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a b s t r a c t

We examined Hg biogeochemistry in Baihua Reservoir, a system affected by industrial wastewater
containing mercury (Hg). As expected, we found high levels of total Hg (THg, 664e7421 ng g�1) and
monomethylmercury (MMHg, 3e21 ng g�1) in the surface sediments (0e10 cm). In the water column,
both THg and MMHg showed strong vertical variations with higher concentrations in the anoxic layer
(>4m) than in the oxic layer (0e4 m), which was most pronounced for the dissolved MMHg (p < 0.001).
However, mercury levels in biota samples (mostly cyprinid fish) were one order of magnitude lower than
common regulatory values (i.e. 0.3e0.5 mg kg�1) for human consumption. We identified three main
reasons to explain the low fish Hg bioaccumulation: disconnection of the aquatic food web from the high
MMHg zone, simple food web structures, and biodilution effect at the base of the food chain in this
eutrophic reservoir.

� 2011 Elsevier Ltd. All rights reserved.
1. Introduction

Mercury (Hg) is a globally distributed toxic pollutant. Mono-
methylmercury (MMHg) is one of the toxic Hg forms that can
bioaccumulate and biomagnify in food webs (Clarkson and Magos,
2006; Fitzgerald et al., 2007; Ullrich et al., 2001;Watras et al.,1998).
Humans and wildlife that are high in the food chain are subject to
potential adverse health effects related to MMHg exposure via the
consumption of fish and fish products (Clarkson and Magos, 2006).
The public health concern of MMHg have prompted numerous
studies on Hg biogeochemical cycling in aquatic systems.

Reservoirs are important aquatic systems to communities that
depend on them for resources such as drinking water, fisheries, and
irrigation. The exact mechanisms of Hg cycling and the bio-
accumulation of MMHg in reservoirs have not been well under-
stood. As in other systems, the rise and fall of Hg levels in reservoirs
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are results of many interrelated factors (Benoit et al., 2003;
Compeau and Bartha, 1985; Munthe et al., 2007) including Hg
loading rates, water chemistry (e.g. dissolved organic matter;
sulfate concentrations; redox potential, and pH, etc.), microbial
activities, and food web structures.

Starting from 2009, we have been studying the distribution of
mercury in different matrices and understanding themechanism of
mercury methylation and the consequent bioaccumulation in Bai-
hua Reservoir (BR) in China as part of a 3-year Sino-Swiss project.
The ecosystem of BR has become increasingly vulnerable due to
various environmental problems (e.g. eutrophication, algal blooms)
including direct Hg contamination from Guizhou Organic Chemical
Plant (GOCP). The GOCP is located w18 km upstream of BR and
used mercury as a catalyst for the production of acetic acid (Feng
et al., 2004) with an estimated 573 tons of Hg being used
between 1971 and 1985 (Yan et al., 2008). Wastewater containing
Hg was directly discharged before the installation of Hg-removal
treatment facility in 1985 (Yan et al., 2008). Later, mercury-based-
technique was gradually replaced by the methanol carbonylation
technique but variable, sometimes high, total Hg (THg) concen-
trations were detected in the wastewater canals (Zhang, 2000).
Elevated THg concentrations were also reported in the wastewater
outfall of GOCP ([THg] ¼ 13 ng L�1; Horvat et al., 2003). Due to the
high Hg levels, there is a growing need to study Hg dynamics in BR
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and to investigate whether consumption of BR fish poses potential
human health risks.

Previous studies conducted in BR showed that while elevated
THg and MMHg levels were found in the water column (average
[THg] ¼ 35.9 ng L�1, Yan et al., 2003) and sediment porewater
([THg] ¼ 6e5860 ng L�1, [MMHg] ¼ 0.3e15.4 ng L�1; Yan et al.,
2008), THg concentrations in fish muscles (Cyprinidae, commonly
known as carp) were generally lowwith variations between species
(0.3e39 ng g-1; Horvat et al., 2003; Yan et al., 2003, 2008). These
findings are in contrast to the high fish Hg burden reported for
more pristine lakes and reservoirs in North America and northern
Europe (Larssen, 2010; Munthe et al., 2007). While fish Hg
concentrations are often positively correlated with the THg input to
the system, the relationships between the two are far from simple.
The counterintuitive observations of the low fish Hg concentrations
in BR requires a more detailed analysis of factors related to the
source, transformation, and the bioaccumulation of MMHg. In this
paper, by relating Hg concentrations in biota samples with those in
abiotic matrices, we aim to provide some insights into the factors
influencing fish Hg bioaccumulation in BR.
2. Materials and methods

2.1. Study sites

Baihua Reservoir (106�270e106�340 N, 26�350e26�420 E) is located approxi-
mately 16 km northwest of Guiyang, Guizhou Province, southwest China. Since its
Fig. 1. Locations of the study sites, which include three main study sites Y, M, and D that are
littoral zone sites (YS and DS). Arrows highlight the pathway of mercury contamination fro
impoundment in 1966, BR has been providing the local communities with hydro-
power, fisheries, irrigation, drinking water, and recreation resources. It is a long and
narrow reservoir (L � W ¼ 18 km � 0.8 km) with an average water depth of 13 m
(Yan et al., 2008) and an average water residence time of one month (Li et al., 2008;
Wang et al., 2005). Baihua Reservoir is one of the reservoirs built on the Maotiao
River and its closest neighbor is Hongfeng Reservoir (w20 km upstream). Besides
Maotiao River, there are a few seasonal streams/rivers with limited contributions to
the total water input of BR. The ratio of the total surface area of BR (14.5 km2) to the
whole watershed area is 0.77%. The reservoir has a typical karstic topography with
limestone and dolomite being the dominant bedrock types and calcareous soil and
ultisol being the major soil types. Because of steep slopes that are typically present
in such topography, the shallow littoral zone has small surfaces and is generally
limited to areas at the stream mouths, despite having no shortage of islands.

To investigate the biogeochemical cycling of Hg in the water column and the
sediment, we chose three study sites (Y, M, and D) representing the upper, middle,
and lower reaches of the pelagic part of the reservoir, respectively. The water depths
at these three sites were 12, 20, and 21 m, respectively. Due to the persistent
oxycline (anoxic below 4 m in this study in 2009), we did not find benthic fauna
(i.e. chironomid larvae) in the sediment under the pelagic zone. Alternatively, we
selected two shallow sites (i.e. YS and DS) with an average water depth ofw0.5 m in
the littoral zone to investigate the bioaccumulation of Hg in benthic invertebrates.

2.2. Sample collection (main sampling in June, 2009)

2.2.1. Water column samples
Water samples were made using a 10-L Niskin bottle and filtered (0.45 mm,

Sterivex�-HV, Millipore) for the dissolved Hg species (i.e. THgdis and MMHgdis) and
those associated with suspended solids (i.e. THgss and MMHgss). Whatman (GF/F)
glass-fiberfilterswereused for the dissolved organic carbon (DOC) samples. Ancillary
variables such as total phosphate (TP), total nitrogen (TN), and Chlorophyll a (Chl-a)
were also measured according to methods described by Li and Han (2007). Water
column parameters such as dissolved oxygen (DO), temperature, and conductivity
located in the upper, middle, and lower reaches of the reservoir, respectively; and two
m the known point source (i.e. Guizhou Organic Chemical Plant).
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weremeasured in situ using amulti-parameter probe (Radiometer, Pioneer 65)while
water hardness (in mg CaCO3 L�1) was measured using a Winkler kit.

2.2.2. Sediment samples
Surface sediments (0e10 cm) were taken using a gravity corer. Within a few

hours of collection, sediment cores were sectioned with a 2-cm increment in
a N2-atmosphere-glovebag in a laboratory by the reservoir. After centrifugation,
porewater was filtered (0.45 mm) and the pulled supernatant was divided for the
analysis of porewater THg (THgpw), MMHg (MMHgpw), and ancillary variables.

2.2.3. Biota samples
Seston used for Hg analysis were collected in the surface water (w0.5 m) using

towing nets with 64 and 112 mm mesh sizes, respectively (Li and Han, 2007). Chiron-
omid insect larvae (not identified to thegenus level)were collectedby sieving (900mm)
the surface sediments (w0e4 cm) from YS and DS sites (Fig. 1), followed by rinsing in
deionized water, EDTA (1mM), and deionized water, for 5 min each. After dryingwith
clean paper towels, the larvae were quickly frozen in liquid nitrogen on site.

Fish were collected from the local anglers. The dominant species available from
BH were species of the fish family Cyprinidae (commonly called carp), which is also
the typical fish species consumed locally. After recording the length and mass, fish
axial muscles were collected under clean conditions, and subsequently frozen until
analysis. In order to better assess the biota Hg levels in BR, we also used data from
June 2010 sampling and from earlier studies (i.e. in autumn and winter of 2003 and
2008; Yan, 2005; Yan et al., 2008, 2010). Axial fish scales from 2009 and a subset of
2003 samples were also collected for the identification of fish age.

2.3. Sample analysis

Total Hg and MMHg in the sediment, chironomid larvae, seston, 2010 fish
samples of 5 species (n ¼ 13), and MMHgss were analyzed in the Swiss laboratory.
THg was analyzed using thermal combustion method (AMA 254, Leco�). MMHg in
solid matrix was extracted using a HNO3 leaching/CH2Cl2 extraction method, fol-
lowed by ethylation onto Tenax� traps, GC separation (Bloom, 1989), and atomic
florescence spectrometry (AFS) detection by Tekran� (Model 2500, Tekran Inc.,
Canada). Briefly, the extraction involves the following steps: (1) weigh w0.3 g of
freeze-dried homonogized samples into a 50mL centrifuge tube; (2) add 2ml CuSO4

(1M), 5 ml HNO3 (5M), and 10 mL CH2Cl2; (3) shake the mixture for 1 h; (4)
centrifuge the mixture for 25 min at 3000 rpm; (5) pipette the solvent layer into
a new 50 mL centrifuge tube; (6) back extract MMHg into 35 mL deionized water
under N2 flow (50 mL min�1) for 30 min in a water bath (50 �C). THgss was analyzed
using HCl/HNO3 digestion followed by AFS detection (Cossa et al., 2002). Aqueous
samples, fish samples from 2009 and earlier years were analyzed in the Chinese
laboratory and the methods were described elsewhere (Yan, 2005; Yan et al., 2008,
2010). Analytical methods for TP, TN, and Chl-a were described previously (Li and
Han, 2007) and DOC was analyzed by high-temperature catalytic oxidation
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Fig. 2. Box plots of water column depth profiles of total Hg and total MMHg (i.e. THgwc and M
(%MMHgwc, dis) and suspended solids (%MeHgwc, ss), DOC (mg L�1), and TP (mg L�1) in Baihu
results from Y, M, and D sites.
method (Li et al., 2008). Carbon and nitrogen isotope analysis was conducted for the
2010 biota samples at the Stable Isotopes Laboratory of the University of Lausanne
(UNIL), Switzerland. Results were expressed as d13C and d15N values as the per mil
(&) deviations of the isotope ratio relative to known standards (C: Vienna Pee Dee
Belemnite; N: atmospheric nitrogen) using the following formula: dX ¼ [(Rsample �
Rstandard)/Rstandard]� 1000, where R is the ratio of the heavy to light isotopes (and X is
13C/12C or 15N/14N).

2.4. QA/QC and data analysis

Samples for dissolved phase Hg species were acidified (HCl, 0.5%, v/v), stored in
acid cleaned borosilicate glass tubes, while samples for redox sensitive parameters
(e.g. Fe2þ, and S2�) were stored in 10 mL serum vials and crimp sealed. Aqueous
samples were kept in the dark at 4 �C and analyzed within three weeks of collection
while solid phase samples were kept frozen until analysis. The average (arithmetic
mean � 1 standard deviation (SD)) relative standard deviations (RSDs) of replicates
were 9 � 5% (n ¼ 24 pairs), 17 � 5% (n ¼ 37 pairs), 4 � 2% (n ¼ 2 pairs), and 11 �10%
(n ¼ 28 pairs) for THg, MMHg, DOC, and ions, respectively. Three certified reference
materials (i.e. BEST-1, MESS-3, and Tort-2) were used in the analysis of THg in solid
matrices while two (i.e. ERM-CC580 and Tort-2) were used for MMHg. The average
recoveries were 98 � 7% (n ¼ 11) and 106 � 11% (n ¼ 29) for THg and MMHg,
respectively. The calibration, reproducibility, and accuracy of the C and N isotopic
analysis were based on laboratory standard materials replicates (C: glycine, urea,
Pyridine, USGS-24, UNIL-graphite; N: glycine, urea, pyridine, UNIL-graphite, USGS-
40, USGS-41, USGS-24 graphite, IAEA-600, and IAEA-N3) and were better than 0.1&
(1 SD) for both isotopes. The RSDs of replicates of samples (n ¼ 22 pairs) were better
than 2%.

Statistical analyses were conducted using SPSS (v.15). Nonparametric methods
(e.g. KruskaleWallis test) and natural log transformation of the data (for linear
regression analysis) were performed. In the box plots presented, the line inside the
box shows the median; the length of the box is the interquartile range (IQR ¼ 75th
percentilee25th percentile); the left/bottom and right/top whiskers show the
distance from the end of the box to the smallest and largest values that are 1.5 IQR
from either end of the box, respectively; “o” indicates outliers, defined as values
between 1.5 IQR and 3 IQR’s from the end of the box; and “*” indicates extreme
values, defined as values more than 3 IQR’s from the end of the box. Unless other-
wise stated, mercury concentrations were expressed in ng L�1 for the dissolved
phase in the porewater and water column; in ng g�1 dry wet (dw) for the solid
sediment, suspended solids, seston, and chironomid larvae; and in ng g�1 wet
weight (ww) for fish. The water column total Hg and total MMHg were calculated as
the sum of the dissolved and the suspended solid-bound fraction, the latter of which
was converted into ng L�1 unit based on the volume of water filtered.

Bioaccumulation factor (BAF, Gobas et al., 2009) was calculated as the ratio of
MMHg concentrations in biota samples (ng g�1 ww) to the dissolved water
concentration (ng L�1) in the oxic layer of the water column. The water content used
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Table 1
Concentrations (average �1 standard deviation (median)) of THg and MMHg in abiotic matrices and biota samples of Baihua Reservoir.

Sample type THg MMHg %MMHg N

Biota Fisha 48.7 � 45.3 (34.5) 16 � 9.4 (14.6) 46.5 � 21.8 (46) 128
Chironomid larvaeb 205.6 � 71.6 (242.1) 9.4 � 11.1 (4.7) 6.7 � 4.0 (5.2) 3
Seston < 64 mmc 862.4 � 507.8 (750) 4.0 � 2.7 (4.3) 0.6 � 0.6 (0.6) 4
Seston < 112 mmc 724.4 � 410.4 (727) 2.7 � 0.4 (2.8) 0.5 � 0.3 (0.4) 4

Sediment Solid sediment 3677 � 2596 (3413) 8.8 � 4.9 (6.6) 0.4 � 0.3 (0.4) 15
Porewater n.a. 0.8 � 1.2 (0.3) n.a. 15

Water column Dissolved phase
Oxic 3.3 � 2.2 (3.4) 0.02 � 0.02 (0.01) 0.5 � 0.8 (0.07) 12
Anoxic 5.7 � 3.9 (4.6) 0.4 � 0.6 (0.1) 7.2 � 9.1 (1.9) 25
Whole 4.9 � 3.6 (3.7) 0.3 � 0.5 (0.05) 5.2 � 8.1 (1.3) 37
Suspended solids
Oxic 185.2 � 97.8 (155.2) 9.8 � 6.9 (7.8) 7.7 � 7.9 (5.8) 12
Anoxic 441.8 � 499.5 (259.8) 19.9 � 19.2 (17.7) 8.1 � 9.4 (5.6) 25
Whole 358.5 � 429.1 (241.8) 16.6 � 16.8 (10.5) 8.0 � 8.8 (5.8) 37
Total
Oxic 5.1 � 3.0 (5.1) 0.3 � 0.1 (0.3) 10.1 � 10.1 (5.9) 12
Anoxic 7.7 � 4.9 (7.3) 0.6 � 0.7 (0.3) 10.1 � 9.1 (6.8) 25
Whole 6.9 � 4.5 (6.0) 0.5 � 0.6 (0.3) 10.3 � 9.5 (6.7) 37

Note: Arithmetic means are reported. Abiotic matrices (i.e. sediment and water column) were sampled in June. 2009. n.a. ¼ not available. Units for [Hg] in “solid sediment”,
“suspended solids (ss)”, and biota are in ng g�1 dry weight (dw) while [fish Hg] is in ng g�1 wet weight (ww); [Hg] in “porewater”, “dissolved phase”, and “whole” in the water
column are in ng L�1.

a [Hg] were based on axial muscles. Data included those from this study (sampled in June 2009 and June 2010) and from previous studies (Yan, 2005; Yan et al., 2008, 2010).
%MMHg were based on 23 samples where both MMHg and THg data were available. Species specific [Hg] are presented in Table 3 and Fig. 4.

b Chironomid larvae were collected in June 2009, January and June 2010.
c Seston samples were collected in June 2009 and June 2010.
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in converting ng g�1 dw to ng g�1 ww for sestion (<64 mm and <112 mm) and
chironomid larvae was assumed to be 90%, 85%, and 75%, respectively (USEPA, 2010).

Considering the dynamic nature of the biotic matrices (e.g. the habitat of fish is
the entire reservoir and is not restricted to the three main sites where abiotic
samples were taken), we grouped mercury and ancillary variables from the three
main study sites to provide a reservoir-wide distribution. Nonetheless, site-specific
are also provided.

3. Results and discussion

3.1. Hg in the water column

In the water column, the oxycline (DO < 0.3 mg L�1) and ther-
mocline (i.e. temperature changed from 23 �C to 17 �C) were found
at w4 m. Higher DOC was found in the epilimnion than in the
hypolimnion (medians, 6.0 vs. 3.3 mg L�1) which was opposite to
the TP depth profile (Fig. 2). Baihua reservoir is eutrophic with the
average levels of TP, TN, and Chl-a being 0.07� 0.04mg L-1,1.7� 0.5
mg L-1, and 54.7 � 53.3 mg L�1, respectively. The Secchi disk
transparency was approximately 1 m, and the average pH and
water hardness was 8 and 286 � 43 mg L�1, respectively.

Elevated concentrations of total Hg (i.e. THgdisþ THgss) and total
MMHg (i.e. MeHgdis þ MeHgss) were found in the water column of
BR with levels ranging from 1.0 to 20.1 ng L�1 and from 0.03 to 2.96
ng L�1, respectively (Table 1, Fig. 2). In comparison, THg and MMHg
values in uncontaminated freshwater systems are generally less
than 5 ng L�1 and between 0.02 and 0.1 ng L�1, respectively (Ullrich
et al., 2001). The average levels of water column THg and THgdis in
BR (6.9� 4.5 and 4.9� 3.4 ng L�1, respectively)were similar to those
in Hongfeng Reservoir (6.9 and 4.0 ng L�1, respectively, He et al.,
2008), which is upstream of both BR and GOCP with no known
Hg point sources. However, the maxima of THg and THgdis, in BR
were 1.4X and 2X higher, respectively. In BR, while amajority of THg
was in the dissolved form (medians, 61% and 80% in the oxic and
anoxic layer, respectively), a majority of the MMHgwere associated
with suspended solids with MMHgss representing 61% and near
100% of MMHg in the anoxic and oxic waters, respectively (Table 1).

Both THg and MMHg showed strong vertical gradients, with
higher values found in the anoxic layer (>4m) than in the oxic layer
(Table 1). Similarly, the percentage of MMHg present in THg (i.e. %
MMHg ¼ [MMHg]/[THg] � 100) also showed higher levels in the
anoxic layer (Table 1, Fig. 2). However, the difference between the
oxic and anoxic zones wase only statistically significant
(ManneWhitney tests, p < 0.001) for MMHgdis and %MMHgdis. The
trend of higher anoxic MMHgdis than its oxic counterpart was also
seen in 2004 (unpublished data). Similar depth profile was reported
for eutrophic and seasonally stratified Onondaga Lake, where
MMHgdis ranged from 0.06 to 0.1 ng L�1 in the mixed water column
in spring and up to 5.4 ng L�1 in the bottom anoxic water in the
summer (Todorova et al., 2009).

The levels of all measured Hg species in the oxic layer were not
significantly different among the three sampling sites
(KruskaleWallis test, p > 0.05), except for MMHgss (p ¼ 0.02). Site
M had the highest MMHgss concentration (medians, 12.7, 7.3, and
6.9 ng L�1, for M, Y and D, respectively), which was perhaps due to
its proximity to a small river mouth and the pier of the reservoir
(more water traffic), thus more physical disturbance and suspen-
sion in the water column than Sites Y and D. It is worth noting that
the oxycline at 4m in BR did not coincidewith the sharp gradient of
MMHg concentrations (Fig. 2), which occurred below 4 mwith the
most pronounced gradients appeared around 15 m at M and D.
Interestingly, the bottomwater columnMMHg levels at Sites M and
D were 82% and 48% higher than their sediment porewater coun-
terparts (0e2 cm), respectively. The observed depth porfiles of
MMHgss may be related to several factors such as non-linear
diffusion rates at different depths, and the dominance of methyl-
ation or demethylation at different depths. We found that MMHgdis
was positively correlated with TP (R2 ¼ 0.25, n ¼ 22, p < 0.05) but
negatively correlated with DOC (R2 ¼ 0.18, n ¼ 29, p < 0.05). The
similarity in the depth profiles of TP and MMHgdis (Fig. 2) suggests
a higher release of MMHg related to the degradation of settling
organic matter deeper than 15 m, while the anticorrelation
between DOC and MMHgdis suggests a higher removal of MMHg by
particles shallower than 15 m. The high MMHgdis could also result
from methylation in the bottom anoxic water, though our water
column experiment using enriched Hg isotopes conducted at M site
in 2010 showed substantially higher demethylation than methyl-
ation potential rates (data not shown). The exact mechanism
producing the observed MMHgdis profiles remains unclear at this



Table 2
Comparisons of mercury concentrations in Cyprinidae (ng g�1 ww) and water column dissolved phase (ng L�1) and/or in sediments (ng g�1 dw) from selected studies (min-
max and/or average �1 standard deviation).

Sediment Hg
(ng g�1 dw)

Water Column
Hg (ng L�1)

Fish Hg (ng g�1 ww) Weight
(carp species) (g)

Length
(cm)

Study sites References

THg MMHg THg MMHg THg MMHg %MMHg

1e8 (6.9) 8e103 80e7735
(bc, cmc, gc)

11e82 Hongfeng Reservoir, China;
upstream of BR

He et al., 2008;
Yan et al., 2010

28e129 (bc, sc) 54e88 Illinois & Mississippi
Rivers, US

Rogowski et al., 2009

57e1670 3e44* (bc, cmc, gc, sc) 25e48 Hong Kong, Pearl River
Delta, China

Zhou and Wong, 2000

50e300 (cmc) 25e55 Lake Meredith, Texas, US McClain et al., 2006
19e63 18e63 75e110 1790e3290

(cmc, 4 y)
40e48 Ponds in Czech. No

obvious point sources
Marsalek et al., 2007

70e170,000 70e1090 (cmc) 49e69 Ebro River, Spain. Contaminated
by chloralkali plant.

Navarro et al., 2009

700e3300 7e28 3e9 0.2e5 4600e5500 56e132
(crc; 1e2 y)

15e21 Babeni Reservoir, Romania.
Contaminated by
chloralkali plant

Bravo, 2011

665e7421 3e21 1e20
(6.9 � 4.5)

0.03e3
(0.5 � 0.6)

4e254
(53 � 49)

3e39
(16 � 9)

16e79
(46 � 18)

70e4860
(862 � 856)
(bc, cmc, crc,gc,
sc; 1e4 y)

12e62
(33 � 12)

Baihua Reservoir, China.
Contaminated by organic
chemical plant.

This study

Note: bc ¼ big-head carp ¼ Hypophthalmichthys nobilis; cmc ¼ common carp ¼ Cyprinus carpio; crc ¼ crucian carp ¼ Carassius carassius; gc ¼ grass carp ¼ Ctenopharyngodon
idella; sc ¼ silver carp ¼ Hypophthalmichthys molitrix. y ¼ fish age in year. *, [Hg] in wet weight (ww) was calculated from dry weight (dw) assuming 80% water content.
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time. Further studies are needed to elucidate the water column Hg
dynamic in details.

3.2. Hg in the sediments

As expected for a point-source contaminated site, THgsed
(3677 � 2596 ng g�1) and MMHgsed (8.8 � 4.9 ng g�1) at BR were
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Fig. 3. Box plots of sediment depth profiles of THg, MMHg, %MMHg in the solid sediment
(MMHgpw in ng L�1) in Baihua Reservoir sampled in June 2009. Data shown are reservoir-w
both elevated (Table 1). The THg levels in BR were similar to
values (Table 2) reported for sites contaminated by chloralkali
industries such as the Babeni Reservoir (Bravo, 2011) and Ebro
River (Navarro et al., 2009). Compared to the levels in Hongfeng
Reservoir (He et al., 2008), the concentrations of THgsed and
MMHgsed in BR were approximately 10 and 4 folds higher,
respectively.
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ide values, i.e. combined results from Y, M, and D sites.



B. Liu et al. / Environmental Pollution 160 (2012) 109e117114
The spatial pattern of mercury also indicated a typical contam-
inated system, where THg concentrations in the solid sediment and
MMHg in porewater tend to decrease with increasing distance from
the GOCP (i.e. Y >M > D). Mainly driven by the spatial distribution
of THg, %MMHgsed showed a sharp increase along the direction of
the water flow (i.e. Y <M < D). The maximumMMHgpw found at Y
was consistent with the distribution of porewater DOC (DOCpw),
where Y site had the highest level (medians, 11.4, 10.0, and 7.0 mg
L�1 for Y, D and M, respectively). However, we did not find statis-
tically significant correlations between porewater DOC and MMHg.

The depth profiles of the sediment mercury concentrations
suggest in situ methylation at the wateresediment interface of BR.
Both MMHgpw and %MMHgpw in the sediment tend to peak at the
surface sediment (0e4 cm, Fig. 3) similar to the trend found in
MMHgsed, and also similar to the depth profiles of redox sensitive
elements such as S2� and Fe2þ (data not shown). The overall
porewater S2�was less than 10 mM,which was within the predicted
optimal sulfide levels that favor the uptake of neutrally charged Hg
species via passive diffusion by methylators (Benoit et al., 2003).
The most active zone of methylation often occurs at the
wateresediment interface where methylating bacteria are most
active, coinciding with the abundance of nutrient and labile organic
matter as well as the redox transition zone (Fitzgerald et al., 2007;
Merritt and Amirbahman, 2009). Consequently, maxima of MMHg
Table 3
Species specific Hg concentrations and fish characteristics of Baihua Reservoir.

THg MMHg %M

Species name Cyprinus carpio Mean � SD 50.8 � 61.7 17.4 � 8.8 51.7
Common name Common carp Median 28.2 14.6 47.2
Feeding type Omnivore Min w Max 4 w 254 9.8 w 30.5 30.5

N 28 5 5
Species name Hypophthalmichthys

nobilis
Mean � SD 48.5 � 32.5 25.9 � 9.8 48

Common name Big-head carp Median 40.2 24.3 52.5
Feeding type Planktivore Min w Max 20.1 w 143.2 15.7 w 39.3 27.4

N 21 4 4
Species name Hypophthalmichthys

molitrix
Mean � SD 23 � 18.4 10.6 � 7.8 34.7

Common name Silver carp Median 19.5 8.4 28.5
Feeding type Planktivore Min w Max 4.2 w 82.2 3 w 23.7 15.8

N 21 6 6
Species name Carassius carassius Mean � SD 83.2 � 46.5 17.4 � 6.4 54.4
Common name Crucian carp Median 88.6 15.5 52.2
Feeding type Omnivore Min w Max 9.6 w 204 12.1 w 26.3 34.5

N 30 4 4
Species name Ctenopharyngodon

idella
Mean � SD 14.4 � 1.8 6.1 46.8

Common name Grass carp Median 13.6
Feeding type Herbivore Min w Max 13 w 17.1

N 5 1 1
Species name Hemiculter bleekeri

bleekeri
Mean � SD 31.1 � 12.1 7.5 � 5.7 23.9

Common name Median 30.8 7.5 23.9
Feeding type Omnivore Min w Max 17.3 w 63 3.5 w 11.5 10.4

N 11 2 2
Species name Pelteobagrus fulvidraco Mean � SD 41.4 � 16
common name yellow-head catfish Median 45.6
Feeding type Carnivore Min w Max 13.1 w 61.2

N 6
Species name Abbottina obtusirostris Mean � SD 31.5 � 19.4 23.5 100
Common name Median 20.6
Feeding type Carnivore Min w Max 20 w 53.9

N 3 1 1
Species name Clarias fuscus Mean � SD 19.4 � 6.5
Common name catfish Median 16
Feeding type Carnivore Min w Max 15.4 w 27

N 3

Note: ww¼wet weight; mean¼ arithmetic mean; SD¼ standard deviation. [Hg] were ba
June 2010) and from previous studies (Yan, 2005; Yan et al., 2008, 2010). %MMHg values w
scales from 2009 and a subset of 2003 samples were used for the fish age identification
and %MMHg are often found at the sedimentewater interface as
seen in BR (Fig. 3).

3.3. Hg in biota samples

Fish Hg concentrations were not correlated with any of the fish
characteristics (e.g. length, mass, and age). Low THg concentrations
(4e254 ng g�1, n¼ 128) were found in the fish of BR (Table 3), which
were one order of magnitude lower than the guideline THg values
(e.g. 300e500 ng g�1 ww) for edible portion of fish and shellfish
accepted in several regulatory guidelines for human consumption
(Clarkson and Magos, 2006), similar to the result from previous
studies (Horvat et al., 2003; Yan et al., 2008, 2010). The carp THg
concentrations in BR (Fig. 4) were comparable to the same carp
species from a variety of aquatic systems as listed in Table 2, except
for those found in Babeni Reservoir, which had higher water column
MMHgdis levels (i.e. 2e6Xhigher than those in theanoxic layerof BR).

When fish species were divided into four groups based on their
feeding behaviors, the lowest and the highest THg concentrations
were found in the herbivorous and omnivorous group, respectively
(Fig. 5). Herbivorous also had larger body masses and longer
body lengths than the omnivorous. No significant differences
(ManneWhitney test, p > 0.05) were found between the Hg
concentration data from this study (i.e. sampled in 2009 and 2010)
MHg Length
(cm)

Weight (g) Age
(year)

d15N (&) d13C (&)

� 15.9 37.7 � 12 1305.1 � 1184.7 2.7 � 1.1 16.2 � 0.2 �24.8 � 2.3
39.3 875 2.5 16.1 �24.7

w 69.1 12 w 62 70 w 4860 1 w 4 16 w 16.4 �27 w �22.6
28 28 9 3 3

� 15.1 40.2 � 9.1 1204.8 � 703.9 2.7 � 0.6 20.4 � 0.2 �23.9 � 0.2

39 1000.0 3 20.5 �24
w 59.8 24 w 60 400 w 2500 2 w 3 20.2 w 20.5 �24 w �23.6

21 21 3 3 3
� 18.9 38.9 � 7.8 876.2 � 624.4 3.3 � 0.6 17.6 � 0.3 �24.9 � 0.4

40 650 3 1.74 �25.1
w 61.4 23.5 w 52.5 300 w 3000 3 w 4 17.4 w 18 �25.2 w �24.5

21 21 3 3 3
� 22.1 20.4 � 2.8 228.6 � 106.3 1.7 � 0.8 15.9 � 6.6 �24.3 � 0.2

20.4 200 1.5 18.3 �24.3
w 78.8 16 w 26.5 96.6 w 500 1 w 3 8.4 w 21 �24.7 w �24.3

30 30 8 3 3
32.3 � 2.7 690 � 176.6 3

31 630
30 w 35.5 550 w 970
5 5 1

� 19.1 13.5 � 2 10 1

13 10 1
w 37.4 10 w 16.5 10 1

11 11 2
20.2 � 2.3 236.7 � 77.4
20.3 220.0
17 w 23 150 w 350
6 6
8 19.5 �25.1

2 1 1
39.8 � 16.9 700 � 526.8
45 650
21 w 53.5 200 w 1250
3 3

sed on axial muscles. Data included those from this study (sampled in June 2009 and
ere based on 23 samples where both MMHg and THg data were available. Axial fish

. Biota samples from 2010 were used for d13C and d15N analysis.
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Fig. 4. Baihua Reservoir fish Hg concentrations (ng g�1 ww). Latin names (common
names) for the species code from 1 to 9 on the X-axis are 1 ¼ Cyprinus carpio (common
carp, n ¼ 28), 2 ¼ Hypophthalmichthys nobilis (big-head carp, n ¼ 21), 3 ¼ Hypo-
phthalmichthys molitrix (silver carp, n ¼ 21), 4 ¼ Carassius carassius (crucian carp,
n ¼ 30), 5 ¼ Ctenopharyngodon idella (grass carp, n¼ 5), 6 ¼ Hemiculter bleekeri bleekeri
(n ¼ 11), 7 ¼ Pelteobagrus fulvidraco (yellow-head catfish, n ¼ 6), 8 ¼ Abbottina
obtusirostris (n ¼ 3), and 9 ¼ Clarias fuscus (catfish, n ¼ 3), respectively.
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and data from the earlier studies (i.e. sampled in 2003 and 2008)
either for thewhole data set or just for the carp species. For the same
carp species, we did not find statistically significant differences
(KruskaleWallis test, p> 0.05) inHg levels among the four sampling
years (Fig. 6).

For chironomid larvae and seston, while their THg levels were
elevated (123e200 and 793e862 ng g�1, respectively), their MMHg
remained low (<10 ng g�1; Table 1). The range of %MMHg in the
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Fig. 5. Baihua Reservoir fish Hg concentrations (ng g�1 ww) by four feeding behavior
groups. Carnivores ¼ (Abbottina obtusirostris, Pelteobagrus fulvidraco, Clarias fuscus.);
Herbivores ¼ (Ctenopharyngodon idella); Ominivores ¼ (Cyprinus carpio, Carassius
carassius, Hemiculter bleekeri bleekeri.); Planktivores ¼ (Hypophthalmichthys nobilis,
Hypophthalmichthys molitrix).

Fig. 6. Correlations between MMHg, d13C, and d15N. MMHg was not significantly
correlated with d13C or d15N. Significant d15N-d13C correlation (p < 0.01) was only
found when three possible outliers (highlighted in enlarged symbols in the bottom
panel) were excluded. Individual samples from 2010 field campaign are shown, and
d15N was not available for chironomid samples.
chironomid of BR (4%e11%) was similar to those found at an
unpolluted site (4e5%,Watras et al.,1998) and a gold-mine-polluted
site (0.03e14.7%, (Suchanek, 2008)) but wasmuch lower than those
in a chloralkali contaminated site (26%; Becker and Bigham, 1995).

Overall, limited variationswere seen in both d13C and d15N for the
biota samples with ranges of �2.3& and 6.8&, respectively. Seston
d15N and d13C with sizes less than 64 and 112 mmwere 15.5 � 2.3&
and-25.7 � 0.008&, respectively; and 13.6 � 1.1& and-26.2 �
0.004&, respectively. Within the same fish species, variations were
also generally small (<2& and <0.01& for d13C and d15N, respec-
tively. Table 3). No statistically significant correlations were found
between MMHg and either of the isotopes, or between the two
isotpes. However, when three possible outliers were excluded, d13C
was strongly correlatedwith d15N (Fig. 6, R2¼ 0.85, p< 0.01, n¼ 16).

3.4. Explanations of low fish Hg

3.4.1. Disconnection of high MMHg zone and the aquatic food web
Our data showed that there was a disconnection between the

high MMHg concentration zone and the habitat zone of biota in BR.
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We observed that the water column was stratified and previous
studies also showed that the stratification was fairly persistent and
the water remained stratified between April and November
(Li et al., 2008; Wang et al., 2005). This prolonged stagnant feature
would have undoubtedly limited the eddy diffusion of MMHg from
the hypolimnion into the epilimnion. Thus, during themajor part of
the year (including the growing season, i.e. warmer months), the
biota in BR have limited access to high MMHg in the anoxic layer.
During the short windows (i.e. DecembereMarch) when the water
column is not thermally stratified, fish could be potentially exposed
to the relatively high level MMHg in the deeper water. However, the
water column MMHg concentration during this period is likely to
be lower as methylation, which is primarily microbial mediated, is
expected to be reduced due to lower temperature. Indeed, Yan
(2005) found that %MMHg in the water column of BR decreased
from 12% in August to 1% in March.

Since MMHg is concentrated from water by unicellular organ-
isms (Mason et al., 1996), the uptake of MMHgdis by phytoplankton
in the epilimnion of BR would be substantially higher if the
epilimnion MMHgdis concentration was as high as that in the
hypolimnion. However, anoxic layer MMHgdis in BR was statisti-
cally higher than its oxic layer counterpart. In addition, given the
DOC concentration range (2e12 mg L�1) and its higher epilimnion
levels (medians, 6 vs. 3 mg L�1 in the hypolimnion; Fig. 2), the
assimilation of MMHg by phytoplankton was likely to be inhibited
by the presence of DOC (Lawrence andMason, 2001). Consequently,
the uptake of MMHg in fish, whose diet constitute the primary
source of MMHg (Hall et al., 1997), would also be limited due to the
low plankton MMHg at the base of the food chain.

3.4.2. Limited MMHg transfer in a simple food web
The simple food web structure in BR also contributes to the low

MMHg found in the biota samples. The food web structure in BR is
relatively simple perhaps due to the deteriorating water quality
related to eutrophication and past aquaculture activities. The
limited variations in both d13C and d15N (�2.3& and 6.8&,
respectively) indicate approximately two trophic positions. Because
MMHg bioaccumulates along the food chain (Clarkson and Magos,
2006; Fitzgerald et al., 2007; Ullrich et al., 2001; Watras et al.,
1998), the short food chains in BR indicate that the fish in BR
would tend to bioaccumulate less Hg than predatory fish species
(i.e. higher trophic positions and longer food chains) often found in
Northern America and northern Europe lakes (Larssen, 2010;
Munthe et al., 2007).

When comparisons were done within the carp species from BR,
we found statistically significant (KruskaleWallis test, p ¼ 0.001,
n ¼ 105) differences in THg among the carp species based on their
feeding behaviors, with [THg] following the order: herbivore <

planktivore < omnivore. However, in a smaller data set (n ¼ 12)
where trophic position information was available, no differences in
[THg], [MMHg], d13C, or d15N were found between the feeding
groups. Compared to the BAF of seston (2.7 � 107, average of the
two size fractions), BAF increased by a factor of 3, 14, 38, 40, and 54
for the chironomid larvae, herbivore, planktivore, omnivore, and
carnivore, respectively. This progressively increasing trend of BAF
along the food chain suggests the importance of diet on the bio-
accumulation of MMHg for the BR biota.

3.4.3. Reduced uptake of MMHg due to biodilution at the base
of food chain

Another factor contributing to the observed low MMHg accu-
mulation in the fish of BR is closely related to the high primary
production and biomass in this eutrophic system. At the base of
the food chain, high density of algae such as those seen in algal
blooms of eutrophic systems would lower the concentration of
MMHg per cell, a phenomenon often referred to as “bloom dilu-
tion” (Pickhardt et al., 2002). Under high nutrient condition,
phytoplankton can also have higher growth rate than its MMHg
uptake rate which would lead to reduced MMHg concentration as
the cell divide, a phenomenon termed “growth dilution” (Sunda
and Huntsman, 1998). Consequently, both dilution effects (here-
after, biodilution) can propagate directly up the food chain to yield
high biomass and low MMHg in heterotrophs whose MMHg
exposure is mainly through diet. Indeed, experiments under
controlled environment have shown that greater algal biomass
reduces MMHg concentrations in zooplankton (Karimi et al., 2007;
Pickhardt et al., 2002) and in benthic periphyton (Hill and Larsen,
2005). In the natural environment, Chen and Folt (2005) found
THg concentrations in phytoplankton and small zooplanktons to
be negatively correlated with phytoplankton density in lakes with
different physiochemical and biological characteristics. Based on
these findings and the eutrophic conditions of BR, we infer that
biodilution may also occur in the base of BR food web resulting in
low phytoplankton MMHg concentration and contribute to the
limited bioaccumulation of MMHg in the fish of BR, whose trophic
positions were only approximately two levels higher than
phytoplankton.

4. Conclusion

We studied the distribution of THg and MMHg in biotic and
abiotic matrices of Baihua Reservoir. Our data showed that the
levels of THg and MMHg were elevated in the sediment and in the
anoxic layer of the water column due to direct contaminations
from industrial activities, as well as in situ methylation in both
sedimentewater interface and possibly the bottom water.
However, BR fish MMHg levels were low and do not appear to
pose a health risk.

By further examining the physiochemical profiles of THg and
MMHg in abiotic matrices, and MMHg transfer trends in the biota,
we suggest three main explanations of the low fish Hg accumu-
lation observed: i) disconnection of high MMHg zone (i.e. anoxic
bottom water and sedimentewater interface) from the aquatic
food web where fish, chironomid, seston were found (i.e. oxic
layer); ii) limited MMHg transfer in a relatively simple food web
with short food chains; iii) reduced MMHg uptake in phyto-
plankton at the base of the food chain due to biodilution in this
eutrophic reservoir.

Our results show that the bioaccumulation of MMHg in biota
depends on not only the MMHg levels in the water but also the
bioaccumulation mechanisms along the food chain. Our study also
suggests that attempt to reduce eutrophication and anoxia/hypoxia
water in systems like BR may inadvertently enhance MMHg
transfer in food webs by attenuating the biodilution effect and
increasing fish’s accessibility to high MMHg zones. However, bio-
logical and physiochemical changes accompanied by eutrophica-
tion management can also in turn alter the existing distribution of
Hg speciation as well as the net methylation scheme in BR. Further
research is needed in order to provide scientific basis for
site-specific water quality management.
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