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a b s t r a c t

Newly constructed reservoirs were recognized as hotspot of mercury (Hg) methylation, and then
methylmercury (MeHg) accumulation in food chains. The risk of elevated MeHg concentrations in fish is
one of the most important concerns in newly constructed reservoirs. The Three Gorges Reservoir (TGR) is
one of the largest reservoirs in the world. However, the distribution and bioaccumulation characteristics
of Hg species within the food chains and its potential ecological risk in the TGR remain poorly under-
stood. In this study, 264 fish individuals covering 18 species were collected from the TGR. Total mercury
(THg) and MeHg concentrations in different organs (gill, heart, liver, muscle and swim bladder) of fish
species were analyzed; the values of d13C and d15N in fish muscle were determined as well to reveal the
biomagnification properties of Hg in food chains. Our results showed that concentrations of THg (0.5
e272 ng g�1, w.w.) and MeHg (0.1e199 ng g�1, w.w.) in fish muscle from the TGR ubiquitously fall below
the safe fish consumption limit on Hg recommended by WHO (500 ng g�1, w.w.) and the US-EPA Water
Quality Criterion for MeHg (300 ng g�1, w.w.). The short food web jointly with the limited trophic
magnification factor in the TGR explained the relatively low Hg concentrations in predators. Among the
five fish organs, muscle represented the highest Hg concentrations, followed by heart, liver, swim
bladder, and gill, suggesting that muscle has the highest ability to accumulate Hg compared to the other
organs. More importantly, no discernible “reservoir effect”was observed in the TGR within the initial few
years after impoundment due to its special eco-environment including: 1) neutral and slightly alkaline
pH and low dissolved organic carbon of water, 2) less vegetation coverage in inundated areas, 3) simple
food web.

© 2018 Elsevier Ltd. All rights reserved.
1. Introduction

Mercury (Hg) is one of the most hazardous pollutants in aquatic
ecosystem, which is readily transformed to methylmercury (MeHg)
that bioaccumulates in aquatic organisms. Within the aquatic food
chain, MeHg presents as the primary bioaccumulative form, which
causes damage to the renal and central nervous systems (includes
motor, sensory deficits and behavioral impairment), reproductive
system function and even may lead to fetal death (Beckers and
e by Prof. W. Wen-Xiong.
nvironment, Southwest Uni-
Rinklebe, 2017). The key factor facilitating the transfer of this
contaminant from physical to biological compartments is the
methylation of inorganic Hg (IHg) to MeHg (Hintelmann, 2010;
Kidd et al., 2012). The methylation involves complex relationships
between electron donors (such as dissolved organic matter) and
electron acceptors including sulfate and ferric iron ions
(Marvindipasquale et al., 2014), and Hg bioavailability. It is also
mediated by a variety of obligate anaerobic microorganisms (e.g.
sulfur and iron reducing bacteria, and methanogens) in anoxic
environments (Gilmour et al., 1992; Podar et al., 2015).

Reservoirs may constitute settings for substantial MeHg pro-
duction, described as “reservoir effects”. Numerous studies re-
ported substantially increasing MeHg concentrations in biota after
reservoir impoundment (Abernathy and Cumbie, 1977; Hall et al.,
2005; St Louis et al., 2004). The flooded soil and vegetation have
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been identified as the primary source of MeHg to the new reser-
voirs (Ramlal et al., 1986). Nutrient addition from the decomposi-
tion of submerged vegetation and organic materials may accelerate
microbial methylation in water, and further exercises an impact on
Hg bioavailability of fish (Eckley et al., 2015; Gill and Bruland, 1990;
Gilmour et al., 1992; Jackson, 1988). Consequently, subjects
consuming substantial amounts of fish become vulnerable toMeHg
exposure even if the fish MeHg content is moderately elevated
(Mailman et al., 2006). The risk of MeHg poisoning is particularly
increased in the newly-constructed reservoirs due to the active Hg
methylation (James et al., 2002; Stein et al., 1996). Hence, MeHg
contamination in hydroelectric reservoirs may have consequences
for environmental health.

The Three Gorges Reservoir (TGR) as a newly-formed reservoir
completed in 2009, is one of the largest reservoirs in the world. The
TGR has occasioned international and domestic debate concerning
actual social, environmental, and economic costs involved (Salazar,
2000). Its water table experiences fluctuations from 145m in
summer to 175m inwinter; a zone 30m in altitude (accounting for
55% of the total flooded area) is, therefore, annually subject to
shifting wetness and red-ox conditions that may promote net Hg
methylation (Eckley et al., 2015; Wang and Zhang, 2013). Addi-
tionally, the TGR which located in central China, experiences a high
load of atmospheric Hg deposition (Xu et al., 1999a). Therefore,
suitable conditions in flooded soil after impoundment jointly with
the high Hg burden in this area may increase the absolute MeHg
production and accelerate the MeHg accumulation in fish. Beyond
these, the variation of hydrological characteristics (e.g. the water
velocity, depth of river, dissolved oxygen, the effective of the light)
in Yangtze river and its tributaries fundamentally influenced the
habitat variation, food sources, species diversity and community
structure of the food chains (Li, 2012). The changes of food web
structure and trophodynamics may ultimately alter contaminant
(e.g. Hg and other toxic compounds) biomagnification and accu-
mulate rate in biota (Lavoie et al., 2013; Ofukany et al., 2014;
Stewart et al., 2003). Moreover, the TGR as an important freshwater
fisheries base in China, supplies primary fish resource to local
residents. The potential Hg contamination problems with in the
food chains should be paid more attention.

Regarding Hg bioaccumulation in fish of the TGR, previous
studies reported the Hg concentrations (40e420 ng g�1, w.w.) in
fish species in Yangtze River before the TGR being constructed (Jin
and Xu, 1997; Xu et al., 1999a, 1999b). These studies further pre-
dicted that Hg reactivity within the TGR will increase by 0.4e1.5
times higher than that before the impoundment, and then the Hg
concentrations in fish will consequently exceed the safe con-
sumption limitation (Jin and Xu, 1997; Xu et al., 1999a, 1999b).
Recently, several studies reported the total mercury (THg) con-
centrations in limited fish species (Yu et al., 2012; Zhang et al.,
2007b) and biomagnification characteristics of Hg within the food
chains (Li et al., 2015; Yu et al., 2013) in the tributary of Yangtze
River basin. However, previous studies only focused on THg con-
centration in fish muscle. To date, the data concerning the con-
centrations of Hg species (THg and MeHg) in different organs (e.g.
gill, heart, liver, muscle and swim bladder) and its potential health
risk to local residents through fish consumption in the TGR are very
limited. The key issue whether the impounding of the TGR will
accelerate the MeHg bioaccumulation in aquatic organisms is still
unclear. To address these problems, 264 fish samples covering 18
species in the TGR were collected during the periods from 2011 to
2014. Concentrations of THg and MeHg in different fish organs (gill,
heart, liver, muscle, swim bladder) were analyzed; the values of
d13C and d15N in fish muscle were determined as well in this study.
The primary objectives of this study were to, 1) investigate the
concentration and distribution of Hg in fish organs from the TGR; 2)
better understand the Hg transfer and bioaccumulation in the fish
food web; 3) assess the potential risk for increased Hg reactivity
towards methylation in the reservoir.
2. Materials and methods

2.1. Study area and sampling sites

Chongqing is located in the upper reaches of Yangtze River. The
Chongqing section of the TGR (N 28�310-31�440, E 105�490-110�120)
encompasses 22 cities and/or counties. Chongqing section has a
watershed of 46,158 km2, which accounts for approximately 85% of
total watershed of the TGR. This area experiences a humid sub-
tropical monsoon climate with the annual average air temperature
of 15e18 �C. The annual rainfall is approximately 1150mm but
unevenly spatially distributed. Forest covers approximately 22.3%
of total area watershed, in which subtropical evergreen broad-
leaved forest and warm coniferous forest are the main zonal
vegetation. However, the presence of forest vegetation below an
elevation of 1000mwas rare prior the construction of the TGR due
to increased land reclamation for agriculture over decades (Lu et al.,
2010). The mainstream of the TGR was well mixed throughout the
water column for themajority of the year, whereas some tributaries
were characterized as a stable system (e.g., thermal stratification)
and observed more serious trophic state (eutrophic and mesotro-
phic) (Xu et al., 2011; Zhang et al., 2008). Wastes, especially nu-
trients from the upper streams of the tributaries accumulated in the
bays; thus algal blooming would be inevitable (Zhang and Lou,
2011). Moreover, directly discharged untreated wastewater, as
well as a huge amount of legacy toxic sediment from factories,
mines and garbage dumping sites increased the internal sources of
pollutants (e.g. arsenic, sulfides, cyanides andmercury) to reservoir
(Zhang and Lou, 2011).

Four typical sampling stations within the center of the TGRwere
chosen in this study, including Zhenxi town (“S1”; N29�540,
E107�270), Shibao village (“S2”; N30�590, E108�050), Tujing village
(“S3”; N30�210, E108�030; is located in Ruxi river) and Hanfeng Lake
(“S4”; N31�410, E108�720) (Fig. 1). The physical and chemical char-
acteristics of the study sites were listed in Table 1. These sampling
sites have large area of water fluctuation zone which are generally
used as agricultural land during the lowest water level. Agriculture
activities especially the chemical fertilizer usage, largely impacts
the water quality of the TGR (e.g. the eutrophication of water body
in Hanfeng lake and Ruxi river) (Huang et al., 2015; Xiang et al.,
2017). Human being activities especially the tourist, are popular
in Shibao village and Hanfeng Lake during our sampling periods. In
addition, exogenous inputs from surroundings (such as household
waste and industrial discharge) are recognized as primary sources
of heavy metals (e.g. mercury) in Shibao Village and Hanfeng Lake
(Fu, 2010; Zhang and Lou, 2011). Shibao Village and Zhenxi town
have a long history of cage aquaculture activities, which could
stimulate the Hg methylation in the reservoir (Meng et al., 2010).
However, the cage aquaculture activities gradually decreased after
the government polices enforced to reduce the contamination of
local ecosystem.
2.2. Sample collection

For each of the sampling stations, fish samples were collected
each season during the period from 2011 to 2014. In total, 264 fish
samples were collected by fishing net with the help of professional
fishermen at the four locations. All specimens were visually
inspected for fin and body deformations to avoid selecting culti-
vated fish. As shown in Table S1, 18 fish species were successfully



Fig. 1. Map of the study area and sampling locations in the Three Gorges Reservoir.

Table 1
Physical and chemical characteristics of the study sites.

Study sites Water Sediment

pH* DOa (mg L�1) DOCa (mg L�1) MeHga (ng g�1) TNb (mg L�1) TPb (mg L�1) OMc (%) THgc (ng L�1) MeHgc (ng L�1)

S1 7.55 5.36 2.92 0.21 / / 0.94 70.38 0.41
S2 7.54 5.40 2.39 0.16 1.35 0.11 / 64.68 0.47
S3 7.96 7.47 2.64 0.27 1.30e3.31 0.02e0.29 / 14.10 0.41
S4 7.69 6.07 4.65 0.33 1.56 0.16 / 57.65 0.54

a Data from Li (2013).
b Data from Li and Zhang (2010), Xiang et al. (2017) and Huang et al. (2015).
c Data from He (2013).
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obtained in this study, including 6 Carnivorous species (CV), 8
Omnivorous species (OV), 2 Planktivorous species (PV), and 2
Herbivorous species (HV). Furthermore, the fish species were also
classified into two categories based on habitat preference, namely
pelagic fish (P) and benthic fish (B). In order to guarantee a diversity
of the fish samples (species and size), sampling campaigns were
conducted over the seasons from the four sites. Nevertheless, the
sampled fish were mixed each time since sampling time and sites
are not the major considerations in this study. Although it is
impossible to completely collect all the fish species, the most
abundant and representative ones within the TGR are included in
this study.

The fish samples were stored alive in barrels with water and air
purge, or dead on ice in freeze-boxes in the field until further
processing in the laboratory. The weight and length of each sample
were recorded before dividing and stored frozen for Hg analysis.
Fish samples were firstly washed by tap water and deionized water,
then a piece of muscle without skin and bone was collected using
stainless steel scalpel, so does the gill, heart, liver and swim
bladder. All samples were collected and processed following ul-
traclean sample handling protocols. Subsequently, the freeze-dried
fish organs were ground and homogenized to a size of 100 meshes
per inch with a mortar for THg and MeHg analysis. The
concentration of IHg in fish organs was calculated by the difference
between the concentration of THg and MeHg in the sample. Pre-
cautions were taken to avoid any cross-contamination during the
sample processing. The grinder was thoroughly cleaned after each
sample processing. The powdered samples were subsequently
packed into plastic dishes, sealed in polyethylene bags, and stored
in a refrigerator (4 �C) within desiccators for further laboratory
analysis. The water content of the fish organs was also estimated by
weight loss. All the data presented in current study including THg
and MeHg concentrations in organs of fish samples were shown as
ng g�1 (wet weight). It should be noted that only 50 fish liver
samples were obtained, because some liver samples had too little
amount so that it is difficult to test accurately, or some were too
fragile to broken after thawing and couldn't be collected.

2.3. Sample analysis

2.3.1. THg and MeHg analyses
All reagents used in this study were at least of analytical grade

and were purchased from Shanghai Chemicals Co. (Shanghai,
China). For THg analysis, 0.1e0.2 g (dry weight) of fish organs was
prepared and digested for 3 h in a concentrated acid mixture (10ml
HNO3:H2SO4¼7:3 v/v) at 95e140 �C. A suitable volume of aliquot
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from digested sample was taken for THg analysis by cold vapor
atomic fluorescence spectrometry (CVAFS, Brooks Rand Model III,
Brooks Rand Labs, Seattle, WA, USA) following EPA Method 1631
(USEPA, 2002). For MeHg analysis, 0.1e0.2 g (dry weight) of fish
organs was digested using 5mL of 20% KOH in 25mL fluoropolymer
vials. The fluoropolymer bottles were heated at 75 �C in water bath
for 3 h (Yan et al., 2005). After completion, an aliquot of digestate
was taken for MeHg analysis by aqueous ethylation, Tenax trap, GC-
CVAFS (Brooks Rand Model III, Brooks Rand Labs, Seattle, WA, USA)
following US EPA Method 1630 (USEPA, 2001a).

2.3.2. Stable isotope analysis
To understand the bioaccumulation characteristics of Hg in the

food web of the TGR, 41 muscle samples covering different sizes
and species of fish were selected for d13C and d15N determination.
Stable isotope ratio of C (d13C) and N (d15N) were determined using
stable isotope ratio mass-spectrometer (IRMS, Isoprime 100, Iso-
prime® UK) coupled with elemental analyzer (Pyrocube, Ele-
mentar®-Germany) (Agnihotri et al., 2014). d13C and d15N values are
expressed as the deviation from the standards in parts per thou-
sand (‰):

dX ¼
��

Rsample
.
Rstandard

�
� 1

�
� 1000 (1)

where X is 13C or 15N; R is the ratio of heavy to light isotopes
(13C/12C or 15N/14N).

On the basis of the d15N values in fish muscle and corresponding
zooplankton in the TGR (d15Nzoop, TPzoop¼ 2), the trophic position
(TP) of the fish species within the food chains was further calcu-
lated by using the following equation (Cabana and Rasmussen,
1996):

TPfish ¼
�
d15Nfish � d15Nzoop

�.
3:4‰þ 2 (2)

where TPfish is the trophic position of the fish species within the

food chains; d15Nfish is the value in fishmuscle; the value of d15Nzoop

(8.39) in the TGR is obtained from Li (2012); 3:4‰ is the dietary
isotopic discrimination factor at each trophic step.

2.4. Quality assurance/quality control (QA/QC)

Quality control for THg and MeHg determination consisted of
method blank, matrix spikes, duplicates, and the use of a certified
reference material. Matrix spikes and duplicates were taken regu-
larly (>10% of samples) throughout each sampling session. The
method detection limits were determined to 0.002 ng g�1 and
0.001 ng g�1 for THg and MeHg in organs of fish samples, respec-
tively. The relative standard deviation for duplicate sample analysis
was less than 10% for both THg and MeHg in organs of fish samples.
Recoveries for matrix spikes ranged from 80% to 122% and from 89%
to 124% for THg and MeHg analysis, respectively. The average
concentrations of THg and MeHg in the certified reference material
(National Research Council Canada, TORT-2, Lobster Hepatopan-
creas) were 265± 22 ng g�1 and 137± 212 ng g�1, respectively,
which were in good agreement with the certified values (THg:
270± 60 ng g�1; MeHg: 152 ± 13 ng g�1). The C and N isotopic
measurements were mainly calibrated using an international
standard, in which the reported Caproic acid (C6H15NO2) values for
d13C and d15N are 4.6 and �25.3‰. Reference gas tanks were cali-
brated initially by running several aliquots of this international
standard, and then offsets between actual isotopic values from
those of measured values were estimated. The relative standard
deviation of duplicate samples was less than 0.3‰ for both
isotopes.
Statistical analysis was performed using SPSS 15.0 for Windows.

Regression analysis was used to evaluate the relationship between
Hg concentrations and standard length of analytic specimens. The
relationship between Log transformed Hg concentrations and d15N,
as well as the relationship between d13C and d15N. Correlation co-
efficients (r) and significance probabilities (p) were computed for
the linear regression fits. T-test or AVOVA test were employed to
compare significant difference between paired or unpaired samples
when the data sets following normal distribution. Otherwise,
Kruska-Wallis H(K) and Mann-Whitney tests were performed to
compare significant differences between independent datasets.
Significant differences were all declared at P< 0.05. All averaged
data sets are arithmetic unless otherwise noted.
3. Results and discussion

3.1. Hg distribution in different fish species

The concentrations and distributions of Hg species (THg and
MeHg) and the ratios of MeHg to THg (MeHg/THg) in fish muscle
from the TGR are listed in Fig. 2. The average concentrations of THg
and MeHg in fish muscle were 54 ng g�1 (0.50e272 ng g�1) and
23 ng g�1 (0.10e199 ng g�1), respectively, which were much lower
than the maximum permissible limit issued by WHO (THg,
500 ng g�1, w.w.) (WHO, 1990) and US-EPAWater Quality Criterion
(MeHg, 300 ng g�1, w.w.) (USEPA, 2001b). The species Ci repre-
sented the lowest Hg concentration (under the US-EPA wildlife Hg
threshold of 100 ng g�1 w.w (USEPA, 2001b) with ranges of
0.27e16 ng g�1 for THg and 0.03e5.8 ng g�1 for MeHg, respectively.
Relatively higher Hg concentrations almost observed in carnivorous
fish species. Hg levels in some individuals from Ei, Eb, Sc, Sa, Lj, Ca,
Ch and Pf species exceeded the wildlife Hg threshold.

MeHg is the main mercury species in fish, normally accounting
for 90%. In this study, the proportions of MeHg to THg (%MeHg) in
almost of fish species were less than 50%, in which only Eb, Sc, Mt
and Pf exceeded. The mean value for all fish species was 37%, with
the range of 3.0e97%, showing significant differences among
different fish species (ANOVA test, F¼ 3.04, p¼ 0.001). Carnivorous
and omnivorous species exhibited significant higher proportions of
%MeHg than planktivorous species (ANOVA test, p< 0.05).

The magnitude of Hg concentrations in fish species from the
TGR was compared with data from the literature (Table S5). The
concentrations of Hg in the TGR represent the similar level when
compared with other Chinese lakes/reservoirs, such as the Hon-
gfeng reservoir, Baihua reservoir, Hongjiadu reservoirs, Dongfeng
reservoirs, and Wujiangdu reservoirs along Wujiang River basin,
Southwest of China (He et al., 2010; Jiang et al., 2010; Liu et al.,
2012; Yan et al., 2008; Yao et al., 2010). Studies in North America
and northern Europe have confirmed the elevated levels of Hg in
fish from newly constructed reservoirs and concluded that the
increased Hg levels in fish from reservoirs may last for up to 30 yr
after impoundment (Lodenius et al., 1983; Mailman et al., 2006).
However, in this study the Hg concentrations in fish observed in the
TGR were much lower than those observed in North America and
northern Europe. For example, Bilodeau et al. (2018) reported that
the Hg concentrations in fish collected from a hydroelectric reser-
voirs (La Grande hydroelectric reservoirs) in northern Qu�ebec
(Canada) reached up to 4660 ng g�1.

A strong correlation coefficient (r¼ 0.69, p< 0.01) was observed
between weight and length within the whole group. When further
statistical analyses were conducted with each of the species
(Table S2), only the specimens of Ei, Bg, Ca and A displayed signif-
icant positive relationships between Hg concentrations (THg and



Fig. 2. The concentrations and distributions of Hg species (THg and MeHg) and MeHg/THg ratios in fish muscle (n¼ 264) covering 18 fish species in the Three Gorges Reservoir (the
dashed line is the US-EPA wildlife Hg threshold of 100 ng$g�1 w.w.).
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MeHg) and fish size, whereas a negative and non-significant cor-
relation between these variables was found for Sq, Hm, Cy, Ci, Pf and
Ma (p> 0.05). Complex factors such as fish species, trophic levels,
seasonal food availability, and watershed features, influence the
relationships between fish size and Hg bioaccumulation
(Ou�edraogo and Amyot, 2013; Silva et al., 2012). Our results showed
that concentrations of Hg species in most of the fish species did not
linearly scale with the corresponding size, which could be partially
attributed to 1) the increased terrestrial nutrients input after the
impoundment of the TGR, and then 2) the “grow dilution” pattern
in Hg bioaccumulation (Li et al., 2015). However, the direct evi-
dence supporting this hypothesis is unavailable in this study. Thus,
to better understand this observation, further work needs to be
done.

3.2. Hg distribution in different organs

The concentrations and distributions of THg and MeHg in
different organs are displayed in Fig. 3 and summary data are listed
in Supplementary Information Table S3. The THg and MeHg con-
centrations showed statistically significant difference among five
organs (Kruska-Wallis H(K), p< 0.001). Furthermore, the highest
concentrations of THg (54± 48 ng g�1) and MeHg (23± 32 ng g�1)
were generally observed in muscle, which was significantly higher
than those in the other organs (gill, heart and swim bladder)
(Mann-Whitney, p< 0.001). On the opposite, the lowest levels of
THg (12± 13 ng g�1) and MeHg (5± 8 ng g�1) represented in gill.
The swim bladder and heart contained medium levels of Hg among
all organs. It should be noted that Hg concentrations in liver were
limited to 50 individual fish samples. As shown in Fig. 3-b, con-
centrations of Hg species in liver were all significantly higher than
those in gill and swim bladder (ANOVA test, p< 0.001). However,
MeHg concentrations in liver were significantly lower than those in
corresponding muscle (ANOVA test, p< 0.001); no significant
difference between THg concentrations in liver and heart was
observed (ANOVA test, p¼ 1.08). Concentrations of Hg species (THg
and MeHg) in fish organs exhibited the following distribution
patterns: muscle> heart> liver> swim bladder> gill. Moreover,
highly significant positive correlations were observed between
MeHg and THg concentrations in gill (r¼ 0.83, p< 0.01), heart
(r¼ 0.95, p< 0.01), liver (r¼ 0.93, p< 0.01), muscle (r¼ 0.88,
p< 0.01) and swim bladder (r¼ 0.88, p< 0.01).

Our results suggested that considerably different levels of Hg
accumulation exist among organs of fish; muscle has the highest
ability to accumulate Hg compared to the other organs. The dis-
tribution patterns of Hg species in organs of fish samples are in
agreement with the previous studies (Goldstein et al., 1996;
Mallory et al., 2018; Squadrone et al., 2013). However, different
distribution patterns of Hg level in fish organs was reported pre-
viously, such as gill> liver> heart>white muscle in Brycon ama-
zonicus (Monteiro et al., 2010), kidney> swim
bladder>muscle> gill in fish in a large antimony mining area (Fu
et al., 2010), and liver> gill>muscle in pelagic fish species
(Hosseini et al., 2013). Thesemay often be shorter-lived species that
feed at high trophic levels, and thus comparably high Hg was
ingested in their diet (Mallory et al., 2018). After dietary exposure,
MeHgmay initially be high in organs like liver, but eventually binds
to sulfhydryl groups in protein in muscle, and elimination rates of
MeHg generally are lower than uptake rates (Wiener et al., 1996).
Another explanationmay stem from internal redistribution of Hg as
the fish degrade protein and catabolise muscle organs for energy.
Increased MeHg exposure accelerated demethylation in liver, and
the increased produced IHg binding and immobilizing to metal-
lothionine and other proteins containing sulfhydryl groups resulted
in higher THg concentration in liver relative to muscle (Atta et al.,
2012). This explanation seemed insufficient because intestine was
confirmed the important demethylation organ instead of liver
(Wang et al., 2017). In this study, a possible speculation for higher



Fig. 3. The concentrations of Hg species (THg and MeHg) and MeHg/THg ratios in gill, heart, muscle, and swim bladder of 264 fish samples (a); the concentrations of Hg species
(THg and MeHg) and MeHg/THg ratios in gill, heart, muscle, liver, and swim bladder of selected 50 fish samples (b).
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MeHg concentrations in muscle than liver may result from pro-
longed exposure to low dietary concentrations but lower elimina-
tion rates over many years, such that MeHg becomes relatively high
in muscle (Wiener et al., 1996). Negligible elimination of MeHg
frommuscle (<0) and efficient elimination of MeHg from gills (0.12
d�1), liver (0.17 d�1) and intestine (0.20 d�1), as well as efficient
transportation of MeHg from other organs into muscle also sup-
ported this speculation (Peng et al., 2016). In contrast, IHg was
much more slowly distributed into muscle but was efficiently
eliminated by the intestine (0.13 d�1) (Peng et al., 2016). Despite of
these, MeHg proportions didn't show any clear trend among these
organs. Other factors, such as the mode of exposure (e.g. dietary
and/or aqueous exposure), body condition and reproductive status,
also influence Hg distribution between the different organs
(Mallory et al., 2018; Squadrone et al., 2013). Besides, gills in some
studies were more often found to have high concentrations of
heavy metals (Monteiro et al., 2010). Because it directly exposed
water and suspended materials to absorption, osmoregulation and
gas exchange, playing remarkable influences on the exchange of
toxic metals between a fish and the surrounding environment
(Hosseini et al., 2013). In this study, the gills contained relatively
lower Hg concentrations comparing with other organs, indicating
that Hg uptake in fish organswas not primarily fromwater, possibly
originated from food consumption, mainly absorbing through
gastrointestine (Atta et al., 2012).

3.3. Hg distribution in trophic levels

Concentrations of THg andMeHg aswell as the ratios of MeHg to
THg (MeHg/THg) in five organs (gill, heart, liver, muscle and swim
bladder) of different fish species (CV, OV, PV, and HV) are displayed
in Fig. 4. Our results showed that concentrations of THg and MeHg
in different fish organs among four trophic levels exhibited the
following distribution patterns: CV>OV> PV>HV (Fig. 4).
Furthermore, the relatively higher MeHg concentrations and
MeHg/THg were generally observed in CV and OV for each of the
fish organs. However, no discernable difference in the concentra-
tion of MeHg in liver, muscle and swim bladder between CV and OV
(ANOVA test, p> 0.05), as well as in the MeHg concentration in gill
and muscle between PV and HV (ANOVA test, p> 0.05) were
observed. Statistically significant differences in %MeHg in heart
(ANOVA test, F¼ 8.98, p¼ 0.000) andmuscle (ANOVA test, F¼ 4.62,
p¼ 0.040) were observed among four trophic levels. Furthermore,
significant difference in THg concentration in gill, heart, andmuscle
was observed between CV and OV (ANOVA test, p< 0.05). However,
we failed to observe discernable difference in the THg concentra-
tion in gill, muscle and swim bladder between PV and HV (ANOVA
test, p> 0.05).

Our results showed higher MeHg levels and MeHg/THg in
predatory fish than those in non-predatory fish species, which
agree with the previous studies (Yu et al., 2012). Current study
implied that 1) MeHg levels and MeHg/THg in carnivorous species
reflected their position within the food chains, 2) bioaccumulation
and biomagnification of MeHg in different fish species was related
to diet habit and ability to migrate (Mar�s�alek et al., 2005; Zhang
et al., 2007a). Carnivorous species which are located at the top
trophic level, feeding on a combination of fish, generally accumu-
late higher levels of MeHg. On the opposite, the fish species with
low level of MeHg and MeHg/THg such as PV and HV, were prin-
cipally vegetation or invertebrate foragers. In this study, CV and OV
roughly contained relatively higher MeHg/THg than other two
trophic levels (PV and HV). This results indirectly reflected the
higher IHg proportions in PV and HV. It is generally acceptable that
the bioaccumulation of IHg and MeHg is related to the primary
producer (e.g. macrophytes and phytoplankton). However, MeHg
was transferred more efficiently from phytoplankton to herbivores
than IHg (Mason et al., 1996; Pickhardt and Fisher, 2007). More
important, previous study suggested that the efflux rate constants
of MeHg (0.024 d�1) was evidently lower than that for IHg (0.104
d�1) in herbivorous fish (Peng et al., 2016). Therefore, the relatively
higher MeHg concentrations and MeHg/THg in predatory fish (CV
and OV) but relatively lower MeHg concentrations and MeHg/THg
in non-predatory (PV and HV) were jointly observed in this study.

3.4. Bioaccumulation characteristics of food web

Values of d13C across 14 fish species ranged from �26.45
to �17.76‰, with a mean value of �22.53± 1.94‰ (Table S4 and
Fig. 5-a), without any manifest increasing trend from primary
producers to consumers. Neither any statistically significant



Fig. 4. Concentrations of Hg species (THg and MeHg) and MeHg/THg ratios in five organs in carnivorous (CV, n¼ 60), omnivorous (OV, n¼ 112), planktivorous (PV, n¼ 75) and
herbivorous (HV, n¼ 17) fish species in the Three Gorges Reservoir (“� ”, the minimum and maximu value; “,”, mean value; “-”, mid-value; “┬”; “⊥”, standard deviation; a, b, c,
and d show significant levels after ANOVA analysis followed by Tamhane's T2(M) test; the data sets were log-transferred when they were not normal).

Fig. 5. Correlation between d13C and d15N in 14 fish species in the Three Gorges Reservoir (a); correlation between log-transformed Hg concentrations and d15N value in fish
samples in the Three Gorges Reservoir (b).
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differences were detected among different trophic levels (ANOVA
test, F¼ 1.112, p¼ 0.357). The trophic levels of CV (�24 to �22‰)
and PV (�24 to�22‰) were observed similar ranges of d13C values,
suggesting that they might have the same carbon sources. The d13C
values of OV (�26 to �18‰) and HV (�26 to �18‰) fish also had
similar ranges that wider than other two trophic levels, suggesting
more diverse food sources. Wang et al. (2014a) reported that the
range of d13C values in fine particular organic matter, epiphytic
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algae, and filamentous algae from middle Yangtze River ranged
from �26‰ to �23.8‰, �20‰ to �18‰ and �24‰ to �22‰,
respectively. Current study jointly with the previous observations
(Wang et al., 2014a) suggested that fine particular organic matter,
epiphytic algae, and filamentous algae were the important sources
of carbon to OV and HV. However, the primary sources of carbon to
CV and PV were limited to fine particular organic matter and
epiphytic algae. The d13C values of the particulate organic matter
(POC) pool were found consistent with the signature of the
terrestrial soil organic matter in the Yangtze River, in which the
planktonic algal carbon was a minor component of POC pool (Wu
et al., 2007). In addition, terrestrial plants, such as some plant
parts (seeds and fruits) with high nutritional value, maybe be
directly consumed by tropical aquatic animal species, being the
dominant carbon sources supporting the consumer taxa (Goulding,
1980; Wang et al., 2014a). Consequently, terrestrial loading of
organic matter became an important carbon source to aquatic
consumer production.

Notably, d13C values decreased with increasing d15N, showing
significant correlations (linear regression, r2¼ 0.26, p< 0.001). This
result was in accordance with previous study (Feng et al., 2018),
indicating that food sources for organism at different trophic levels
in the food web varied greatly and exhibited a higher degree of
bioaccumulation. d15N values distributed in the range of 7.5e15‰
with a mean value of 12± 2.0‰, increasing with trophic levels. The
increase of d15N values with trophic levels reflected that 15N is
retained preferentially during nutrient assimilation and incorpo-
ration into animal tissues (Gu et al., 1996). d15N in CV fish species
(14± 0.64‰) is of substantially higher magnitude than the
remaining three trophic levels (ANOVA test, F¼ 7.70, p< 0.01),
whereas differences between the latter three were insignificant.
Nevertheless, d15N values of some OV fish were apparently
different, for instance, mean d15N values of Ch and Pfwere 13e14‰
while Sq, Ca, Cc and Sswere 9e11‰. These differences attributed to
nutritional habits from two groups. Similarly, large difference in
d15N between two groups of HV fish (Ma and Ci) were also observed
in this study.Ma primarily feeds on zooplankton, Vallisneria natans
and Hydrilla verticillata (Ke,1975), whereas Ci is known to feed on a
wide variety of terrestrial plants with varying fibre content (Hajra
et al., 1987; Wen, 1990). Such strong differences in d15N among
primary producers and in detritus were reported previously
(Dominik et al., 2014), which supports our observations.

Regarding relative trophic position (TP) calculated from d15N
values (Table S4), it was also increasing with trophic levels (CV:
3.8± 0.19‰, OV: 2.9± 0.58‰, PV: 2.8± 0.26‰, HV: 2.6± 0.59‰).
CV fish species also had significantly higher TP than the other three
trophic levels (ANOVA test, F¼ 7.70, p< 0.01), while trophic levels
of OV, PV and HV showed a high degree of overlap and no signifi-
cant difference (ANOVA test, F¼ 0.69, p> 0.05). The limited varia-
tion in TP (2.29) indicated approximately two trophic positions.
Thus, short food chains indicated that the fish in the TGR would
tend to bioaccumulate less Hg.

Fig. 5-b showed significant correlations between Hg concen-
trations (THg and MeHg) and d15N although they were weak
(r2¼ 0.16), reflecting Hg biomagnification in a food chain. The
regression slopes (0.08 for THg and 0.10 for MeHg) of log-Hg con-
centration versus d15N indicated trophic magnification factor (TMF)
in the TGR, which were relatively lower in comparison with other
aquatic systems from America and Canada (0.13e0.29) (Clayden
et al., 2013; Kidd et al., 2012). Generally, higher slopes were nor-
mally reported in lakes that had lower nutrients/MeHg/chloride
factors, suggesting higher Hg biomagnification in lakes with lower
trophic status (Clayden et al., 2013). This indirectly supports some
studies that biotic Hg concentrations can undergo biomass and
growth dilution in more nutrient-rich systems (Li et al., 2015).
Although no correlations were observed between Hg concentra-
tions and body size for some fish species (e.g. OV, PV and HV)
(Table S2), it was not a direct evidence for growth dilution. It should
be noted that the fish samples were collected from different sites
with different trophic states (tributaries were more nutritious than
mainstream) and the length and complexity of their food chains
varied greatly. These may partially explain the low slopes of log-Hg
concentrations (THg and MeHg) versus d15N. Furthermore, the
simple food web structure which was not favourable to the accu-
mulation of Hg, could be another reason to the low slopes. How-
ever, we failed to observe the correlations between IHg
concentrations and d15N (p¼ 0.086), with the slopes (0.05) lower
than that of MeHg, indicating the difference bioaccumulation pat-
terns of IHg versus MeHg. Previous study suggested that MeHg
primarily accumulated in the cell cytoplasm of phytoplankton be-
ing assimilated by zooplankton, whereas IHgwas principally bound
in phytoplankton membranes (Mason et al., 1996). Moreover, the
assimilated efficiency ofMeHgwas four timesmore than that of IHg
(Mason et al., 1996). Therefore, the TMF of MeHg was observed to
be much higher than that of IHg in this study.
3.5. “Reservoir effect” in the TGR

3.5.1. Concentrations of Hg in fish before and after impoundment of
the TGR

The concentrations and temporal distribution patterns of THg
and MeHg in fish muscle from the TGR was listed in Fig. 6 and
summary data are shown in Supplementary Information Table S5.
As summarized in Table S6, the methods for Hg analysis in fish
samples employed in this study and literatures were all popular
used all over the world. Therefore, we do believe that the results
listed in Fig. 6 and Table S5 were trustful and comparable. It should
be noted that the TGR started to impound in 2003, with the water
level of 135m; and then, the water level reached up to 155m in
2006; the TGR was completely created in 2009, with the minimum
and maximum water level of 145m and 175m, respectively.

In many recently impounded hydroelectric reservoirs, it had
been confirmed an elevation of Hg concentrations in predatory and
non-predatory fish species (Bodaly et al., 2007; Morrison and
Therien, 1995), which can be called as “reservoir effect”. As
shown in Fig. 6 and Table S5, a slightly descending trend of THg and
MeHg concentration in fish muscles during the period from 1986 to
2014. Furthermore, the Hg levels in Ei, Sa, Ll and Ch all decreased
with the time went on, only Pf showed a crosscurrent. Therefore,
our findings verified that no discernible “reservoir effect” was
observed in the TGR within the initial few years after
impoundment.

In China, many reservoirs were shown relatively low concen-
trations of Hg levels and MeHg/THg in fish samples. In Wujiang
river, new reservoirs didn't exhibit higher Hg levels than the old
ones, thus Hg levels were not fully consistent with the age and
evolution of reservoirs (Feng et al., 2018). Even in Baihua Reservoir
that affected by industrial wastewater containing Hg, the aquatic
food web was found disconnected from the high MeHg zone (Liu
et al., 2012). As for the newly TGR, the biggest difference with
these reservoirs was the large inundated areas, this probably
caused the elevation of Hg methylation. But the fact is our results
showed relatively low Hg levels of fish. Contrary to fish from res-
ervoirs in North America and Europe, extremely high Hg concen-
trations in predators were frequently observed (Bilodeau et al.,
2018; Brinkmann and Rasmussen, 2010; Carrasco et al., 2011). In
these reservoirs, it has been generally accepted that the high initial
MeHg production is related to an initially high availability of fresh
organicmatter (Bodaly et al., 2007; Silva et al., 2009; Larssen, 2010).



Fig. 6. The concentrations and temporal distribution patterns of THg and MeHg in fish muscle from the Three Gorges Reservoir (WL: water level of the TGR) (a); the concentrations
and distribution of THg in muscle of different fish species from the Three Gorges Reservoir (b).
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3.5.2. Possible reason of low Hg in fish from the TGR
In the aquatic environment, Hg can be absorbed by organisms

through both diffusion and active uptake mechanisms (e.g., by Naþ

and Ca2þ). Hg species determined the degree of absorption and
biomagnification, which was influenced by organic matter, inor-
ganic ligands, thiol compounds, pH and other chemical factors
(Feng et al., 2018). Relatively low Hg levels of the TGR aqueous
system (Table 1) could partly explain low Hg concentrations in fish.
Under acidic conditions, Hþ may compete with Hg2þ at binding site
of DOM, thereby favoring the release of Hg2þ (Haitzer et al., 2003).
The enables inorganic Hg to be activated, absorbed and methylated
by organisms. But the relatively low DOC and high pH value of the
TGR water may affect Hg bioavailability and methylation, gener-
ating comparatively low MeHg concentrations in biota in this
aquatic system. Inmainstream of the TGR, no seasonal stratification
and alga bloom were presented, where less organic matter and
nutrients were unfavorable for the methylation and bio-
accumulation of mercury in reservoir food chain (Cebalho et al.,
2017; Kasper et al., 2014).

In Chinese reservoir, the organic matter of the freshly flooded
soil is low and hence the methylation is not driven by the access to
fresh material to the some extent (Larssen, 2010). The TGR in
particular, it was one of largest reservoir in theworld, flooding large
areas with different land use. The inundated area was about
350 km2, primarily composing of bare lands (40%), agricultural
lands (30%) and urban areas (10%) before impoundment (Zhang,
2008). The average THg concentration of flooded soil in the TGR
was 52 ng g�1, which was in line with the global average level of
50e100 ng g�1 (Fadini and Jardim, 2001). But the relatively low
organic matter (<1.0%) and the low Hg methylation activity in soils
of seasonally drying and flooding alternating areas were observed
in the TGR (Xiang et al., 2018). It is reasonable that the overall MeHg
level in reservoir surroundings and possibly their catchments are
very low.

Submerged flora in the TGR, is dominated by forbs, herbs,
shrubs, and dwarf trees, including annuals (Setaria viridis, Digitaria
ciliaris, and Leptochloa chinensis etc.), flood-tolerant perennials
(Cynodon dactylon, Hemarthria altissima and Capillipedium assimile
etc.) and some woody plants (Ficus tikoua, Pterocarya stenoptera,
and Vitex negundo etc.) (Lu et al., 2010). Although submerged plant
tissues lead to an increase in reservoir Hg mass, they released far
more less Hg and nutrients to waters than these in forest inundated
reservoirs (Hall and St Louis et al., 2004; Roy et al., 2009). With a
long period of impoundment and draw-down, more flood-tolerant
perennials tended to survive and annuals gradually faded away,
indicating a low rate of plant decomposition unable to boost.
Despite flood-tolerant perennials can uptake MeHg into their tis-
sues from soils and enhance Hg methylation in vegetated pots
(Windhammyers et al., 2015), it also can decrease Hg methylation
by reducing the bioavailable fraction of inorganic Hg possibly
through sorption or co-precipitation with the iron plaque formed
on the outside of roots or on the root biomass itself (Strickman and
Mitchell, 2016; Ullrich et al., 2001; Wang et al., 2014b). In current
study, the vegetated terrainwere entirely colonized with plant root,
which increase the transportation of the subsurface porewater and
its associated solutes, as the evapotranspiration drove the move-
ment of porewater MeHg from the bulk to the rhizosphere soil
(Windhammyers et al., 2014). This process is an important modu-
lator of MeHg dynamics, inhibiting the release of MeHg to aquatic
water from inundated soils in the TGR. As described above, less soil
coverage and the more flood-tolerant perennials for Hg storage
may decrease the pool of Hg availability for remobilization, and
consequently reduce Hg accumulation in fish.

Apart from the low methylation activities of water, inundated
soil and plant, the simple food web structure in the TGR also
contributed to the low MeHg found in the bio-samples. Food
sources and feeding habits have been disturbed, as well as species
diversity and community structures of fish have been changed
dramatically induced by the TGR constructed. Thus, altered food
web structure and trophodynamics may reduce biomagnification
and accumulate rate of Hg in biota (Lavoie et al., 2013; Ofukany
et al., 2014). Moreover, OV fish (42%) with lower Hg concentra-
tions was the dominant fish species sampled in the TGR. For these
factors, it is reasonable to explain the relatively lower Hg concen-
trations in fish. Despite low Hg levels in fish posed no health risks
was widely believed, high Hg intake in riverine groups had great
opportunities to exceed the recommended reference dose value
(0.1 mg Hg per kg body weight per day for MeHg), thus these
communities could be considered at risk (Ceccatto et al., 2016).
Therefore, low Hg levels of fish should not be oversight. Fish
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consumers should be careful, especially for the vulnerable groups,
such as children and pregnant women.

4. Conclusion

This study investigated the bioaccumulation characteristics of
THg and MeHg in different organs (gill, heart, liver, muscle and
swim bladder) of fish species in the TGR. The values of d13C and
d15N in fish muscle were further analyzed to reveal the bio-
magnification properties of Hg in food chains. Our results showed
that Hg concentrations in the TGR were in relatively low levels, and
did not appear to pose a health risk. The highest Hg levels was
observed in muscle, followed by heart, liver, swim bladder and gill.
Negligible elimination of MeHg from muscle as well as efficient
transportation of MeHg from other organs into muscle probably
resulted in high Hg levels in muscle. Hg levels increased with the
trophic levels, which was accordance with other studies. d13C
values decreased with increasing d15N, showing significant corre-
lations (linear regression, r2¼ 0.26, p< 0.001). This result indicated
that food sources for organism at different trophic levels in the food
web varied greatly and exhibited a higher degree of bio-
accumulation. Nevertheless, the limited variation of TP (2.29)
showed a simple food web in the TGR. Uniformly, low trophic
magnification factor (TMF) (0.08 for THg and 0.10 for MeHg) was
also observed. Apart from these, the low methylation activities of
water, inundated soil and plant also contributed to the low Hg
levels in predators. Thus, the TGR showed no discernible “reservoir
effect” within the initial few years after impoundment.
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