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Abstract

Total (all forms of inorganic and organic) concentrations of mercury (Hg) and selenium (Se) were measured in dorsal muscle and
eggs of wild fishes from two shallow lakes in China: Tai Lake (Ch: Zaihu; TL) and Baiyangdian Lake (BYDL). Hazard quotients
(HQs) were calculated by dividing concentrations of Se or Hg in muscle or eggs of fishes by threshold concentrations for effects
expressed as tissue residue toxicity reference values (TR-TRVs). Concentrations of Hg in whole bodies of fishes were estimated
by concentrations in muscle. Based on concentrations of Hg in whole body, HQs for fishes in TL and BYDL were less than 1.0,
which suggests little to moderate potential for effects on these fishes and unaccepted adverse effects of Hg are unexpected for
adult fishes. HQs of Se in muscle of common carp from TL were closed to 1.0, and 27% of HQs based on concentrations of Hg in
eggs of fishes from BYDL exceeded 1.0. Potential hazard due to Hg on common carp in TL and reproductive effects of Se on
fishes from BYDL exhibited need for concern. Ratios of molar concentrations of Se to Hg were greater than 1.0. Thus, there

might be some protective effects of Se on effects of Hg on fishes in TL and BYDL.

Keywords Tai Lake - Baiyangdian Lake - Asia - Tissue residue approach - Hazard assessment - Hg - Se - Antagonism

Introduction

Contamination of the environment by mercury (Hg) has
drawn extensive, global attention because of long-range atmo-
spheric transport, bioaccumulation through the food chain and
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toxic potency of Hg (Wang et al. 2012a, b; Zhang et al. 2013).
Mercury can be released from natural sources and/or activities
of humans and can enter aquatic ecosystems, where it can be
accumulated by organisms to concentrations sufficient to
cause adverse effects on those organisms or predators, includ-
ing humans that eat them. Because of potential for
biomagnification of Hg in food webs, most of the concern
has been for potential of adverse effects on humans that eat
fish and other piscivorous wildlife (Duvall and Barron 2000;
Moore et al. 1999; Rumbold et al. 2008; Rumbold 2005;
Weech et al. 2006; Zhang et al. 2013). However, results of
laboratory and eco-epidemiological studies have indicated
that environmentally relevant concentrations of Hg in fishes
have potential to affect survival, growth, and reproduction
(Scheuhammer et al. 2007). For example, significant negative
correlations between concentrations of androgens in blood
plasma and concentrations of Hg in tissues were observed in
white sturgeon (Acipenser transmontanus) from the lower
Columbia River (Webb et al. 2006). Methylmercury in the
diet of adult fathead minnows (Pimephales promelas) during
oogenesis is the primary vector of exposure of embryos
(Hammerschmidt and Sandheinrich 2005). Moreover, total
(all forms of inorganic and organic) concentrations of mercury
(0.07 ng/g to 0.10 pug/g wet mass, wm) in eggs of rainbow
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trout (Oncorhynchus mykiss) were directly proportional to
mortality of embryos (Birge et al. 1979). Concentrations of
Hg in some wild fishes have exceeded reported thresholds for
toxicity. Thus, it was deemed appropriate to investigate haz-
ards posed by Hg to wild populations of fishes.

Selenium (Se) is unique in that it is a required element so
that fish can be deficient, but greater concentrations can be
toxic. Thus, there are upper and lower limits of optimal con-
centrations of Se in both tissues and diets. For fishes, dietary
concentrations of 0.1-0.5 pg/g dry mass (dm) are optimal;
however, concentrations 7- to 30-fold greater than optimal
nutritional concentrations can be hazardous to fishes and other
wildlife (Hodson and Hilton 1983; Lemly 1993a; Muscatello
et al. 2006). Selenium can be bioaccumulated through aquatic
food webs and adversely affect reproduction and have terato-
genic effects (Holm et al. 2005; Lemly 1993b; Muscatello
et al. 2006; Rudolph et al. 2008). Results of previous studies
have shown that Se can be protective against bioaccumulation
and toxicity of Hg (Belzile et al. 2006; Dang and Wang 2011;
Sermo et al. 2011). Thus, interactions between Se and Hg in
tissues should be considered in assessments of hazards of Hg
to aquatic organisms.

The tissue residue approach is useful to investigate adverse
effects of contaminants on organisms because it obviates the
need to predict the critical body burden accumulated from
surrounding media or diet and is recommended to be used in
deriving environmental quality criteria and assessing hazards
of bioaccumulative chemicals (Beckvar et al. 2005; Meador
2015; Sappington et al. 2011). Because Hg and Se are both
considered to be bioaccumulative and dietary intake is the
main exposure pathway for fishes and other higher trophic
level organisms, tissue residue concentrations in fishes can
be used to assess hazards of internal doses to organisms
(Jarvinen and Ankley 1999).

Tai Lake (TL) is the second largest freshwater lake in China
(Guo et al. 2012), and Baiyangdian Lake (BYDL) is the larg-
est freshwater body on the North Plain of China. Both areas
receive contaminants from atmospheric deposition, and sew-
age or industrial effluents and agricultural runoff, thus they are
affected by pollution by various metals (Chen et al. 2008;
Shen et al. 2005; Wenchuan et al. 2001; Yang et al. 1996;
Zhao et al. 2012). Concentrations of Hg in aquatic organisms
from these two lakes have been previously reported (Chen
et al. 2008; Wang et al. 2012c), and concentrations of Hg in
TL are greater than what is considered to be background from
natural sources (Hu et al. 2014). Concentrations of Hg in
fishes from BYDL exceeded critical thresholds and were con-
sidered to be potentially hazardous to local humans and wild-
life (Chen et al. 2008). Concentrations of Se are only available
for icefish (Protosalanx hyalocranius) from TL (Yang et al.
2009). Hazards of Hg and Se in tissues of fishes from these
two lakes were still unclear. To address these concerns, con-
centrations of Hg and Se in fishes were monitored and tissue-
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based hazard assessments were performed for Hg and Se in-
cluding consideration of the antagonistic protective effects of
Se on toxic potency of Hg.

Materials and methods
Collection of fishes

Fish were captured from various locations in TL and BYDL
(Fig. 1), by local commercial fishermen with the use of vari-
ous types of nets. Samples of fish muscle (n =46) were col-
lected from five fishes, including catfish (Silurus asotus),
common carp (Cyprinus carpio), bighead carp (Aristichthys
nobilis), spotted steed (Hemibarbus maculatus), and
topmouth culter (Erythroculter ilishaeformis). Individuals
were collected from the Meiliang Bay, TL in 2011. Samples
of muscle (n=41) from six fishes, including bighead carp
(Aristichthys nobilis), common carp (Cyprinus carpio),
Chinese perch (Siniperca chuatsi), topmouth culter
(Erythroculter ilishaeformis), catfish (Silurus asotus), and
crucian carp (Carassius cuvieri), were collected from East
TL. Samples of whole body of weather loach (Misgurnus
anguillicaudatus) and fish muscle (n = 63) from four species
including catfish (Silurus asotus), silver carp
(Hypophthalmichthys molitrix), yellow catfish (Pelteobagrus
fulvidraco), and crucian carp (Carassius cuvieri) were collect-
ed from BYDL in 2012, and samples of eggs (n=53) were
stripped from the same female fishes, except oriental weather
fish (Misgurnus anguillicaudatus). Before collecting tissues,
lengths of fish were measured. Upon collection, samples were
stored in polyethylene bags, kept on ice, and transported im-
mediately to the laboratory where they were stored at — 20 °C.
Frozen fish samples were thawed and rinsed individually with
deionized water to remove possible metal contaminants.
Samples were freeze dried for 48 h, and then ground into
powders and stored at — 5 °C until analysis.

Quantifications of total concentrations of Hg and Se

Total concentrations of Hg and Se were measured. Samples
were digested by use of microwave-accelerated digestion
followed by hydride generation-atomic fluorescence spec-
trometry, following described methods for Hg (Fu et al.
2010) and Se (MOH 2010), respectively. Due to insufficient
masses of tissues, only 14 samples of crucian carp from
BYDL were measured for Se. Precision and accuracy of ana-
lytical methods were determined and monitored using method
blanks, blank spikes, blind duplicates, and certified reference
materials (CRMs) including TORT-2 (lobster hepatopancreas)
from the National Research Council, Canada, GBW10050
(GSB-28) (giant river prawn) and GBW10020 (citrus leaf).
Relative percentage differences for duplicate samples were
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Fig. 1 Map of the study areas,
including Tai Lake and
Baiyangdian Lake

less than 9%. Recoveries (measured value/certified value x
100%) for total Hg and Se in CRMs were in the range of 90—
112% and 92—-107%, respectively.

Because toxicity reference values (TRVs) for mercury used
in the present study were expressed as whole-body concentra-
tions, concentrations of Hg in whole bodies were predicted
from those in muscle. The predictive relationship was derived
based on analyses of 210 fish of various sizes, representing 13
species (Peterson et al. 2005) (Eq. 1).

—0.27124-0.9005 x1 g[H, .
CWhO]e*body = 10< X g[ gmusclg]) (1)

Hazard analysis

The hazard quotient (HQ) method was used to conduct a
screening-level assessment of hazards of Hg and Se in tissues
of fishes inhabiting TL and BYDL. The method used is con-
sistent with methods for assessments of hazards to aquatic
organisms (USEPA 1998). The HQ was calculated for each
species (Eq. 2).

HQ = TRC/TRV (2)

where TRC is the concentration of Hg or Se in whole fish
or eggs, and the TRV is the toxicity reference value used as the
hazard-screening benchmark. If values of HQ exceed 1.0, the
endpoint used for assessment would be expected to be ob-
served. Values of 0.1 <HQ< 1 indicate a moderate hazard,
and values of 0.01 <HQ< 0.1 indicate little hazard. Values
of HQ <0.01 indicate negligible or de minimis hazard
(Sanchez-Bayo et al. 2002).

To assess hazards of Hg to fishes, HQs were calculated by
dividing concentrations of Hg in whole fish, by a TRV of
0.2 pg/g wm in whole bodies of fishes (Beckvar et al.

\Z
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L
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2005). To assess hazards of Hg in eggs of fishes, a TRV of
0.02 pug/g wm in eggs of fishes was used, which is calculated
using a ranking approach (Beckvar et al. 2005). The TRV
based on concentrations of Hg in whole bodies of fishes was
converted to dry mass by assuming 80% moisture, then ex-
pressing values as 1.0 pg/g dm. A mean of 63% moisture was
calculated for eggs based on data in the present study so the
threshold effect concentration of 0.02 pug/g wm in fish egg
was converted to 0.054 pg/g dm.

Concentrations of 11.3 pug/g dm in fish muscle and
15.1 pg/g dm in fish egg were used as the TRVs of Se, and
these TRVs are available in US Environmental Protection
Agency’s criteria document (USEPA 2016). The TRVs were
calculated based on reproductive chronic effects of Se in fish-
es. Once concentrations of Se exceed these values in muscle or
egg, it is assumed and thus predicted that adverse effects will
occur.

Statistical analyses

All data of concentrations were tested for normality by
use of the Shapiro-Wilk test. The independent sample ¢
test or Kolmogorov—Smirnov test were performed to test
differences between concentrations Hg or Se in fishes
from the Meiliang Bay and East TL or TL and BYDL.
Statistical comparisons among concentrations of Hg or Se
in different feeding guilds were performed using the
ANOVA. Nonparametric Kruskal-Wallis test were used
if model assumptions were not met. Statistical signifi-
cance was accepted at p < 0.05 for all tests. All statistical
tests were performed using IBM SPSS Statistics 19 (IBM
Corporation, USA). All figures were created using
Sigmaplot 12.5 (Systat Software, Inc., USA).
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Results and discussion
Accumulation of Hg and Se in fishes

Because no significant differences were observed in total con-
centrations of Hg or Se between the Meiliang Bay and East TL
(p=0.577 for Hg, and p = 0.066 for Se), data from these two
regions were combined in the analyses below. Characteristics
of samples of fishes and concentrations of Hg and Se are listed
in Table 1. Mean concentrations of Hg in muscle of fishes
from TL and BYDL were 0.12 (0.00019-1.4) and 0.22
(0.034-0.60) pg/g dm, respectively. Concentrations of Hg in
muscle of fishes from TL observed in the present study were
comparable to those reported previously (Wang et al. 2012c),
while concentrations of Hg in fishes from BYDL were less
than those reported previously (Chen et al. 2008), but signif-
icantly greater than those from TL (p < 0.05).

Total concentrations of Hg in fishes of various feeding
guilds were calculated (Fig. 2). There were significant
differences between the concentrations of Hg in the car-
nivorous fishes and filter feeders or omnivorous fishes
from TL (p <0.05), while no difference was observed be-
tween filter feeders and omnivorous fishes (p =0.163).
Significant differences were also observed between con-
centrations of Hg in the carnivorous fishes and filter
feeders or omnivorous fishes in BYDL (p <0.05), but no
differences were observed between filter feeders and om-
nivorous fishes (p =0.565).

Mean concentrations of Se in muscle of fishes from TL and
BYDL were 3.3 (range 0.19-12) and 1.6 (range 0.96-3.4) ng/
g dm, respectively. Concentrations of Se in muscle of fishes
from TL were significantly greater than those in BYDL
(p <0.05). There were significant differences between total
concentrations of Se in carnivorous fishes or filter feeders and
omnivorous fishes from TL (Fig. 3, p < 0.05), and no difference
were observed between carnivorous fishes and filter feeders
(p=0.808). There were also significant differences between
concentrations of Se in carnivores or omnivores and filter
feeders from BYDL (p < 0.05) by no differences were observed
between carnivores and omnivores (p = 1.0). Concentrations of
Se measured in fishes during the present study were greater
than those in prey of little egrets (Egretta garzetta) from TL
and Poyang Lake (1.3 and 1.4 pg/g dm) (Zhang et al. 2006),
fishes from the Chongming wetland (0.03—1.34 pg/g dm), Ya-
Er Lake (0.39-1.5 pug/g dm) (Jin et al. 2006), reservoirs of
eastern China (0.12 to 0.28 pg/g dm), Nam Co Lake, and
Lhasa River (Yang et al. 2007), but less than concentrations
in icefish (Protosalanx hyalocranius) from TL (5.4 pg/g dm)
(Yang et al. 2009) and fishes from Yamdro Lake (Yang et al.
2007). The concentrations of Se observed in this study were
less than those in fishes from the Republican River Basin of
Colorado, Nebraska, and Kansas (1.14-24.3 pg/g dm) (May
et al. 2001), Solomon River Basin (9.5 pg/g dm) (May et al.
2008), and a mountaintop removal coal mining-impacted
stream in West Virginia, USA (6.3 and 8.8 pg/g dm for creek
chub and green sunfish fillets, respectively).

Table 1 Characteristics of fish samples and concentrations (pg/g dm; mean, min—max) of Hg and Se in fishes collected from Tai and Baiyangdian
Lakes
Fish species Number of sample ~ Feeding habit ~ Body length (cm) Total Hg Total Se
(Mean, min—max)  Muscle tissue Whole bodyb Muscle tissue
Tai Lake
Catfish 9 C 35,3144 0.27,0.14-0.56 0.16, 0.089-0.32 3.5,3.04.1
Common carp 25 (¢} 29, 20-40 0.037,0.00019-0.092  0.027, 0.00024-0.063  6.8,3.7-12.4
Bighead carp 19 F 40, 33-43 0.057, 0.013-0.16 0.040, 0.011-0.10 1.8,0.2-24
Spotted steed 6 C 23,21-24 0.20, 0.079-0.32 0.12, 0.055-0.19 1.6,12-24
Topmouth culter 19 C 33,2440 0.20, 0.064—-1.38 0.12, 0.045-0.72 1.0, 0.6-2.1
Chinese perch 7 C 26, 23-33 0.12, 0.081-0.21 0.078, 0.056-0.13 4.1,3.445
Crucian carp 2 (0} 22,22-22 0.047, 0.043-0.051 0.034, 0.032-0.037 0.6, 0.6-0.7
Baiyangdian Lake
Weather loach 2 (0} 16, 15-17 0.064, 0.034-0.093 0.044, 0.026-0.063 3.0,2.8-32
Catfish 2 C 26,2527 0.52, 0.43-0.60 0.30, 0.25-0.34 1.3,1.3-13
Silver carp 10 F 27,20-37 0.13, 0.053-0.48 0.082, 0.038-0.28 12,1.0-14
Yellow catfish 10 C 17, 14-22 0.28, 0.10-0.41 0.17, 0.067-0.24 19,1.3-34
Crucian carp® 39 (¢} 14, 13-19 0.19, 0.088-0.37 0.12, 0.060-0.22 1.6,1.1-2.2*

C, carnivore; O, omnivore; F, filter feeder

# The number of sample measured for Se was 14, and the body length of fish ranged 13—19 cm with a mean value of 15 cm

° The whole body concentrations of Hg or Se were converted from muscle concentrations with equations
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Previously, there were few data available for total concen-
trations of Hg or Se eggs of fishes in China. Mean total con-
centrations of Hg and Se in eggs of fishes from BYDL were
0.047 (range 0.011-0.15) and 2.6 pg/g dm (range 1.4—4.1),
respectively (Fig. 4). These concentrations were comparable
to concentrations in muscle of fishes. Concentrations of both
Hg and Se in eggs of carnivorous fishes, such as yellow catfish
and catfish, were greater than those in eggs of omnivorous
fishes or filter feeder. Compared with total concentrations of
Hg in eggs of fishes from other regions, concentrations of Hg
measured in the current study were less than concentrations
determined in eggs of walleye from North America (range 5 to
762 ng/g dm) (Johnston et al. 2001) and those in eggs of fishes
from the Mississippi River (range < 44 to 220 ng/g dm) (May
etal. 2009) and eggs of female largemouth bass collected from
six waterbodies in North Carolina, USA (range 0.1 to 1.0 ug/g
dm) (Sackett et al. 2013). Concentrations of Se in eggs of
fishes from BYDL were less than those in gonads of fishes
where Se contamination or adverse effects occurred in the
field (Brandt et al. 2017; Herrmann et al. 2016).
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Fig. 2 Box and whisker plots of total concentrations of mercury (Hg) in
various feeding guilds of fishes. Box edges represent the upper and lower
quantile with median value shown in the middle of the box. Whiskers
indicate 1.5 times the interquartile range of the data. Points falling outside
the range of whiskers are shown as dots
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Fig. 3 Box and whisker plots of total concentrations of Se among feeding
guilds

Screening level characterization of hazard

Hazard based on Hg and Se in whole bodies or muscles
of fishes

Values of HQs suggested that hazards posed by concentrations
of Hg in whole bodies of fishes from TL and BYDL are small
(Fig. 5a). The mean HQ for fishes from TL was 0.07 (range
from 0.0002 to 0.7), indicating little hazard. HQs for Hg in
whole bodies of fishes from BYDL ranged from 0.03 to 0.3
with a mean of 0.1. Approximately 9% and 14% of HQs
exceeded 0.1 for fishes from TL and BYDL, respectively.
These results suggested moderate hazard of Hg toward fishes
in these two lakes. Concentrations of Hg in whole fish that are
less than the threshold value of 0.1 pg/g dm are not expected
to have adversely effects on survival, growth, or reproduction
of juvenile or adult fish (Beckvar et al. 2005). Therefore, ex-
posures of fishes to Hg in neither TL nor BYDL currently
pose unacceptable hazards. Relatively greater HQs were ob-
served for carnivorous fishes, such as catfish, spotted steed,
top mouth culter and Chinese perch in TL, and catfish and
yellow catfish in BYDL. Fishes at higher trophic levels
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exhibited greater hazard caused by Hg. This can be explained,
in part, by biomagnification of Hg. Carnivorous and omnivo-
rous fishes exhibited greater hazard for Hg than did filter feed-
ing fishes. Previously, when hazard of Hg to four piscivorous
fishes in the North American Great Lakes were assessed, fish-
es at 3 to 18% of sites exhibited hazard for adverse effects on
reproduction and survival (Sandheinrich et al. 2011). A
screening level probabilistic assessment indicated that pisciv-
orous wildlife feeding in the south-central region of the
Everglades are at relatively great risk of effects of Hg
(Duvall and Barron 2000).

Based on concentrations of Se in muscle of fishes, the mean
HQ of Se from TL was 0.3, with a range of 0.02 to 1.1, while
the mean HQ for BYDL was 0.1, with a range of 0.1 to 0.3.
Rates of HQs exceeding 0.1 were almost 100% at BYDL and
86% at TL. HQ of one sample of common carp from TL
exceeded 1.0 and the mean HQ for common carp was greatest
among species collected during the present study (Fig. 5b),
which indicated moderate hazard of Se for these fishes.
Longer durations of larger common carp might have resulted
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in adverse effects, including larval mortality, edema, or defor-
mities due to exposure of Se in TL. In freshwater ecosystems,
Se can be bioaccumulated and biomagnified through food
webs, and greater concentrations of Se can have effects on
reproduction of fishes (Linares-Casenave et al. 2015). In a
recent study, concentrations of Se were surveyed in three
North Carolina lakes, which had received effluent containing
Se from coal-fired power plants, and in lakes with the greatest
inputs of Se, 85% of muscle of fishes exceeded the TRV used
in the present study, while 31% of concentrations of Se in
ovary/egg exceeded the TRV based on concentrations in egg
(Brandt et al. 2017). Concentrations of Se in these lakes were
comparable to those measured during historic fish extirpation
events in the USA, in which effects on fish were attributed to
contamination in runoff from selenium-laden coal combustion
residuals (Brandt et al. 2017).
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Fig. 5 Box and whisker plots of hazard to fishes from Hg (a) residue in
whole fish and Se (b) in fish muscles in Tai Lake and Baiyangdian Lake

Fig.4 Box and whisker plots of total concentrations of Hg and Se in eggs
of fishes from Baiyangdian Lake. n represents the number of samples
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Hazard based on Hg and Se in fish egg

Maternal transfer of Se or Hg to eggs can result in adverse
effects on populations of fishes. Therefore, eggs are ap-
propriate tissue for evaluating whether concentrations of
Se or Hg have potential to cause toxicity to larval fishes
as a result of maternal transfer (DeForest et al. 1999,
2012; Stefansson et al. 2014). Based on concentrations
of Hg in fishes, HQs for Hg in eggs of fishes from
BYDL ranged from 0.2 to 2.8 with a mean of 0.9.
Twenty seven percent of HQs exceeded 1.0 for fishes
including yellow catfish and crucian carp, which would
likely be adversely affected by the presence of Hg
(Fig. 6). HQs for catfish and silver carp were near 1.0.
The TRV of 0.02 pg/g wm, derived by the simple ranking
approach, was the same concentration of Hg in the control
treatment from a single experiment (Beckvar et al. 2005),
and thus might not be representative and thus conclusions
based on that TRV should be interpreted with caution. In
a study of reproductive effects of methyl mercury
(MeHg), on Fundulus heteroclitus, reduced fertilization
success was observed at concentrations of 0.01 to
0.63 pg/g wm in egg, and alterations in sex ratios were
also observed at concentrations of less than 0.01 pg/g wm
in eggs (Matta Mary et al. 2009). In a laboratory experi-
ment, in which adult Atlantic croaker (Micropogonias
undulatus) was fed MeHg-contaminated food resulted in
concentrations of MeHg ranging from 0.04 to 4.6 ng/g
wm in eggs, which resulted in concentration-dependent
effects on survival and behaviors of larvae (Alvarez
Mdel et al. 2006). For walleye (Stizostedion vitreum) eggs
collected from an environment in which the content of Hg
was significantly greater than background, Clay Lake,
Ontario, Canada, concentrations of Hg ranged from 588
to 1714 ng/g dm, which is greater than the TRV as well as
greater than concentrations observed during the present
study. While relatively great of mortality of eggs, which
was about 80% with occurrence of deformities, was not
significantly correlated with MeHg in eggs (Latif et al.
2001). This result suggested that factors other than Hg
were more likely causes of the observed adverse effects
on survival of eggs. Alternatively, the minimum threshold
for adverse effects Hg might have been exceeded, but
what was being observed was variation in sensitivities
among individuals.

The HQs for Se in eggs of fishes ranged from 0.1 to 0.3
with a mean of 0.2, which indicated moderate hazard to re-
production of these fishes. Se deposited in eggs via maternal
transfer has potential to cause mortality, edema, and defor-
mities of larval fishes (DeForest et al. 2012). Concentrations
of Se in eggs of northern pike (Esox lucius) collected from
locations of greater and moderate contamination from a ura-
nium milling operation in northern Saskatchewan, Canada,
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Fig. 6 Box and whisker plots of hazard posed by concentrations of Hg or
Se in eggs of fishes in Baiyangdian Lake

were 48 and 31 pg/g dm, respectively. There were signifi-
cantly greater frequencies in deformities and edema in fry at
these locations compared to rates for fry from females col-
lected at an uncontaminated, reference location (Muscatello
etal. 2006). For Dolly Varden char (Salvelinus malma) eggs
collected from waterbodies in British Columbia, Canada, ina
region where concentrations of Se resulting from mining
were greater than background, there was a relationship be-
tween concentrations (5.4 to 66 pg/g dm) in eggs and rates of
deformities of larvae. The threshold concentration of Se cor-
responding to a 10% greater frequency of deformities was
54 pg/g dm (Mcdonald et al. 2010). For cutthroat trout
(Oncorhynchus clarki lewisi) collected from a site of active
coal mining in British Columbia, a significant positive rela-
tionship between concentrations of Se (11.8 to 140.0 ug/g
dm) in eggs and rates of mortality was observed, but no rela-
tionship between rates of deformities or edema and concen-
trations of Se in eggs was observed in the range of 11.8 and
20.6 png/g dm (Rudolph et al. 2008). Based on this informa-
tion, it was deemed that it was unlikely that the Se measured
in eggs of fishes from BYDL would have adverse effects on
fecundity.
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Protection of Se against Hg

If Seis present in a 1:1 M ratio with Hg, it can protect fishes
from toxic effects of Hg without causing toxicity due to the
Se (Ganther et al. 1972; Peterson et al. 2009; Ralston et al.
2008). Ratios of Se to Hg based on molar concentrations in
tissues that exceed 1.0 are largely protective from adverse
effects of Hg to fish. Selenium might reduce availability of
Hg to aquatic organisms in lakes, and limit the whole-body
assimilation of Hg at lower levels of the aquatic food chain
(Belzile et al. 2006). Concentrations of Hg in walleye were
inversely proportional to concentrations of Se (Yang et al.
2010). Greater concentrations of Hg in fishes inhabiting a
stream in the western USA were observed only when con-
centrations of Se in tissues were small (Peterson et al. 2009).
In the present study, mean molar ratios of Se to Hg were 200,
32, and 210 for fish muscle in TL and BYDL, and eggs of
fishes from BYDL, respectively. Inverse relationships be-
tween concentrations of Hg and Se were also observed in
tissues of fishes from TL or BYDL (Fig. 7). When concen-
trations of Se in muscle of fishes from TL were greater than
60 umol/kg, concentrations of Hg were small. Similar re-
sults were obtained for fishes from the Tapajos River,
Brazilian Amazon, where greatest mean concentrations of
Se and smallest mean concentrations of Hg were measured
in herbivorous; the opposite trend was observed for pisciv-
orous fishes from the same region (Sampaio da Silva et al.
2013). Thresholds of concentrations of Se in muscle of fish-
es were 80 pmol/kg (6.2 mg/kg dm) or greater; concentra-
tions of Hg were generally small (Yang et al. 2010). Median
Se:Hg molar ratios in a tropical estuary were 5 to 70 in the
liver and muscle of four fishes (Kehrig et al. 2009). For
stream fishes of the Western USA, 97.5% of individual fish
had molar ratios greater than 1.0 (Peterson et al. 2009).
Molar ratios of Se to Hg in muscle of fishes from rivers
and lakes in Eastern Slovakia were in the range of 0.56 to
2.5 (Strapac et al. 2012). An inverse correlation was also
observed between the Se/Hg ratio and total concentrations
of Hg in muscle of examined fishes. Greater molar ratios of
Se to MeHg (range 69—9263) were available in freshwater
organisms from lakes near metal smelters in Sudbury,
Ontario (Belzile et al. 2006). Based on the molar ratios ob-
served for fishes in this study, Se would be expected to
mitigate accumulation of Hg and its adverse effects on fish-
es inhabiting TL and BYDL. Moreover, in both TL and
BYDL, molar ratios of Se to Hg in muscle of carnivores
were less than ratios for filter feeders or omnivores. This
observation is consistent with results of several previous
studies that piscivores had lesser concentrations of Se or
molar ratios of Se to Hg than did nonpiscivores (Peterson
et al. 2009; Sampaio da Silva et al. 2013). This perhaps is
another reason that piscivores fish have great hazard from
Hg exposure.
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Uncertainties

Tissue-based concentrations of bioaccumulative contaminants
could exceed the protective threshold even though dissolved
surface water concentrations did not (Brandt et al. 2017).
Tissue-based TRVs were prioritized over concentrations in
environmental media because it better describes toxicity
throughout food chain exposure of aquatic organisms, such
as fishes (Brandt et al. 2017; USEPA 2016). In present study,
tissue-based TRV's were used, and the results will be useful for
understanding hazards posed by Hg and Se to fishes in TL and
BYDL and guiding the toxicity risk assessment or pollution
control in future. However, uncertainties in assessments of
hazard that depend on measurement endpoints as well as du-
rations and intensities of exposures and resources available,
knowledge of the assessor, and method of hazard characteri-
zation need to be considered. In the present study, the tissue-
based TRV was based primarily on concentrations of MeHg
(Beckvar et al. 2005). However, data for concentrations of Hg
in fishes (exposure) were expressed as total concentrations of
Hg, including both organic and inorganic Hg and neutral and
ionic forms. Comparing total concentrations of Hg directly
with the TRV based on MeHg could result in an overestimate
of the HQ, such that further investigation might be needed to
quantify MeHg in fishes. A conservative assumption that ver-
tebrates have > 50% of the THg as MeHg in muscle (Albers
et al. 2007; Eisler 2000) indicates that this bias would be
small. Since the greater bias caused by not accounting for
the relative proportions of organic and inorganic Hg, minimi-
zation of this potential bias is further supported by the fact that
most HQs were less than 1.0. Moreover, the TRV applied in
this study does not consider the protective effects of the simul-
taneous presence of Se. TRVs available for effects of Hg on
fishes are based on total body burdens and in this study expo-
sure to Hg was estimated by use of concentrations in dorsal
muscle and excluded viscera, including liver, in which con-
centrations of Se as well as Hg can be greater. Therefore,
predictive models previously used in hazard assessment or
aquatic life water quality criteria were used to convert the
muscle-based concentrations of Hg into whole-body concen-
trations (Dillon et al. 2010; Sandheinrich et al. 2011; USEPA
2004). Because conversion from tissue to whole-body Se con-
centration can result in some uncertainty in the estimate, site
data analysis should be conducted to develop specific conver-
sion factors. A TRV of 0.02 png/g wm was used to assess the
hazard of Hg in eggs of fishes and this value was derived by
using the simple ranking approach (Beckvar et al. 2005). In
this method, only three data based on toxicity to egg, fry, and
larvae of fishes were used and ranked from lesser to greater
concentrations, and the least value of 0.02 pg/g wm was se-
lected to be the TRV. The quotient method is conservative, and
it only illustrates a preliminary estimation of hazard risk.
Uncertainty can be lessened or at least described by assessing
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Fig. 7 Relationships between concentrations of Se and Hg muscle of
fishes from Tai Lake (a) and Baiyangdian Lake (b) and egg from
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risk instead of hazard, by use of probabilistic estimates of both
hazard and exposure can be used more complete describe
variations in these parameters.

Conclusions

Concentration of both Hg and Se in muscle of fishes
inhabiting TL and BYDL in China were deemed to be mini-
mal to moderate, based on whole body and egg concentrations
for most fishes in TL and BYDL. Fishes in feeding guilds at
higher trophic levels experienced greater hazard from Hg than
did those at lower levels. The hazard of Hg in fish eggs and Se
in common carp muscle need to be concerned. In addition, the
molar ratios of Se to Hg were greater than 1.0 in TL and
BYDL, such that fishes might have been protected from ad-
verse effects of Hg on fishes from both TL and BYDL.
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