] (1fM = 10−15 mol/L) and different plankton functional
groups (ng/g wet weight) in the global euphotic zone. (a) Seawater [fM]; (b) phytoplankton; (c) microbial metabolic functional groups; (d)
herbivorous zooplankton; and (e) carnivorous zooplankton.
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of MMHg directly obtained from seawater is small (7%), and
grazing is the primary cause of MMHg biomagnification
(Figure 4).9,50 The spatial patterns of the MMHg concen-
trations in the different zooplankton are similar, with higher
MMHg concentrations in the productive equatorial and high-
latitude oceans and lower concentrations in the oligotrophic
subtropical oceans (Figure 3d,e). The spatial pattern of the
MMHg concentrations in HZ is consistent with Schartup et
al.9 However, they simulated lower MMHg concentrations in
omnivorous zooplankton due to “growth dilution” in
productive areas where nutrients were abundant. Here,
“growth dilution” refers to the increase in biomass that
exceeds the accumulation of MMHg, resulting in a decrease in
MMHg concentration per body weight. The differences
between our model results and those of Schartup et al. arise
from the parametrization of zooplankton grazing and growth.9

Modeled average MMHg concentrations in zooplankton range
from 2.7 to 6.7 ng/g, which overlap with the range of 0.2−3.4
ng/g observed in the central Pacific48 and 1.9−4.1 ng/g in the
Southern Ocean.51

The modeled MMHg concentrations in large HZ (HZ3 and
HZ4) are slightly higher than those in small ones (HZ2). A
similar trend with size is modeled for CZ, with higher MMHg
concentrations in the larger CZ2 compared to the smaller CZ1.
This is consistent with empirical studies that have observed
higher MMHg concentrations in large size bins of zooplankton
samples in several aquatic environments (Northwest Atlantic
Ocean, central Pacific Ocean, Onondaga Lake and Lake
Lusignan).12,48,52,53 One exception here is HZ1, which has the
highest MMHg concentrations due to the contribution from
MMFG (Figure 4). Kainz and Mazumder50 found that,
although bacteria (included in MMFG) were less nutritious
and comprised a smaller portion of the HZ diet, the HZ

MMHg concentrations were strongly affected by those found
in the MMFG. In their study, bacteria could predict 50% of the
variation of MMHg concentrations in the food web. This
confirms our finding that the microbial community plays an
important role in the trophic transfer of MMHg (Figure 4). In
addition, anaerobic bacteria may stay alive in the intestinal
tracts of zooplankton and produce MMHg.54 However,
MMHg in the microbial community is still poorly understood,
and MMHg trophic transfer from this group to higher trophic
levels is often neglected. More studies of MMHg accumulation
and trophic transfer of the microbial community are thus
needed. Our study suggests this route of bioaccumulation may
be important.
In general, modeled MMHg concentrations in zooplankton

are low where total DOC concentrations are high. For
example, the average modeled zooplankton MMHg concen-
trations are 1.4 ng/g in low latitude oceans (except the tropical
oceans), where DOC concentrations are generally higher than
60 μM (Figure 3d,e, Figure S2b). This agrees with Schartup et
al.,9 who found that MMHg concentrations in zooplankton
decreased with increasing DOC concentrations. In our
simulation, DOC concentrations increase in oligotrophic
areas because of the imposed nonreactive, “recalcitrant”
DOC (Figure S2b). In contrast, the concentrations of “labile”
DOC that fuel microbial growth are low where these
recalcitrant DOC concentrations are high (Figure S2a).
Observations have showed similar trends: the zooplankton
MMHg concentrations in the Southern Ocean (1.9−4.1 ng/
g)51 were higher than in the tropical coastal Pacific Ocean
(0.69−3 ng/g),55 where the DOC concentrations were
approximately 30 μM higher. Higher concentrations of DOC
lead to less MMHg entering phytoplankton, which in turn
results in less MMHg uptake by zooplankton. One difference

Figure 4. Trophic transfer of MMHg in global plankton food webs. The numbers above the seawater and the planktons are the MMHg
concentrations in units of fM (1 fM = 10−15 mol/L) and ng/g wet weight, respectively, and those below are the total mass of MMHg in units of
kmol. The green arrows are for the bioaccumulation fluxes from seawater to plankton. The red arrows are for the release of MMHg from
zooplankton by death, excretion, and maternal transfer. The purple arrow pointing to the bottom MMHg symbol represents the sloppy grazing flux.
The other colors are for the grazing fluxes of MMHg by zooplankton. The width of these arrows are proportional to the logarithm of the
magnitudes of the fluxes. The plankton groups include six types of primary producers: dia (diatoms), tro (diazotrophs), large (other large
phytoplankton), cocco (coccolithophores), syn (Synechococcus), and pro (Prochlorococcus); MMFG (microbial metabolic functional groups, the six
types are grouped together here as they are all the same size); the four herbivorous zooplankton (her): HZ1, HZ2, HZ3, and HZ4; and two
carnivorous zooplankton (car): CZ1 and CZ2.
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between the results of our model and those of Schartup et al. is
that our model predicts relatively high MMHg concentrations
in zooplankton in the equatorial oceans where DOC
concentrations are high, which is consistent with the
observations in the central Pacific Ocean.48 In this model,
the high MMHg concentrations are a result of in situ
production and upwelling from subsurface water.25 In contrast,
Schartup et al.9 assumed that the MMHg concentration in
seawater was constant (50 fM). This indicates that the DOC
and MMHg in seawater and phytoplankton both influence the
MMHg concentrations in zooplankton.8,9

MMHg Biomagnification. The MMHg magnification
ratio between two trophic levels is defined as the trophic
magnification ratio (TMR) in this study

=TMR
MMHg

MMHg
j

i (3)

where i and j are the trophic levels (j > i), and MMHgj and
MMHgi are the MMHg concentrations in plankton at trophic
level j and trophic level i, respectively.
Figure 5 shows the modeled TMR values for two

representative food chains: Prochlorococcus → HZ1→ CZ1
(which starts from a small phytoplankton) and diatoms →
HZ4 → CZ2 (which starts from a large phytoplankton). The
TMRs for other possible model food chains are available in
Figure S3. The TMRs of HZ1/Prochlorococcus and CZ1/HZ1
are both less than one, which indicates trophic dilution in this
food chain. The low grazing flux (a result of low biomass of the
prey) and the assimilation efficiency of MMHg result in the
small predators not accumulating more MMHg in themselves
than in their prey. In addition, the elimination rates of MMHg
for small zooplankton are higher than for large zooplankton
(Figure 4), which is unfavorable for the bioaccumulation of
MMHg. In contrast, large zooplankton have higher food intake
(more prey), which results in higher accumulated MMHg
concentrations than in their prey. This leads to trophic
biomagnification in this food chain.9 The global mean TMR

between CZ and HZ is 0.83 for the small food chain, and 1.8
for the large one. The other food chains (Figure S3) show
similar patterns. Generally, biomagnification in large plankton
food chains are more significant than in small ones. This is
consistent with observations that the MMHg concentrations in
all but the smallest zooplankton were higher than in
phytoplankton in the Northwest Atlantic Ocean.12

In the oligotrophic regions, such as the subtropical ocean,
the TMRs of HZ/phytoplankton are low (Figure 5a,c), while
the TMRs of CZ/HZ are high (Figure 5b,d), in contrast to the
eutrophic areas at high latitudes and the equator. Schartup et
al.9 modeled the same phenomenon in the Northwest Atlantic
Ocean. In the oligotrophic oceans, due to insufficient nutrients,
phytoplankton grow slowly and are subject to less grazing
stress by HZ.16 For CZ, the ecosystem model simulates higher
grazing fluxes per biomass here (35 and 56 mmol C year−1 for
CZ1 and CZ2, respectively) than in the eutrophic oceans (19
and 22 mmol C year−1 for CZ1 and CZ2, respectively).
Despite sufficient food in the eutrophic oceans, the larger food
uptake fails to compensate for the reduced MMHg
concentrations caused by larger biomass, in contrast to the
oligotrophic oceans.9 Thus, this mechanism explains the
modeled higher TMRs of CZ/HZ for MMHg in the
oligotrophic oceans.
Available empirical studies are limited for comparison of

modeled MMHg TMRs due to differences in units used (e.g.,
dry versus wet weight basis), measurements of whole
organisms vs specific tissues, and the uneven coverage of
tropic levels.20 One study56 in the Long Island Sound found a
TMR between phytoplankton and zooplankton of 2.3, while
another12 on the continental margin of the Northwest Atlantic
Ocean suggested a value of 4. This model is not well suited for
coastal studies due to relatively coarse resolution, but these
numbers do provide a range against which we can evaluate the
model. The modeled mean TMR between phytoplankton and
HZ is 2.0 in the Long Island Sound and ranges from 1.8 to 6.7
on the continental margin of the Northwest Atlantic Ocean,
providing some confidence in the model. The modeled mean

Figure 5. Modeled ratios of MMHg concentrations per wet plankton biomass between two consecutive trophic levels (TMRs) in the global ocean:
(a) between small herbivorous zooplankton HZ1 and Prochlorococcus; (b) between small carnivorous zooplankton CZ1 and HZ1; (c) between
large herbivorous zooplankton HZ4 and diatoms; and (d) between large carnivorous zooplankton CZ2 and HZ4. No value indicates that one or
both of the plankton are not present in that location.
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TMR between phytoplankton and HZ in the central Pacific
Ocean is 1.0, which is consistent with the observed comparable
MMHg concentrations of phytoplankton and zooplankton in
this area.48 The observed TMR between HZ and phytoplank-
ton was approximately 3.0 in the northeastern Chukchi Sea,57

3.7 in Guanabara Bay,58 and 0.8−9.3 in Hudson Bay59 based
on dry weight concentrations. The range of modeled TMRs for
these areas is 1.0−1.4, 1.3−1.5, and 0.2−1.3 respectively. The
model underestimation is due to the higher fractions of the dry
weight (a function of carbon content) to wet weight of
phytoplankton compared to those of zooplankton.60,61

Sensitivity Analyses. Figure 6 shows the sensitivity of
TMRs to the physiological parameters of the two representa-
tive food chains, as above-mentioned. The results for the other
food chains are shown in Figure S4. We explore the model

sensitivity to the parameters describing grazing, mortality, and
excretion rates (see Methods). Generally, higher grazing rates,
lower mortality, and lower excretion rates increase TMRs,
although the magnitudes of the changes vary with different
food chains and trophic levels. The sensitivity of TMRs to
grazing and mortality rates are larger in large plankton food
webs than in small ones, in contrast to the sensitivity of
excretion rates (Figures 6 and S4). TMRs of large zooplankton
are highly sensitive to changes in grazing rates since MMHg
obtained from prey is the primary source for zooplankton
(Figure 6b). The TMRs are also sensitive to mortality rates, as
lower mortality rates lead to longer lifetimes of MMHg in
plankton bodies, which results in higher MMHg concen-
trations, especially for large zooplankton. The TMR of CZ2/
HZ4 is increased from 2.0 to ∼10, if the grazing rate is

Figure 6. Effects of changing plankton physiological parameters (including grazing, mortality, and excretion rates) on the trophic magnification
ratios (TMR) in the two food chains: (a) Prochlorococcus → small herbivorous zooplankton HZ1 → small carnivorous zooplankton CZ1; and (b)
diatoms → large herbivorous zooplankton HZ4 → large carnivorous zooplankton CZ2.

Figure 7. Effects of changing carbon assimilation efficiency (AEC) on the trophic magnification ratios (TMR) in all possible model food chains in
this study: (a) small phytoplankton (including Prochlorococcus and Synechococcus), MMFG (heterotrophic MMFG, autotrophic MMFG), small
herbivorous zooplankton (HZ1 and HZ2), and small carnivorous zooplankton (CZ1); (b) large phytoplankton (including diatoms, diazotrophs,
and other large phytoplankton), large herbivorous zooplankton (HZ3 and HZ4), and large carnivorous zooplankton (CZ2).
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increased by five times, and increased to ∼5 if the mortality
rate is decreased to 10% of the original value (Figure 6b). The
sensitivity of HZ4/diatoms to these two parameters is smaller
compared to the upper trophic level (Figure 6b). The influence
of excretion rates on TMRs is relatively small for large
zooplankton, but for small plankton, it exceeds the influence of
mortality rates (Figure 6a,b).
It is found that the modeled trophic dilution is relatively

robust in small plankton food chains, as the TMRs between
small HZ and phytoplankton are relatively insensitive to
changes in the plankton physiological rates (Figure 6a). The
TMR remains less than one when the grazing rate is increased
by ten times (Figure 6a, S4a−c). Similarly, 10-fold reductions
in mortality and excretion rates do not cause a trophic
magnification of MMHg (i.e., TMR > 1). The result indicates
that in a real ocean environment, MMHg biomagnification is
unlikely to happen between small HZ and phytoplankton.
However, the TMRs between small CZ and HZ are sensitive to
changes in grazing rates. For CZ1 and HZ1, MMHg
magnification begins to occur (i.e., TMR = 1) when the
grazing rate is increased 1.6 times and is prominent (TMR =
3) when the grazing rate is increased five times (Figure 6a).
Changes in mortality and excretion rates do not significantly
alter the TMRs between the small CZ and HZ.
Figure 7 shows the global average MMHg TMRs for all

possible model food chains as a function of the carbon
assimilation efficiency (AEC). The AEC can reach a maximum
of 0.7 when the quality of the food is very high (N and Fe
quotas are full)43 but ranges between 0.2 and 0.4 for parameter
values more reasonable for the real ocean.62 The biomass and
population of zooplankton both decrease when AEC is lower,
as less food is assimilated and vice versa.43 Conversely, a lower
AEC increases the biomass and population of phytoplankton
and MMFG due to less predation stress. Figure 7 indicates that
these changes in the plankton community structure can
propagate to the bioaccumulation of MMHg.
Generally, a low AEC results in more prominent MMHg

biomagnification. To get enough energy, zooplankton consume
more prey when AEC is lower, which transfers more MMHg
from the prey species to predators. Under ideal conditions, the
biomass of consumed prey and MMHg transfer flux are
proportional to the inverse of AEC. This is especially the case
for large plankton with the TMRs increasing more rapidly
when AEC approaches zero. The TMRs are almost doubled
when AEC decreases from 50% to 10% for large CZ/HZ and
are even tripled for large HZ/phytoplankton (Figure 7b). The
variabilities among species are caused by the differences in
mortality, excretion, and food web dynamics (Figures 4 and 6).
However, TMRs for small plankton are relatively insensitive to
AEC in a range of 0.1−1, and the trophic dilution (i.e., TMR <
1) of MMHg is still modeled even for an unrealistic low AEC
value of 0.1 (except TMR between CZ1 and HZ2), probably
due to their low energy requirements (Figure 7a). TMR values
larger than one could be modeled if the AEC value is further
lowered, but it is of little relevance in the real ocean
ecosystems.
The sensitivity analysis is conducted using a box model with

parameters selected as the global averages (except AEC, which
uses 3-D models). Therefore, the sensitivity results are
considered illustrative given the large spatial variability in
MMHg concentrations and TMRs (Figures 3 and 5).
However, the contrast between small and large plankton
(i.e., Figure 6a vs 6b and Figure 7a vs 7b) indicates that the

overall sensitivity of TMRs to these parameters (i.e., grazing
and mortality rates, AEC) increases with plankton body size.
This suggests that MMHg may accumulate as a function of
plankton size rather than species.50 Observations of MMHg
concentrations in different plankton size fractions over large
spatial scale (e.g., reference 48) are thus extremely helpful for
our understanding of the MMHg bioaccumulation pattern in
marine food webs.
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