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ABSTRACT: Monomethylmercury (MMHg) is a potent neurotoxin to
which humans are exposed via fish consumption. However, the relative
importance of planktonic and benthic biomagnification pathways to fish

MMHg concentrations in marine food webs is challenging to quantify. Watercelin gl o
: - : Water column

Marine Continental Shelf
Hg deposition

Here, we apply compound-specific isotope analysis (CSIA) of Hg to
identify fish MMHg biomagnification pathways across nearshore bay
(NB), marine continental shelf (MCS), and pelagic ocean (PO) regions.
We observe significant differences in A'*”Hg between MMHg and total
mercury (THg), highlighting the limitations of using THg isotopes to
resolve MMHg dynamics in the environment. In NB fish, A"”Hg of
MMHg closely matches that of benthic invertebrates, while in MCS and
PO fish, it aligns with phytoplankton. According to the MMHg isotope
binary mixing model, about 85% of MMHg in NB fish derives from the
benthic biomagnification pathway, whereas over 90% of MMHg in MCS and PO fish originates from seawater-phytoplankton
trophic transfer. These findings reveal that the benthic biomagnification pathway in near-shore regions has been underestimated in
previous models, leading to potential uncertainties in evaluating marine Hg cycling and human exposure risks. This study highlights
the importance of the benthic biomagnification pathway in coastal environments and demonstrates the potential of the CSIA of Hg
for investigating MMHg biomagnification pathways in marine food webs, which provides new insights for global Hg pollution
management under the Minamata Convention.

KEYWORDS: monomethylmercury biomagnification, compound-specific isotope analysis of Hg, marine food web, phytoplankton,
benthic invertebrates

B INTRODUCTION sive understanding of the mechanism of MMHg biomagnifi-
cation in marine environments.

In marine ecosystems, MMHg is primarily produced in two
regions: coastal sediments and the water column of the
ocean.”” In pelagic ocean ecosystems, MMHg enters the food
web through phytoplankton, which can bioconcentrate MMHg
from seawater by factors of 10*~10° times.'”'" This uptake
contributes to significant biomagnification through trophic
transfer to zooplankton and high trophic level consumers
within a food web that may also involve particle transport or
carrion descent processes. In contrast, coastal ecosystems such

Seafood provides essential nutrients for billions of people
worldwide, yet its consumption remains one of the primary
routes by which humans are exposed to monomethylmercury
(MMHg), a neurotoxic form of mercury (Hg).l’2 MMHg
exposure can cause long-term cognitive and intelligence
quotient (IQ) impairments in children.’ Recent estimates
indicate that global socioeconomic costs associated with
human MMHg exposure were US$ 117 billion (2020 USS,
adjusted by purchasing power parity).” With growing global
fishery production and trade, per capita seafood consumption
has risen from 9.9 kg in the 1960 to over 20 kg by 2020.” To

address the global health and socioeconomic effects caused by Received: ~ September 3, 2025
Hg pollution, the Minamata Convention on Mercury—a Revised:  January 30, 2026
legally binding international treaty—was adopted in August Accepted: January 30, 2026

2017.° A key objective of the convention is to reduce MMHg Published: February 9, 2026
levels in marme fish via control of anthropogenic Hg
emissions.”” Achieving this goal would require a comprehen-
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as nearshore and marine continental shelf regions may
biomagnify MMHg via both planktonic and benthic path-
ways.'~~'* Previous studies have tracked the dietary sources of
MMHg in coastal fish via MMHg concentrations among
seawater, sediments, and marine organisms.ls_17 These efforts
generally suggest a dominant pathway in which MMHg enters
coastal waters via riverine inputs and sediment diffusion, is
bioconcentrated by phytoplankton, and then biomagnified
through the planktonic food web to fish. 7577 However,
nutrient materials from watershed inputs may shift fish feeding
preferences from planktonic to benthic prey, thereby altering
their bioaccumulation routes for pollutants.® Benthic inverte-
brates may also assimilate MMHg directly from sediments and
porewaters or through the deposition of epipelagic-derived
MMHg, and subsequently transfer it to marine fish. The
complex hydrodynamic conditions characteristic of coastal
ecosystems can also enhance the coupling between planktonic
and benthic food chains. The combined influence of these
processes makes it difficult to constrain whether MMHg
biomagnification in fish is predominantly controlled by
planktonic or benthic pathways in coastal ecosystems. This
knowledge gap arises from the limitations of concentration-
based approaches that cannot adequately account for
ecological complexity and multiple interacting drivers. For
example, shifts in the composition of dissolved organic matter
(DOM) in the water column and organic matter (OM) in
sediments may affect the bioavailability and trophic transfer
efficiency of MMHg in marine food webs.'""” Thus, using Hg
concentrations alone to quantify the relative contribution of
benthic and planktonic pathways to MMHg biomagnification
is insufficient. Due to terrestrial Hg inputs increasingly
affecting coastal ecosystems, overlooking the benthic bio-
magnification pathway may introduce uncertainties into the
marine MMHg biomagnification model and MMHg-related
health impacts estimation under the implementation of the
Minamata Convention.”"”

The multidimensional stable isotope system of Hg, including
mass-dependent fractionation (MDF; 6°”Hg), odd mass-
independent fractionation (odd-MIF; A'”Hg and A**'Hg),
and even mass-independent fractionation (even-MIF; A**Hg
and A*™Hg), has proven to be an invaluable tool for
distinguishing Hg sources and transformation processes within
marine ecosystems.'”~>* MDF occurs during most of the Hg
biogeochemical processes, whereas significant odd-MIF is
primarily associated with photochemical reactions.'” ™" Given
the absence of MIF during trophic transfer,”*° the MIF
signatures of fish can be used to identify the environmental
source of MMHg.27_3O However, because total Hg (THg)
comprises both MMHg and inorganic Hg (IHg), and IHg
dominates the Hg pool in phytoplankton and benthic
invertebrates, THg measurements cannot reliably resolve the
isotopic signature of the MMHg fraction in these organ-
isms.”****" Thus, understanding MMHg biomagnification
pathways remains a certain challenge in the application of
THg isotopes to marine food webs. Recently, compound-
specific isotope analysis (CSIA) has emer%ed as an advanced
tool to trace environmental pollutants.”” We expect that
MMHg-CSIA can remove the interference from coexisting IHg
and enable direct tracking of MMHg transfer through food
webs, providing a new tool to address this knowledge gap.**~**

In this study, we select three typical marine compartments in
China covering nearshore, marine continental shelf, and
pelagic ocean regions and measured THg and MMHg-specific
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isotopes in phytoplankton and benthic invertebrates and THg
isotopes in surface seawater, sediment, epipelagic fish (lived in
the mid-to-upper water layer), and benthic fish. Through an in-
depth analysis of the Hg isotope data, we evaluate the relative
contributions of planktonic and benthic pathways to MMHg
accumulation in fish across different marine food webs. This
work aims to elucidate MMHg biomagnification pathways
across different marine compartments and enhance the
accuracy of predictions of human MMHg exposure risks in
the future, including estimates of associated IQ impacts and
socioeconomic costs.

B METHODS

Sample Collection and Preparation

A total of 11 seawater, 16 surface sediment and 177 marine biota
samples were collected around Daya Bay (nearshore bay food web,
hereafter “NB”, with water depth <10 m), Zhoushan Island (marine
continental shelf food web, hereafter “MCS”, with water depth from
20 to S0 m), and the pelagic region of the South China Sea (pelagic
ocean food web, hereafter “PO”, with water depth >100 m) of China
(as shown in Figure S1). Seawater samples were collected from the
surface of seawater (0—S0 cm depth) by an organic glass water
sampler (SL, Loikaw, China). At each seawater sampling site, about
200 mL of seawater samples were filtered with a 0.45 pm filter
membrane, acidified with 0.4 mL of HNO; (ultrapure, 65%, v/v), and
stored in acid-washed Teflon bottles at 4 °C for subsequent THg
concentration analysis.”"** In addition, approximately 10 L of
seawater samples were filtered through a membrane, acidified with
40 mL of ultrapure HNO; (65%, v/v), and stored in the dark for Hg
isotope analysis.>® Surface sediment samples were collected from 0—
10 cm depth using a customized grab sampler and stored in acid-
treated polyethylene bottles at —20 °C in a refrigerator (1S L,
Alpicool, China).

Marine organism samples include 21 phytoplankton samples, 26
benthic invertebrate samples, S1 epipelagic fish (living in the mid-to-
upper layers of the water column) samples, and 79 benthic fish (living
in the bottom layers of the water column) samples. The biological
samples were collected in March and September 2023 to reduce
potential seasonal variability in solar radiation that could influence
MMHg photodegradation and Hg isotope compositions.'*>*
Phytoplankton were collected using a conical phytoplankton net
(140 cm in length, with a net opening area of 0.1 m” and mesh size of
64 pm) that was horizontally towed at the surface seawater for 4—5 h
per site at a speed of 2 nautical miles per hour. After collection,
phytoplankton samples were stored in acid-washed polyethylene
bottles. Benthic invertebrates (Turritella terebra sp., filter feeders, with
the common name of Auger Shell) and marine fish samples were all
collected using trawling and sea-fishing expeditions. To minimize the
impact of MMHg source mixing caused by fish migration and to
ensure that the sampled fish accurately reflect the MMHg isotope
characteristics of the local food web,”**" we selectively avoided long-
distance migratory species according to the fish guidance of China
(e.g., tuna, swordﬁsh).37’38 The Latin name of each collected species is
provided in Table SI. The selected fish species exhibit limited short-
distance and vertical migration behaviors, thereby aligning more
closely with local environmental conditions. As the benthic environ-
ment in the PO consists of coral reefs rather than sediment, we have
not collected benthic invertebrates for the PO food web. This work
collected dorsal muscle tissue of fish and the whole individual of
benthic invertebrates for Hg concentration and isotopic analysis. All
of the organisms were preserved at —20 °C in the refrigerator prior to
analysis. The length, weight, 8"3C, and 5"°N values of fish and benthic
invertebrates were given in Table S1. Details of the 5*C and §"°N
measurements are provided in Section S1.

THg and MMHg Concentration Analysis
THg concentrations for seawater (expressed as ng~L_1), sediment

(expressed as ng-g™!, dry weight), and marine organism (expressed as
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Figure 1. Boxplots of THg (A—C), MMHg (D—F) concentrations, and MMHg% (G—1I) in phytoplankton, benthic invertebrates, benthic fish, and
epipelagic fish collected from nearshore bay (NB), marine continental shelf (MCS), and pelagic ocean (PO) regions. White solid circles indicate
the values of individual samples. Different letters above bars denote statistically significant differences among groups within each site (Mann—

Whitney U test, p < 0.05).

ng-g”!, dry weight) samples were determined using Brooks Rand
Model III cold vapor atomic fluorescence spectroscopy (CVAES).
Seawater samples were pretreated through BrCl oxidation, SnCl,
reduction, and dual amalgamation prior to THg concentration
analysis.>>*’ Sediment (about 0.5—1.0 g) and marine organisms
(about 0.2—0.5 g) samples were digested with S mL of HNO; (65%,
v/v) and 5 mL of aqua regia at 95 °C for 3 h, respectively.*”*° The
detection limits of THg in water and solid samples were 0.1 ng-L™"
and 0.3 ng-g™', respectively. For the analysis of the MMHg
concentrations (expressed as ng-g”', dry weight), the aquatic
organism samples were digested with 25% HNO;, then measured
through aqueous ethylation, purge, trap, and gas chromatography-cold
vapor atomic fluorescence spectrometry (GC—CVAFS).>> The
recoveries (%) of THg and MMHg concentrations in certified
reference materials (CRMs) ranged from 85 to 110%, ensuring the
accuracy of the THg and MMHg analysis.

THg and MMHg Isotope Analysis

THg and MMHg isotopes in the samples were measured by a
multicollector inductively coupled plasma mass spectrometer (MC-
ICP-MS; Thermo Fisher, Neptune plus, Germany). The THg
isotopes for seawater samples were analyzed using the method
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proposed by Li et al. (2019), while marine organism and sediment
samples were analyzed following previous methods based on HNO;
digestion and aqua regia digestion, respectively.’**’ The recovery of
THg digestion of samples ranged from 85 to 110%, ensuring
negligible Hg loss during the isotope pretreatment and analysis.”" The
National Institute of Standards and Technology standard reference
materials 3133 (NIST SRM 3133) were spiked to deionized water
and determined as CRM (n = 3) for THg isotope analysis in
seawater.”’ TORT-3 (Lobster, Canada), BCR—482 (Lichen,
Europe), and CC—580 (Sediment, Europe) were used as CRMs of
THg isotope analysis. The NIST RM 8610 was used to certify the
stabilization of the instrument. Details of THg isotope data for CRMs
are given in Table S2.

MMHg isotopes for marine organisms were determined by a
selective extraction method (SEM) established by Masbou et al
(2013), which is used for biological samples with low lipid contents.>
The SEM details are shown in Section S2. The purity and recovery of
each sample were determined in order to verify the quality control of
MMHg extraction processes.””>> The purity is used to evaluate the
relative values of the IHg impurities, and the recovery is used to
determine the extraction efficiency of MMHg. The mean values of the
purity and recovery of samples are 96.1 + 11.5% and 96.1 + 12.6%,

https://doi.org/10.1021/acs.est.5c12329
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Figure 2. 52°2HgTHg and A199HgTHg values in seawater, sediment, and different marine species samples from nearshore bay (NB; A), marine
continental shelf (MCS; B), and pelagic ocean (PO; C) regions. Linear regressions are shown for fish samples, with shaded areas indicating 95%
confidence intervals. The SD values of 5202HgTHg and A199HgTHg for each sample correspond to the analytical uncertainty determined from the
matrix-matched certified reference materials. PO fish and seawater isotope data are from Yang et al.*!

respectively, conﬁrmin% negligible IHg pollution and Hg loss during
the isotope analysis.”> BCR—414 (Phytoplankton, Europe) and
DOLT-5 (Dogfish liver, Canada) were used as CRMs for MMHg
isotope analysis of phytoplankton and benthic invertebrate samples,
respectively. MMHg isotopes for CRMs determined in this study are
given in Table S2.

Quantifying the MMHg Biomagnification Pathway of NB
and MCS Fish

Considering that NB and MCS fish primarily accumulate MMHg
from both phytoplankton and benthic invertebrates, the biomagnifi-
cation pathway of MMHg in epipelagic and benthic fish can be
estimated using an isotope binary mixing model through Monte Carlo
simulations (n = 10,000) with pseudorandom number generation.
This approach allows for a thorough evaluation of the effects of error
propagation in the binary mixing model calculations.”’ The MMHg
contribution (%) of benthic invertebrates (fy.,) and phytoplankton
( fp},y) is calculated as follows

199 Al 199
A Hgﬁsh =4 HgMMHg—ben ><fben +A HgMMHg—phy been

(1)

fben +fphy =1 (2)
where A'”Hgg, represents the A'*Hg values of MMHg in epipelagic
or benthic fish of NB and MCS (using A199HgTHg to represent
MMHyg isotope due to the high MMHg% in fish samples). In this
study, isotopic data from previous research for NB and MCS fish were
incorporated into the model.”"?**! A199Hg,\,u\,[Hg,bEn represents the
AlggHgMMHg value of benthic invertebrates, while AlggHgl\,H\,[Hg_Phy
means the A199HgMMHg value of phytoplankton. The observation data
in this study were modeled via the Gaussian Kernel Density
Estimation (GKDE) method. For each Monte Carlo simulation, the
mean of 10 randomly selected samples in GKDE (the data fall within
the 95% confidence interval) was used as a single observation. Details
of the Monte Carlo simulation code are given in Section S3. The
probability density of the simulations is provided in Figure S2, and the
simulations were conducted via Python 3.9.

Statistical Description

Correlations between measured variables were characterized using
linear regression analysis, and the statistical significance of the
correlation was calculated by SPSS 19.0 statistical software. All of the
averages are expressed as mean =+ 1SD. Statistical differences of
measured variables are compared using a nonparametric test (Mann—
Whitney test) at the 5% significance level. York regression is used for
modeling the A'”’Hg/A*'Hg slope. For parameters with defined
uncertainty ranges, we perform Monte Carlo simulations (n = 10,000)
by randomly sampling values within their respective ranges. This
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approach allows us to propagate parameter uncertainties through the
model and quantify the resulting variability in predicted outcomes.

B RESULTS AND DISCUSSION

Hg Concentration in Seawater, Sediment, and Organisms

THg concentrations in surface seawater and sediment are
presented in Table S3. Average THg concentrations in
seawater are highest in the NB region (2.58 + 2.46 ng-L™"),
followed by the MCS (1.45 + 0.48 ng'L™') and PO (1.27 +
0.40 ng'L™") regions. These values are comparable (Mann—
Whitney test, p > 0.05) to those reported for seawater THg
concentration in Chinese coastal seas, yet are significantly (p <
0.05) higher than those reported for oceanic seawater in the
Mediterranean Sea.”"”’ Sediment THg concentrations are
comparable between NB and MCS (50.4 + 18.1 and 49.1 +
15.6 ng'g_l, respectively, dry weight, p > 0.05), which are
consistent with those reported for sediments in the Chinese
marginal seas."’

THg and MMHg concentrations in biota are shown in
Figure 1 and Table S4. All of the THg and MMHg
concentrations are presented as dry weight in this study. In
fish, THg and MMHg concentrations spanned 2 orders of
magnitude (from 26.5 to 2130 ng-g™' and from 11.3 to 2040
ng-g~!, respectively). Fish from NB and MCS exhibit
comparable THg (224 + 248 and 186 + 189 ng-g™') and
MMHg (191 + 227 and 159 + 175 ng-g™') concentrations,
which are significantly lower than those in PO fish (451 + 378
and 403 + 362 ng-g”'). In addition, both THg and MMHg
concentrations are consistently higher in benthic fish than in
epipelagic fish (Figure 1A,1B). The fraction of THg present as
MMHg (MMHg%) in all sampled fish averages at 81.3 +
13.4%. All of the phytoplankton and benthic invertebrates
samples exhibit relatively low THg (15.1—82.1 and 36.2—181
ng-g”, respectively) and MMHg (0.651—8.80 and 6.42—26.9
ng-g~') concentrations compared to fish. THg and MMHg
concentrations of phytoplankton and benthic invertebrates in
different regions are shown in Figure 1. The MMHg% of
phytoplankton (5.00 + 2.90%) and benthic invertebrates (15.8
+ 9.12%) are significantly lower (p < 0.05) than those of fish.
In addition, §"°C and §"°N values for all biological samples are
provided in Table S1. These data offer an essential ecological
context for future assessments of trophic structure. However,
because the primary objective of this study is to resolve the
MMHg biomagnification pathway using Hg isotope signatures
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Figure 3. Isotopic characteristics of MMHg and THg in phytoplankton and benthic invertebrates from nearshore bay (NB), marine continental
shelf (MCS), and pelagic ocean (PO). (A, B) Comparison of §°*Hg and A*’Hg between MMHg and THg in phytoplankton (A) and benthic
invertebrates (B). The values of A'®Hg offsets between MMHg and THg of NB, MCS, and PO regions are given in A and B. (C, D) Linear
correlations between A'”’Hg and A**'Hg of MMHg in phytoplankton (C) and benthic invertebrates (D), with shaded areas representing 95%
confidence intervals. The analytical SD of isotopic characteristics for each sample corresponds to the analytical uncertainty determined from the

matrix-matched certified reference materials.

rather than to quantify trophic magnification factors, we did
not further discuss the C and N isotope results here.

THg and MMHg Isotope Compositions in Seawater,
Sediment, and Organisms

Values of 5202HgTHg and A199HgTHg in seawater, sediment, and
biota samples are shown in Figure 2. Seawater from NB and
MCS regions exhibits distinctively negative §***Hgyy, values
(—0.94 + 0.38%0 and — 0.37 + 0.07%o, respectively%, along
with near-zero A'”’Hgqyy, values (0.03 + 0.09%o¢ and 0.10 +
0.07%o). Sediment 5202HgTHg values are lower in NB (—1.55 +
0.41%0) than those in MCS (—0.49 =+ 0.23%o0), while
A199HgTHg values remain close to zero in both regions
(—0.08 + 0.10%0 and — 0.07 + 0.02%o).

Fish from NB and MCS exhibit near-zero 5202HgTHg values
(—0.25 £ 0.24%0 and 0.0S + 0.34%o, respectively) and slightly
positive A199HgTHg values (0.32 + 0.17%o and 0.67 + 0.27%o,
respectively). In contrast, fish from the PO region display
significantly enriched 5202HgTHg and A199HgTHg values (0.53 +
0.32%0 and 1.15 + 0.46%o, respectively). Across all three
regions, 5202HgTHg and AlggHgTHg in fish are positively
correlated, with regression slopes of 0.34 + 0.09, 0.56 +
0.06, and 0.83 + 0.20 in NB, MCS, and PO, respectively.
Phytoplankton and benthic invertebrates generally exhibit
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negative 6202HgTHg values (phytoplankton: —0.85 + 0.26%o in
NB, —0.60 + 0.29%0 in MCS, —0.14 + 0.07%o in PO; benthic
invertebrates: —0.92 + 0.11%0 in NB, —0.73 + 0.40%c¢ in
MCS), with A199HgTHg values remaining close to zero (Tables
SS and S6). These isotope values align with their respective
seawater and sediment baselines but are substantially lower
than those observed in fish (Figure 2). Additional THg isotope
data, including AZOOHgTHg and AZOngTHg, are provided in
Tables S5 and S6.

5202Hg1\,ﬂv[Hg and AlggHgMMHg values, along with correspond-
ing 5202HgTHg and AlggHgTHg data for phytoplankton and
benthic invertebrates from NB, MCS, and PO, are presented in
Figure 3A,3B. Other details of MMHg isotope data, including
AZOOHgMMHg and A*'Hgy, are provided in Tables S5 and
S7. A key finding is that A" Hgyurg Values are significantly
higher (p < 0.05) than A'”Hgry, values in both
phytoplankton and benthic invertebrates across all regions.
In phytoplankton, A'Hgyn, values are 0.94 + 0.24%0
(NB), 0.75 + 0.15%c¢ (MCS), and 0.99 + 0.16%0 (PO),
exceeding the corresponding A199HgTHg values by 0.85%o,
0.74%o, and 1.01%o, respectively (Figure 3A). In benthic
invertebrates, A199Hg1\,ﬂvﬂ_1g values are significantly lower than
those in phytoplankton (p < 0.05), averaging at 0.27 + 0.10%o
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(NB) and 0.24 + 0.09%0 (MCS), respectively, yet are still
elevated relative to the corresponding A199HgTHg by 0.36%o
and 0.27%o (Figure 3B). A strong linear correlation was
observed between A199HgMMHg and AZOIHgMMHg in both
phytoplankton and benthic invertebrates, with nearly identical
slopes of 1.28 + 0.14 and 1.27 + 0.17, respectively (Figure
3C,D).

In contrast, differences in 5°"”Hg between MMHg and THg
are less consistent. Significant enrichment in 5202HgMMHg
relative to 5202HgTHg is observed only in NB phytoplankton
(—0.53 + 0.35%0) and benthic invertebrates (—0.66 + 0.58%o;
p < 0.05), while no significant differences are found in MCS
(phytoplankton: —0.54 + 0.37%o; benthic invertebrates: —0.55
+ 0.25%0) or PO (phytoplankton: —0.64 + 0.67%¢; p > 0.05).
Additionally, comparisons of A**Hg between MMHg and
THg across all phytoplankton and benthic invertebrate samples
show no significant differences (Figure S3).

New Insights into MMHg Dynamics at the Food Web Base

Although numerous studies have demonstrated that MIF is not
induced during trophic transfer, previous research studies
observed consistently lower A199HgTHg values in benthic
invertebrates compared to fish across diverse ecosystems,
including marginal seas,”” estuaries,”’ rivers,>' and plateau
lakes.*” These patterns, along with linear correlations between
AlggHgTHg and MMHg% in biota, lead to the hypothesis that
such isotopic disparities reflect the differing proportions and
isotope compositions of MMHg and IHg, rather than trophic
effects alone.””””*"** The MMHg% in phytoplankton and
benthic invertebrates observed in this study are relatively low
and exhibited a narrow range in a global context.'”*” This may
reflect the influence of intensive anthropogenic activities and
elevated nutrient levels in Chinese coastal waters, which
enhance primary production and result in growth dilution
effects on MMHg bioaccumulation.”® Thus, the A199HgTHg
values primarily reflect the isotopic signature of IHg, and
therefore provide limited insight into the MMHg isotope
composition of phytoplankton and benthic invertebrates in this
study. Here, we used the MMHg-CSIA method to determine
A199HgMMHg values for both phytoplankton and benthic
invertebrates, indicating that A199HgMMHg is significantly
higher than A199HgTHg (p < 0.05) within the same organism
(Figure 3A,3B), providing direct quantification of the isotopic
offset between MMHg and THg. Importantly, this offset
differed between phytoplankton and benthic invertebrates; this
finding cannot be resolved using THg isotope and MMHg/
THg ratio linear correlations alone, suggesting that THg-based
isotope data can mask MMHg-specific processes and that
CSIA is required to resolve distinct MeHg pathways at the base
of marine food webs.

To explain these positive MIF signatures in MMHg, we
examined the slopes of A199HgMMHg/ AZOngMMHg. Here, the
A199HgMMHg/ AZOngMMHg ratio in phytoplankton (1.22 +
0.13) and benthic invertebrates (1.35 + 0.30) is closely aligned
with that in marine fish (1.20 + 0.01), rather than sediment or
seawater (0.88 + 0.11; Figures 3C,3D and S4). The A"*’Hg/
A*'Hg slope can be an efficient proxy to distinguish between
MMHg photodegradation, which showed a slope of 1.36 =+
0.04 (1SE) from experimental data, and IHg (normally as
aqueous Hg(II)) photoreduction,”** which has a slope of
1.00 + 0.02.*** Previous observations have reported a
A199Hg/A201Hg ratio of 1.20 + 0.02 for marine fish (Figure
SS), which is lower than the value from experimental MMHg
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photodegradation;”** this can be explained by the composi-

tional differences in DOM or Hg-binding ligands between
natural and experimental conditions. Therefore, the positive
AlggHgMMHg values of phytoplankton and benthic invertebrates
are caused by photodegradation of MMHg, rather than Hg(1I)
photoreduction, followed by methylation. Different odd-MIF
signatures observed in phytoplankton (~1.00%0) and benthic
invertebrates (~0.30%0) suggest the distinct MMHg photo-
chemical processes.

In phytoplankton, which can assimilate MMHg directly from
the dissolved phase, the positive A199HgMMHg values likely
result from the uptake of MMHg that had undergone
photodegradation in seawater at the euphotic zone.***” By
contrast, benthic invertebrates are generally considered as
sediment-dwelling filter feeders, and the accumulated MMHg
is typically assumed to originate from in situ methylation of
IHg within anoxic sediments, where exposure to sunlight is
minimal and photochemical alteration is not expected.”>*”*"*°
A plausible explanation is that photodegraded MMHg
produced in surface waters is adsorbed onto sinking particles
or particulate organic matter, subsequently transported to
surface sediments, and ultimately assimilated by benthic
fauna.” This vertical transfer mechanism expands current
understanding of MMHg cycling and highlights the potential
for euphotic photochemical processes to influence the benthic
MMHg pool. Given that the Hg methylation process does not
cause MIF, the AlggHgTHg of sediments can be used to
represent the isotopic signature of in situ produced MMHg in
sediments. In addition, the A199Hg1v[MHg of phytoplankton can
be characterized as the isotopic signature of epipelagic MMHg
in seawater. Using these two isotopic end-members and a
binary isotope mixing model (Section S4), we quantified the
contribution of epipelagic MMHg to the MMHg accumulated
in benthic invertebrates. The results indicate that approx-
imately 35.3 + 15.4% of the MMHg in NB benthic
invertebrates and 38.8 & 14.1% in those from the MCS region
originate from photodegraded MMHg exported from the
surface seawater. These findings demonstrate an obvious
vertical deposition of MMHg across contrasting marine
environments and provide quantitative insights for under-
standing the biogeochemical cycling of MMHg in marine
ecosystems.

With the photochemical origin of MMHg odd-MIF
established, we further investigate how this isotopic signal
reflects the intensity and variability of MMHg photo-
degradation across coastal-to-oceanic gradients. The absence
of odd-MIF during trophic transfer allows A199HgTHg of fish to
represent the degrees of MMHg photodegradation in sea-
water.”"*® Here, our findings reveal a gradient of A199HgTHg
values in fish: PO (1.15 & 0.46%0) > MCS (0.67 + 0.28%o0) >
NB (0.32 + 0.17%o0). However, the odd-MIF signatures of
phytoplankton diverge from this trend. The A199HgMMHg
values of NB (0.94 + 0.24%0) and MCS (0.75 + 0.15%0)
phytoplankton are comparable (p > 0.05); while that of PO
(0.99 + 0.16%0) is similar to that of NB (p > 0.05), but is
significantly higher than that of MCS (p < 0.0S; Figure 3A).
Phytoplankton can directly assimilate MMHg from seawater
and therefore reflect the short-term photochemical history of
MMHg, whereas fish integrate MMHg isotope signals over
longer periods and indicate broader habitat information.*®*’
Despite the variations of seasons and habitat depth may lead to
A199HgMMHg differences between fish and phytoplankton, the
differences in the NB region are significantly higher than those
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Figure 4. Isotopic composition of MMHg in phytoplankton and benthic invertebrates compared to THg isotopes in marine fish from nearshore bay
(NB) (A) and continental shelf (MCS) (B) food webs. Plots show §**Hg and A'Hg values for MMHg in phytoplankton and benthic
invertebrates, and for THg in benthic and epipelagic fish. Average (+1SD) values of each group are shown as bold markers with error bars, while
individual samples are plotted as pale points. Ellipses highlight the isotopic distribution of phytoplankton, benthic invertebrates, and fish. Reference
fish data for NB are from Yin et al.*' and Yang et al,”' and for MCS from Yang et al.*

in the MCS and PO regions. This pattern may reflect the
complex coupling between benthic and pelagic processes in
shallow hydrological ecosystems in the NB region, where
benthic-derived MMHg can enter fish and influence their
isotopic signatures. The underlying mechanisms are further
discussed below.

In addition, previous studies have suggested that increasing
light intensity from nearshore to open-ocean environments
leads to a gradient of increasing photochemical degradation in
seawater.””" However, we do not observe an increase in
phytoplankton A199HgMMHg values from nearshore regions to
the PO. The similarity in phytoplankton A199HgMMHg values
between the NB and PO may be attributed to two factors.
First, coastal systems such as the NB are characterized by
complex and elevated DOM pools, which can enhance
photochemical demethylation via DOM-mediated radical
pathways, potentially resulting in hi%her A199HgMMHg signa-
tures produced in surface waters.” Second, in the PO,
phytoplankton biomass is more likely concentrated at depth
within the deep chlorophyll maximum (DCM), typically below
~50 m. MMHg associated with phytoplankton in the DCM
would experience reduced photodegradation relative to surface
waters and may subsequently be transported upward through
vertical mixing or upwelling, thereby contributing to lower
A199HgMMHg values observed in surface phytoplankton.’”"'
This process may decrease the A199HgMMHg values in the PO
and MCS regions, thereby reducing the isotopic contrast
relative to the NB. This finding provides a basis for
understanding MMHg photodegradation and the resulting
odd-MIF signatures across coastal-to-oceanic seawater.

Hidden MMHg Biomagnification Revealing by MMHg
Isotopes

Based on our compound-specific isotopic data, the linkage of
MMHg among marine fish, phytoplankton, and benthic
invertebrates can be established as shown in Figure 4. Since
MMHg is the predominant form (>80%) in marine fish,”">*
we use A199HgT2}{g to represent the MMHg i.sotopic sigl.lat‘ure
in fish samples.” In the NB and MCS regions, the distinct
A199HgMMHg values between phytoplankton and benthic
invertebrates allow them to serve as two isotopic end-members
to quantify the MMHg biomagnification pathway (Figure 4A).
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It is worth noting that suspended particulate matter (SPM)
may also contribute a fraction of MMHg to marine fish."”
Because this study focuses on trophic transfer from lower
trophic level biota to fish, the SPM is not included as an end-
member in the isotope mixing model.

The similar A'”Hgryy, values between benthic fish (0.26 +
0.10%o) and benthic invertebrates (0.27 % 0.10%o; p > 0.05)
in NB suggest that ~100% of MMHg in benthic fish originates
from benthic invertebrates. This finding is consistent with prior
studies reporting that MMHg in sediment can be directly
assimilated by benthic invertebrates and subsequently trans-
ferred to benthic fish.">'” Surprisingly, the A199HgTHg values
for epipelagic fish (0.46 & 0.21%o) are significantly lower than
A199HgMMHg observed in phytoplankton (0.94 + 0.24%0) in
NB, which is consistent with herbivorous fish of previous work
conducted in Pearl River Estuary (0.36 + 0.18%0, n = 9).*'
Using a binary mixing model for MMHg isotopes (see
Methods section Quantifying MMHg biomagnification path-
way of NB and MCS fish), we estimate that only 26.2 + 13.9%
of MMHg in epipelagic fish in NB is derived from
phytoplankton, with the remaining fraction originating from
the benthic invertebrates. These findings challenge the long-
standing assumption that planktonic food web biomagnifica-
tion dominates MMHg accumulation in nearshore epipelagic
fish, highlighting the underestimated role of benthic bio-
magnification pathways.

Recent ecological studies have shown that anthropogenic
nutrient inputs can substantially enhance phytoplankton
productivity in nearshore ecoszrstems (e.g, estuaries within
~10 km from the coastline).””** However, the increase in
primary production is not efficiently transferred to zooplank-
ton through the planktonic food web, as alterations in N:P or
Si:P ratios can promote the dominance of larger or chemically
defended phytoplankton taxa, which reduce grazing efliciency
by zooplankton due to increased cell size, structural defenses,
or reduced nutritional quality.”>~>” Instead, deposited organic
matter stored in sediments represents a more stable and
accessible carbon source for benthic invertebrates (e.g,
annelids and gastropods), which subsequently play a key role
in transferring energy to epipelagic fish."” Thus, MMHg
biomagnification in the NB food web is primarily driven by a
benthic pathway, where MMHg in the environment is directly
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Figure S. Conceptual model of MMHg biogeochemical pathways in nearshore bay (NB) and marine continental shelf (MCS) ecosystems. This
schematic illustrates MMHg production, transformation, and trophic transfer processes across benthic and planktonic compartments. In NB, fish
predominantly acquire MMHg from benthic invertebrates (~85%), while phytoplankton contribute only ~15%. In contrast, the MCS food web is
dominated by the planktonic pathway, with phytoplankton contributing ~90% of fish MMHg. MMHg photodegradation (marked by A'*Hg MIF)
occurs in surface waters in both ecosystems. Sinking particles mediate vertical MMHg deposition, connecting photochemically modified MMHg to
benthic invertebrates. This framework highlights a spatial shift from benthic- to planktonic-dominated MMHg biomagnification within NB and

MCS regions.

assimilated by benthic invertebrates. This MMHg is sub-
sequently transferred through trophic interactions to higher
trophic-level organisms, including both benthic and epipelagic
water-column fish, leading to substantial MMHg biomagnifi-
cation. These results collectively support the central role of
sedimentary MMHg in aggravating near-shore fish contami-
nation through the benthic food web. The consistent A'*’Hg
values of MMHg between benthic fish and benthic
invertebrates underscore a direct trophic linkage, while the
limited phytoplankton-derived MMHg in epipelagic fish
highlights the broader reach of sediment-sourced MMHg
beyond benthic habitats in nearshore regions. Although
previous studies have noted weak statistical correlations
between sediment and fish MMHg concentrations,''*"” our
findings suggest that such discrepancies may stem from
overlooking the mediating role (e.g., bioaccumulation
efficiency and feeding behavior) of benthic invertebrates,
which act as key conduits between sedimentary MMHg pools
and higher trophic levels. Therefore, sediment MMHg
concentrations remain a critical predictor of fish contamination
in nearshore regions, particularly when considered in
conjunction with benthic biomass and food web structure.
Conversely, in the MCS region, A"’ Hgry, values of
epipelagic fish are comparable with A" HgMMHg of phyto-
plankton (0.75 + 0.15%0; p > 0.05; Figure 4B), suggesting that
~100% of MMHg in MCS eplpelaglc fish is derived from
phytoplankton consumption. A' 9HgTHg values of benthic fish
(0.57 + 0.26%o; p < 0.05) are significantly lower than those of
epipelagic fish, and fall between the A'” Hgymug of
phytoplankton and benthic invertebrates (0.24 + 0.09%o).
The MMHg isotope binary mixing model output shows that
phytoplankton contributes 73.1 + 20.0% of MMHg to the
MCS benthic fish. It has been demonstrated that benthic fish
in continental shelf regions exhibit lower A199HgTHg values
compared to epipelagic fish, primarily due to contributions
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from the benthic food web.”® Our study quantifies this
contribution, revealing that in the MCS region, the benthic
food web accounts for less than 30% of MMHg in benthic fish.
Compared to the NB region, the MCS region is less influenced
by anthropogenic activities, particularly nutrient inputs,
resulting in a relatively stable phytoplankton community,
which facilitates phytoplankton to serve as the primary entry
point for MMHg. Organic particles and zooplankton grazing
on phytoplankton can transfer surface MMHg to benthic fish
and constructing a planktonic biomagnification pathway.'”
However, MMHg accumulated in benthic invertebrates shows
a limited transfer to higher trophic-level fish within the MCS
region.

According to the average yields of benthic and epipelagic
fish captured from Chinese coastal waters from 2011 to 2020
(Table $8),>” a Monte Carlo simulation (Section S5) estimates
that phytoplankton contributes only 14.8 + 9.09% of MMHg
to the overall fish (including epipelagic and benthic fish) in the
NB region, but as high as 90.1 + 19.0% in the MCS region.
Although sediment is regarded as the dominant source of
MMHg for both NB and MCS fish,>*'*” the MMHg
biomagnification pathways of these two ecosystems are
different. Based on the analysis of compound-specific MMHg
isotopes presented above, we develop a conceptual model for
marine MMHg biogeochemical processes (Figure 5), which
reveals that the assimilation of MMHg by benthic invertebrates
is the dominant pathway (>85%) of MMHg entering NB food
webs, while the uptake of MMHg by phytoplankton is the
major pathway (>90%) of MMHg entering MCS food webs.
We suggest that benthic invertebrates may act as “carbon
supply” within NB food webs, becoming the primary dietary
source of MMHg for local fish under scenarios with aggravated
human activity effects. In contrast, phytoplankton plays a
dominant role in MMHg biomagnification in the MCS region.
With decreasing impacts from anthropogenic activities in MCS
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than NB, the dominant contributor to MMHg biomagnifica-
tion shifts from benthic invertebrates to phytoplankton,
reflecting changes in the ecological dynamics of the food
web. A concentration-based mass-balance model for benthic
and pelagic food webs was not applied in this study because
uncertainties associated with prey-specific feeding rates and
trophic transfer may affect such estimates.

It should be noted that the results presented here are
intended to elucidate MMHg biomagnification pathways
within marine food webs (i.e, planktonic versus benthic
pathways) rather than to distinguish the relative contributions
of water column-produced versus sediment-produced MMHg
to fish. For highly coupled ecosystems such as the NB,
quantitatively identifying environmental sources would require
direct MMHg isotope measurements in both the water column
and sediments, which will be conducted in future works.
Despite this, our results still suggest that the role of benthic
food webs in fish MMHg accumulation may have been
underestimated in previous studies.

This work also investigates the MMHg biomagnification
pathway in the PO region (Figure S6). A'Hgry, values of
epipelagic fish (1.15 + 0.46%o) are comparable (p > 0.05) with
A199HgMMHg values of phytoplankton (0.99 + 0.16%0),
suggesting that most MMHg in fish is derived from
phytoplankton in PO. Therefore, the planktonic pathway is
the major MMHg biomagnification pathway in the PO food
web, as is also the case in the MCS food web (Figure 5SB). The
PO region is not affected by sediment and terrestrial input,
leaving atmospheric deposition as the most important Hg
source.”””’ Atmospheric Hg(II) deposited into the water
column can be methylated to MMHg,”"” then assimilated by
phytoplankton, and finally accumulate in the upper PO food
web.

Implications of Marine MMHg Contamination

Understanding the contributions of planktonic and benthic
pathways to MMHg accumulation in marine fish is essential for
predicting seafood-related Hg risks. Although THg isotopes
have recently been used as an effective tracer in marine
ecosystems,” >>** the significant differences of isotopic values
observed between MMHg and THg in phytoplankton and
benthic invertebrates show the limitations of THg isotopes in
elucidating MMHg biomagnification pathways in the marine
food web. Here, our observation presents a conceptual figure
of marine MMHg biogeochemical processes based on
compound-specific MMHg isotopes (Figure S), and it reveals
that the assimilation of MMHg by benthic invertebrates is the
dominant pathway of MMHg entering NB food webs, while
the uptake of MMHg by phytoplankton is the major pathway
of MMHg entering PO and MCS food webs. This study
decoded the quantification of the relative importance of
planktonic and benthic food webs to MMHg accumulation in
fish across different marine ecosystems. Previous models
primarily used the planktonic biomagnification pathway to
predict the MMHg concentrations in marine fish under the
combined effect of Minamata Convention implementation and
climate change.”*°~®> This pattern is likely applicable to the
MCS and PO regions, while it appears to be less relevant to the
NB region. Furthermore, the shift of the MMHg biomagnifi-
cation pathway in NB and MCS suggests that the fish MMHg
levels in these two regions may respond differently to
reductions in atmospheric Hg. In the NB, fish Hg is largely
influenced by the benthic MMHg pool, which responds slowly
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to changes in external inputs; whereas fish in the MCS
primarily reflect the epipelagic MMHg pool, which responds
more rapidly to changes in atmospheric Hg deposition.
Accordingly, fish Hg concentrations in the MCS are likely to
decrease more quickly as the Minamata Convention continues
to be implemented. These findings offer new insights for
marine MMHg risk prediction under the implementation of
the Minamata Convention.

The nearshore region is defined as coastal areas within
approximately 10 km of the shoreline,” such as estuaries and
nearshore bays, which are subject to strong land—sea
interactions. Nearshore fisheries contribute over 20% of global
seafood and represent a critical protein source for coastal
49 Therefore, this study further estimates the
global health impact of neglecting benthic MMHg biomagni-

populations.

fication processes (Section S6 and Table S9). The results show
that fish MMHg concentrations predicted under the benthic
pathway are consistently higher than those from the planktonic
pathway (Figure S7), which is consistent with prior trophic
transfer models by Wu and Zhang (2023).” This pattern is
largely driven by terrestrial Hg inputs to nearshore zones via

% Our simulations also indicate that

riverine discharge.
incorporating the benthic pathway, compared to models
considering only the planktonic route, may lead to an
aggregate IQ_loss of 0.020 to 0.049 points (95% confidence
interval) in populations across different countries and an
associated annual economic loss of over US$ 19 billion globally
(Figure S8). However, the NB site in this study is a shallow
(<10 m) environment strongly influenced by terrestrial inputs
and anthropogenic activities, and its food web structure may
not be fully representative of all of the global nearshore
ecosystems. Extrapolating NB-based patterns in this study to
less terrestrially influenced nearshore regions may remain
uncertainties. Despite these, our estimates aim to illustrate the
potential magnitude of bias that may arise when benthic
biomagnification pathways are excluded from MMHg exposure
assessments. Future work is needed to include observations
from a wider range of nearshore regions to clarify how MMHg
biomagnification processes shift across nearshore environ-
ments that differ in the intensity of terrestrial and
anthropogenic effects.

Through the application of MMHg-CSIA to low MMHg%
organisms, this study identifies benthic pathways as a
previously underestimated mechanism of MMHg biomagnifi-
cation in nearshore ecosystems. Integrating this pathway into
current marine Hg models can enhance the accuracy of marine
MMHg contamination predictions. For example, reducing
watershed Hg discharge and sediment disturbance may
effectively limit the transfer of benthic MMHg to fish.
Accounting for this biological biomagnification can help
manage future MMHg exposure risks in seafood consumers
under changing environmental conditions. We further suggest
that the application of MMHg-CSIA to track MMHg
biomagnification provides an effective approach for refining
marine Hg models and may serve as a valuable tool for
assessing MMHg contamination risks in other ecologically
vulnerable regions, such as hadal zones or polar marine
environments.
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