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Abstract

Zooplankton play an important role in the transfer of mercury (Hg) from the lower to upper trophic positions in the food chain. In
this study, total mercury (THg) and methylmercury (MeHg) levels were measured in three size fractions of zooplankton collected
from three reservoirs (Hongfeng, Baihua, and Aha Reservoir) and one wetland in karst areas to understand mercury accumulation
in zooplankton from alkaline environments. The results showed that the alkaline waters had lower zooplankton MeHg levels (0.1
to 66.8 ng g ') than most of the acidic waters reported. However, the zooplankton THg levels (6.3 to 494.9 ng g™ ') were
comparable. The macro-zooplankton (> 500 pum) had significantly higher THg and MeHg levels than meso-zooplankton (116
to 500 um) in the three reservoirs at all seasons, which showed biomagnification of mercury in the food chain. The correlation
between Hg in water and zooplankton and Hg in zooplankton of different sizes indicated that THg bioaccumulation in zoo-
plankton was related to the THg levels in water; however, MeHg bioaccumulation in zooplankton was controlled by many other
factors, such as their feeding and living habits. In the three reservoirs, the THg and MeHg concentrations in zooplankton
decreased with increasing eutrophication. However, compared with the three reservoirs, Caohai Wetland, with large amounts
of aquatic plants, had a much lower trophic level and higher MeHg content in water but much lower zooplankton MeHg levels
and bioaccumulation factors (BAFs). The large amounts of plant residue might dilute mercury in the food chain, revealing that
high primary production could result in lower Hg bioaccumulation, rather than only being influenced by nutrient levels.
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Introduction

The biogeochemical cycles of mercury (Hg) in aquatic environ-
ments have been a worldwide environmental concern since its
methylation product (methylmercury, MeHg) is readily
bioaccumulated along food chains (Driscoll et al. 1994;
Mergler et al. 2007). MeHg levels in fish and invertebrates in
some lakes or marine systems have been found to exceed state,
federal, or international health guidelines (Chase et al. 2001).
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It is well known that MeHg in fish is mostly derived from
their food (Hall et al. 1997) and that the concentration, speci-
ation, and distribution of MeHg in those hydrobionts, such as
zooplankton at low trophic positions, play an important role in
MeHg bioaccumulation in fish (Rolfhus et al. 2011;
Guimardes et al. 1999, 2000; Verburg 2014; Yu et al. 2011).
Therefore, the study of mercury accumulation in zooplankton
is very important for the assessment of ecological health risks
in aquatic environments.

Hg concentrations in zooplankton have previously been
shown to be correlated with a number of environmental fac-
tors, such as water mercury levels, eutrophication, catchment
area, water pH, organic carbon, and water color (Tremblay
et al. 1995; Back and Watras 1995; Westcott and Kalff 1996;
Tsui and Wang 2004; Driscoll et al. 2007; Chen et al. 2012).
Among those factors, water eutrophication was believed to be
one of most important factors determining the bioaccumula-
tion of Hg in zooplankton (Yu et al. 2011; Watras et al. 1998;
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Chen et al. 2012; Razavi et al. 2015). Some researchers
(Gantner et al. 2010; Yu et al. 2011; Chen et al. 2012) ob-
served higher zooplankton mercury content in water with low-
er nutrients, and some researchers (Watras et al. 1998; Wang
et al. 2011; Razavi et al. 2015) found that the average total
mercury (THg) concentration of zooplankton decreased with
increasing chlorophyll A (Chla) content.

Although there have been many investigations on mercury
accumulation in zooplankton, most have focused on acidic
waters (Yu et al. 2011; Kainz and Mazumder 2005; Watras
and Bloom 1992; Watras et al. 1998; Surette et al. 2006;
Masson and Tremblay 2003), and few have focused on alka-
line waters. The karst waters, widely distributed in Guizhou
Province, present significant differences from the acidic water
regarding the migration and transformation of pollutants.
Guizhou Province is located in the Pacific Rim mercury min-
eralization zone (Gustin et al. 1999; Qiu et al. 2006). A large
number of mining and industrial activities have resulted in
high mercury loads in some natural water bodies in Guizhou
(Tan et al. 2000; Feng et al. 2002; Tang et al. 2007; Yan et al.
2008; He et al. 2015). Additionally, with the development of
the economy and urbanization, many water bodies have
tended to be artificially disturbed, and eutrophication has been
a phenomenon of wide concern in Guizhou (Long et al. 2012;
Guo et al. 2015). These alkaline, mercury-rich, and eutrophic
water characteristics may affect the migration and transforma-
tion of mercury in aquatic ecosystems. Although there have
been many studies on the geochemical cycle of mercury in
water bodies in Guizhou, most of the studies focused on mer-
cury distributions in water, sediment, and fish, and few fo-
cused on those distributions in zooplankton. To determine
the mercury accumulation characteristics in zooplankton in
lakes and reservoirs experiencing mercury pollution and eu-
trophication in karst areas of Guizhou Province, we investi-
gated the mercury accumulation characteristics of zooplank-
ton in different ecological types with different nutrient levels
(Hongfeng Reservoir, Aha Reservoir, Baihua Reservoir, and
Caohai Wetland) in the karst area of Guizhou Province and
discussed their response to eutrophication. It is of practical
and scientific significance to provide more substantial basic
data for the biogeochemical cycle of mercury in karst areas
facing mercury pollution and eutrophication.

Materials and methods
Study sites

Hongfeng Reservoir, Baihua Reservoir, Aha Reservoir, and
Caohai Wetland were selected as the research object in this
study. These water bodies have historically suffered from a
variety of chemical wastewater and domestic sewage and have
shown different degrees of eutrophication; with the control of

pollution sources around water bodies, the water quality in
some areas of the water bodies has improved. More details
are provided in Table 1.

According to the geographical and environmental charac-
teristics of the study areas, 6, 4, 2, and 3 sampling points were
selected in Hongfeng Reservoir, Baihua Reservoir, Aha
Reservoir, and Caohai Wetland, respectively (Fig. 1). The lay-
out of sampling points is shown in Fig. 1.

Sample collection
Water sampling

In October 2015 and February, May, and August 2016, water
samples were collected from Hongfeng Reservoir, Baihua
Reservoir, Aha Reservoir, and Caohai Wetland. Each water
sample (a mixture from 0.5 m below the surface, 3 or 6 m
deep, and 0.5 m above the bottom) was collected in borosili-
cate glass bottles (100 mL) and acidified using a 0.5% HCl
solution, placed in the clean double zipped-type bags,
transported to the laboratory within 24 h, and stored at 3—
4 °C in dark until analysis. Before collection, all the bottles
were cleaned by acid leaching, rinsing with ultrapure deion-
ized water and heating for several hours in a muffle furnace at
500 °C. The filtered samples were collected by filtering with a
0.45-um filter (Millipore) on site (He et al. 2008). Total nitro-
gen (TN) and total phosphorus (TP) concentrations in water
were analyzed using the alkaline potassium persulfate oxida-
tion method (Environmental Protection of China 1990a, b).
Chlorophyll a (Chla) was analyzed by spectrophotometry
(UV-2550, Japan) after extraction in 90% acetone (Papista
et al. 2002).

Zooplankton sampling

In October 2015 and February, May, and August 2016, zoo-
plankton samples in three size fractions (micro-zooplankton,
meso-zooplankton, and macro-zooplankton) were collected
from Hongfeng Reservoir, Baihua Reservoir, and Aha
Reservoir for THg and MeHg analyses. Caohai Wetland was
not sampled in October 2015, and only macro- and meso-
zooplankton were collected. The zooplankton samples were
collected as described by Long et al. (2018). The macro-zoo-
plankton, meso-zooplankton, and micro-zooplankton were
collected by using 500 pm, 116 wm, and 77 wm nylon mesh,
respectively. Each sample was collected by dragging the nylon
net from the bottom 0.5 m to the surface of the water repeat-
edly until > 500 mg dry weight (DW) was accrued. The zoo-
plankton collected by the 77 pwm nylon net were further fil-
tered by 116 um nylon mesh to remove zooplankton larger
than 116 um, thereby obtaining zooplankton of 77-116 pm.
The zooplankton of 116-500 um were also collected in a
similar way. The collected samples were rinsed with ultrapure
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Basic information of the three reservoirs and wetland studied

Table 1

@ Springer

Caohai Wetland

Aha Reservoir

Baihua Reservoir

Hongfeng Reservoir

Information

Weining County, Guizhou Province

Guiyang City, Guizhou Province

Northwest of Guiyang City, Guizhou

Qingzhen City, a suburb of Guiyang City,

Location

Province
26° 35'-26° 42' N

Guizhou Province
26°24'-26° 34' N

26° 45'-27° 00' N

26° 30'-26° 33' N

Coordinates

104° 10-104° 25" E

46.5

106° 03'-106° 39" E

4.5

106° 27'-106° 34' E

14.5
45

106° 20-106° 26" E

57.2

Surface area (km?)
Max depth (m)
Mean depth (m)

24
13

12.5
72

12.5

85.6

160.6

118.6

Hydraulic retention

time (days)
Pollution situation

domestic wastewater. domestic wastewater.

by chemical plants.

Once polluted by waste water from more than 20 Has been seriously mercury contaminated Once polluted by coal mine, industrial, and Once polluted by lead, zinc smelting, and
surrounding factories.”

#Data obtained from Zhang (1999); ® data obtained from Yan et al. (2008); ® data obtained from Feng et al. (2018a); 4 data obtained from Li (2004) and Zhang and Lei (2010)

deionized water (Millipore Co., Bedford, MA, USA). The
resulting zooplankton samples were transferred to the labora-
tory and freeze-dried for analysis.

In addition, 20 L water samples were collected at each
sampling point using a plankton net (64 pm mesh) for zoo-
plankton counting and species identification. Zooplankton
species were identified using a BXT-90B dissecting micro-
scope (Shanghai Bingyu Optical instrument Co., Ltd.,
China) as described by Jiang and Chu, Shen and Song, and
Long et al. (Long et al. 2018; Jiang and Chu 1979; Shen and
Song 1979).

Sample analysis
Hg and MeHg analyses

The THg and MeHg concentrations in the water samples were
determined by cold vapor atomic fluorescence spectrometry
(CVAFY) using a method described in detail by Bloom and
Fitzgerald (1988), Bloom (1989), Horvat et al. (1993), US
EPA (2001, 2002), and He et al. (2008). For THg concentra-
tions in the water samples, all mercury was oxidized to diva-
lent mercury, then reduced to Hg0, trapped in gold tube, and
analyzed by CVAFS. MeHg concentrations in the water sam-
ples were determined using the standard distillation-
ethylation-GC-CVAFS technique.

THg and MeHg concentrations in zooplankton were deter-
mined using methods that have been previously described by
Yan et al. (2005a, b) and Feng et al. (2018b). Briefly, THg was
analyzed by acid digestion, SnCl, reduction, gold trap collec-
tion, and CVAFS, and MeHg was analyzed by KOH diges-
tion, aqueous ethylation, Tenax trap collection, and GC-
CVAFS.

Quality assurance/quality control and statistical
analyses

Quality assurance and quality control of the analytical
process were carried out using duplicates, method
blanks, matrix spikes, and standard reference materials
(TORT-2, fish reference material). Method blanks and
duplicates were taken regularly (> 10% of samples)
throughout each sampling campaign. The THg recover-
ies for standard reference material were 92~108% (n=
10), the MeHg recoveries were 90~109% (n=10), and
the relative deviation of parallel samples was less than
10%.

Statistical analyses of the data were performed using SPSS
20.0 (PASW) and Origin 9.0 software. The equations for cal-
culating the trophic state index (TSI) in the waters are as
follows (Carlson 1977; Kratzer and Brezonik 1981):
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Fig. 1 Locations of the study area and sampling sites in the three reservoirs and wetland, Guizhou Province, China

TSlcii = 30.6 4 9.81 In(CHla, pg L")
TSItp = 4.15 + 14.42 In(TP, ug L")
TSIty = 54.45 + 14.43 In(TN,mg L")

The formula for calculating bioaccumulation factors
(BAFs) is as follows:

BAF = BiomTHg or MeHg/WaterTHg or MeHg

where biota = zooplankton (Razavi et al. 2015; Long et al.
2016)

Results
Water characteristics

Table 2 shows the water characteristics and mercury concen-
trations in the water. The water was alkaline in all the waters
studied. The dissolved organic carbon in the water of CW was
significantly higher than that in the water of HR, AR, and BR.
The THg concentrations in the water of HR were significantly
higher than those in the water of CW, AR, and BR (ANOVA,
P <0.05), but no significant difference was found between
CW, AR, and BR (ANOVA, P>0.05). The MeHg

concentrations in the water of CW were significantly higher
than those in the water of HR and AR (ANOVA, P<0.05),
and no significant difference was observed between HR, AR,
and BR (ANOVA, P> 0.05).

Overall, TN concentrations in HR, BR, AR, and CW ranged
from 1.15 to 2.56 mg Lt (mean =+ standard deviation, 1.66 +
037mgL™"), 147t02.19mgL ™" (1.77£020mg L"), 2.17 to
2.88 mg L' (2.66+0.26 mg L™"), and 1.23 to 2.06 mg L™
(1.65+0.34 mg L"), respectively (Fig. 2a). The TP concentra-
tions in HR, BR, AR, and CW ranged from 10 to 56 pg L (31
+14pugL ™), 21t043 ugL ' 3111 pgL™"),35t083 pg L™
(50+15ug L"), and 13 t0 43 ug L' (26+9 ug L™, respec-
tively (Fig. 2b). The CHIa concentrations in HR, BR, AR, and
CW ranged from 4.57 10 26.56 pg L' (9.08 £4.48 ug L"), 6.80
to 1220 ug L™ (9.23+3.2 ug L™, 10.15 to 20.21 pg L™
(13.51+3.49 ug L"), and 5.57 to 11.14 pg L' (8.01
1.93 ug L), respectively (Fig. 2c). It can be seen from Fig. 2
that the seasonal variation of TP and TN was not obvious, but the
CHIa in autumn was obviously higher than that in other seasons
(ANOVA < 0.05). There were significant differences in the tro-
phic indexes among different sampling sites in each water body,
which indicated that the water quality of different water inlets of
the water bodies was quite different; however, in general, the
trophic indexes of each sampling point in Aha Lake were signif-
icantly higher than those of the other water bodies (P < 0.01). For

@ Springer



8600

Environ Sci Pollut Res (2020) 27:8596-8610

the three reservoirs HR, BR, and AR, negative correlations were
observed between TP and THg (r=—0.661, P <0.05, n = 12), as
shown in Fig. 5a, and a negative correlation was observed be-
tween the THg and CHIa concentrations (r =— 0.604, P <0.05,
n =12, Fig. 5b). Although no clear correlation was observed
between TP and MeHg (» =—0.369, P > 0.05, n =12, Fig. 5a),
AR, which showed the most serious eutrophication, had signifi-
cantly lower MeHg concentrations than did HR and BR
(ANOVA, P =0.033).

According to the TSI values (Table 3), among the 15 sam-
pling sites that we investigated, six sites were likely limited by
P (TSlcpa — TSIpp > 0), whereas no sampling sites were lim-
ited by N (TSIcyia — TSIty >0). According to the TSIcp,
values, AR is eutrophic, and HR, BR and CW are mesotro-
phic. The trophic states showed the following order from eu-
trophic to mesotrophic: AR, BR, HR, and CW (Razavi et al.
2015; Long et al. 2016; Matthews et al. 2002). If the trophic
state was evaluated using TP concentrations alone according
to the EC (Environment Canada 2004), the same trophic state
would be classified (eutrophic water, 35~100 png L' TP; me-
sotrophic water, 10~20 pg L' TP).

Zooplankton communities

The zooplankton in HR, BR, AR, and CW mainly consist of
copepods, cladocerans, and rotifers. The dominant species
during different sampling periods (October 2015, February
2016, May 2016, and August 2016) are summarized in
Table 4.

Total Hg concentration in zooplankton

The temporal variations of THg concentrations in zooplankton
(with different body sizes) collected from HR, BR, AR, and CW
are shown in Fig. 3(a—d). The concentration ranges of THg in
zooplankton from HR, BR, AR, and CW were 13.3 to
4949 ng g ' (138.8+104.7 ng g '), 6.3 to 361.8 ng g
(139.1+91.4 ng g "), 20.7 to 254.6 ng g ' (102.0+
628 ng g "), and 15.4 t0 385.7 ng g ' (100.1+109.1 ng g "),
respectively. The THg concentrations of zooplankton in the wa-
ters that we studied were comparable to those reported in acidic
waters (e.g., Watras and Bloom 1992; Watras et al. 1998; Back
and Watras 1995; Paterson et al. 1998). No clear differences in
the mean THg concentrations were observed for zooplankton
collected from HR, BR, AR, and CW.

According to their body sizes, the zooplankton collected in
our study were classified into three groups: macro-
zooplankton (> 500 pwm), meso-zooplankton (116 to
500 wm), and micro-zooplankton (77 to 116 um). For the
three reservoirs during the four seasons, in addition to two
sites in HR and BR (963.1 ng g ' and 628.86 ng g ', respec-
tively) showing anomalously high THg concentrations, signif-
icant differences in THg concentrations were observed be-
tween zooplankton with different body sizes (ANOVA, P =
0.006). The THg concentration decreased in the following
order: micro-zooplankton (159.4+93.4 ng g ') > macro-
zooplankton (136.2+103.8 ng g ') > meso-zooplankton
(99.0+70.4 ng gfl). In CW, however, no difference in THg
concentration between meso-zooplankton and macro-

Table 2 Water characteristics and

BAF zooplankton mercury in the Hongfeng Baihua Aha Reservoir Caohai
reservoirs and wetland studied Reservoir Reservoir Wetland
(mean (+SD)? and range)
pH 8.3 +0.46a° 8.29+0.53a 7.69+0.35a 8.52+0.91a
(7.92-9.14) (7.85-9.07) (6.67-8.1) (7.52-9.62)
THg (ng L) 4.61+0.797a 232+0.369b 1.98 +0.03b 1.67+0.357b
(3.97-5.99) (1.88-2.69) (1.96-2.00) (1.34-2.05)
DTHg (ng L) 1.66+0.568a 1.80+0.258a 1.76 £0.015a -
(0.96-2.69) (1.59-2.17) (1.75-1.77)
MeHg (ng L) 0.077 +0.02a 0.135+£0.026ab  0.097+0.0249a  0.201 =0.119b
(0.048-0.107) (0.102-0.160)  (0.079-0.115)  (0.125-0.338)
DMeHg (ng L™')° 0.058 +0.03b 0.115+£0.0428a  0.074+0.006ab -
(0.024-0.093) (0.055-0.154)  (0.069-0.078)
DOC (mg L™ 2.70+0.22a" 2.67+0.39a8 1.67+0.35b" 10.76 +3.30¢’
(2.36-2.92) (1.97-3.46) (1.33-2.35) (7.61-18.82)
BAF zooplankton THg (x 10%)  3.73+2.13a 5.81+2.66a 3.77+0.6la 4.00+2.48a
(1.58-6.64) (3.62-9.63) (3.34-4.20) (1.14-5.57)
BAF zooplankton MeHg 13.6+427a 13.04+3.65a 739+0.42a 0.51+0.27b
(< 10 (8.25-19.69) (8.77-17.29) (7.11-7.70) (0.23-0.77)

4 standard deviation (SD); °the different lowercase letters in a row indicate significant differences among
different treatments at P <0.05 level; “DTHg, dissolved total mercury; d—, mean data not monitored;
¢ DMeHg = dissolved methylmercury; {data obtained from Lu et al. (2007); ®data obtained from Xu et al.
(2014); " data obtained from Wang et al. (2016); ' data obtained from Qian et al. (2009)
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Fig. 2 Total nitrogen (TN), total phosphorus (TP), and chlorophyll a (CHla) concentrations in the reservoirs and wetland studied

zooplankton was observed. In the three reservoirs, no clear
correlations were observed between the THg concentrations
in zooplankton with different body sizes (P > 0.05, Fig. 4a, b).
In our study, aside from one site in HR (5.99 ng L") that
showed anomalously high THg concentrations in the water
body, there was a significantly positive correlation between
THg concentrations in water and zooplankton (» =0.665,
P <0.01, n =14, Fig. 4e).

For zooplankton collected from HR, BR, and AR, their
THg concentrations showed no temporal differences. In CW,
however, zooplankton collected in August (217.7 ng g ')
showed significantly higher THg concentrations (ANOVA,
P =0.008) than those collected in February (352 ng g ").

MeHg concentration in zooplankton

The temporal variations of MeHg concentrations in zooplank-
ton (with different body sizes) collected from HR, BR, AR,
and CW are shown in Fig. 3(e-h). The concentration ranges of
MeHg in zooplankton from HR, BR, AR, and CW were 0.2 to
66.8ngg ' (14.1+146ngg "), 0.8t 573 ngg ' (14.6+

13.7ngg "), 1.2t032.1ngg ' (9.6+£9.4ngg '), and 0.1 to
21.1ngg ' (3.2+5.1 ng g "), respectively, which were lower
than those reported in zooplankton in most of the acidic waters

(Watras and Bloom 1992; Watras et al. 1998; Westcott and
Kalf 1996; Back and Watras 1995; Paterson et al. 1998;
Garcia et al. 2007; Hall et al. 2009). For example, Westcott
and Kalf (1996) reported that MeHg concentrations in zoo-
plankton ranged from 19 to 448 ng g ' in acidic waters. In
most of the acidic waters, there were higher levels of MeHg in
zooplankton than in the alkaline waters that we studied, but
the same levels of THg in zooplankton were observed (Watras
and Bloom 1992; Watras et al. 1998; Back and Watras 1995;
Paterson et al. 1998). This result may be related to the higher
methylation rate in acidic waters (Miskimmin et al. 1992;
Kelly et al. 2003; Golding et al. 2008).

The zooplankton collected from the three reservoirs (HR,
BR, and AR) consistently showed significantly higher MeHg
levels than those collected from CW (ANOVA, P=0.007).
For the three reservoirs during the four seasons, aside from
two sites in HR (98.10 ng g ' and 52.62 ng g '), which
showed anomalously high MeHg concentrations, macro-
zooplankton showed significantly higher MeHg levels than
did meso-zooplankton (ANOVA, P =0.021). The MeHg con-
centration decreased in the following order: macro-
zooplankton (15.7+15.6 ng g ') > micro-zooplankton (14.5
+£12.9 ng g'') > meso-zooplankton (9.5+10.0 ng g ).
However, no difference in MeHg concentration was observed
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Table 3  Trophic state index (TSI) using mean CHla (pg L"), TP (ng L"), and TN ( mg L") in the reservoirs and wetland studied
Reservoir/wetland Site TSlca TSI TSIn TSlema—TSIrp TSlema— TSI Trophic state®  Possible limiting factor”
Hongfeng Reservoir ~ HI 51.32 52.71 60.94 -1.39 -9.62 Mesotrophic -

H2 52.35 51.13  60.28 1.22 -793 Mesotrophic P

H3 55.45 55.00  66.64 0.45 -11.19 Eutrophic P

H4 50.33 4872  58.84 1.61 —8.51 Mesotrophic P

H5 53.05 5542 6043 —2.37 -7.38 Mesotrophic -

H6 49.78 56.52 6221 -6.74 —1243 Mesotrophic -

Mean  52.05 5325  61.56 - - - -
Baihua Reservoir Bl 51.98 55.00  63.47 -3.02 —11.49 Mesotrophic -

B2 52.53 5329  63.52 -0.76 -10.99 Mesotrophic -

B3 53.46 54.16  62.71 -0.7 -9.25 Mesotrophic -

B4 51.54 5141 60.87 0.13 -933 Mesotrophic P

Mean  52.38 5346  62.64 - - - -
Aha Reservoir Al 57.00 5839  68.66 -1.39 —11.66 Eutrophic

A2 55.20 6245  68.49 -7.25 -13.29 Eutrophic

Mean  56.10 6042  68.58 - - - -
Caohai Wetland Cl 50.48 48.05 61.75 243 -11.27 Mesotrophic P

C2 50.39 4936  61.73 1.03 —11.34 Mesotrophic P

C3 52.07 55.00 61.54 -2.93 —9.47 Mesotrophic -

Mean  50.98 50.80  61.67 - - - -

3 TSlIcpi values between 45 and 55 are associated with mesotrophic systems and > 55 indicates eutrophic systems (Razavi et al. 2015)
o Phosphorus (P) limitation is indicated by TSIcj, — TSIy, > 0, nitrogen (N) limitation is indicated by TSI¢pi, — TSIpy >0 (Matthews et al. 2002)

between macro-zooplankton and meso-zooplankton collected
from CW. In the three reservoirs, significant positive correla-
tions were observed between the MeHg concentrations in zoo-
plankton with different body sizes (P <0.05, Fig. 4c, d).
However, no clear correlation between MeHg concentrations
in water and zooplankton was observed (r=—0.309, P> 0.05,
n =15, Fig. 41), and there was no correlation between the THg
and MeHg concentrations of zooplankton (P > 0.05, Fig. 4g).

The zooplankton MeHg concentrations in HR, BR, and AR
showed significant temporal differences (ANOVA, P =
0.001). For the three reservoirs, the MeHg levels in zooplank-
ton collected in October were slightly higher than those col-
lected in May or August but much higher than those collected
in February. In CW, the MeHg levels in zooplankton collected
in August (7.89 ng g~') were significantly higher (ANOVA,
P=0.002) than those collected in May (1.02 ng g~ ') and
February (1.4 ng g ).

In the three reservoirs, no clear difference in MeHg frac-
tions (%MeHg) could be observed among the seasons, reser-
voirs, or size fractions. The MeHg fractions ranged from 0.3 to
56.7%, with a mean value of 12.1% + 12.0%, in the reservoirs
during the four seasons. Our values were comparable with
those reported for Lake Champlain, USA (4 to 53%) (Chen
etal. 2012), and for some lakes in eastern China (30.8 to 60%)
(Razavi et al. 2015) but lower than those reported for lakes in
the Adirondacks, New York, USA (0 to 74%) (Yu etal. 2011),
and lakes in Wisconsin, USA (11 to 83%) (Watras et al. 1998).

@ Springer

In CW, zooplankton with different body sizes also showed no
differences in %MeHg; the MeHg fractions ranged from 0.2 to
12.8%, with a mean value of 3.4% +4.1%, much lower than
that in the three reservoirs (ANOVA, P=0.009).

The bioaccumulation factor values of THg and MeHg in
zooplankton ranged from 1.14 x 10* t0 9.63 x 10* (4.34 x 10*
+£2.21 x10%) and 0.23 x 10* to 1.96 x 10° (1.00 x 10° +
6.15 x 10%), respectively; these values were similar to those
of Razavi et al. (2015), who reported 10°~10* for the BAF
of THg in zooplankton collected from subtropical reservoirs,
but lower than those of Stewart et al. (2008), who reported
10%~10° for the BAF of MeHg in zooplankton from a temper-
ate reservoir. Overall, the BAF of MeHg was relatively higher
than that of THg (ANOVA, P<0.01). The BAF of MeHg in
CW was significantly lower than that in the three reservoirs
(ANOVA, P <0.05) (Table 2).

Discussion
Seasonal distribution of mercury in zooplankton

In the three reservoirs, the zooplankton THg concentra-
tions showed no temporal differences. However, the zoo-
plankton MeHg concentrations showed significant tempo-
ral differences (ANOVA, P =0.001), and those collected in
October had slightly higher levels than those collected in
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Table 4 The dominant species and density of zooplankton in the reservoirs and wetland studied

Reservoit/ Month Dominant species and density (ind L™")
wetland
Hongfeng October Asplanchna priodonta (767), Daphnia hyalina (66.4), Bosmina longirostris (9.8), Phyllodiaptomus tunguidus (30),
Reservoir 2015 Mesocyclops leuckarti (23.5), Thermocyclops brevifurcatus (7.1)
February  Asplanchna priodonta (360), Keratella cochlearis (360), Daphnia hyalina (26.8), Bosmina longirostris (42.9),
2016 Phyllodiaptomus tunguidus (16.2), Thermocyclops brevifurcatus (4.8)
May 2016  Asplanchna priodonta (330), Daphnia hyalina (11.8), Keratella cochlearis (180), Bosmina longirostris (8.7),
Phyllodiaptomus tunguidus (5.7)
August Asplanchna priodonta (630), Daphnia hyalina (52.8), Bosmina longirostris (13.9), Phyllodiaptomus tunguidus (7.6)
2016
Baihua October Brachionus angularis (330), Keratella valga (240), Asplanchna priodonta (480), Brachionus calyciflorua (150),
Reservoir 2015 Bosmina longirostris (22.9), Phyllodiaptomus tunguidus (3.2)
February Daphnia hyalina (8.6), Bosmina longirostris (9.6), Cyclops vicinus vicinus (7.3), Themocyclops mongolicus (8.1)
2016
May 2016  Asplanchna priodont (780), Daphnia hyalina (15.3), Bosmina longirostris (5.9), Phyllodiaptomus tunguidus (3.5),
Thermocyclops brevifurcatus (4.6), Mesocyclops leuckarti (3), Cyclops vicinus vicinus (4)
August Keratella cochlearis (420), Bosmina longirostris (17.2), Phyllodiaptomus tunguidus (6.8), Thermocyclops brevifurcatus
2016 (19.6), Mesocyclops leuckarti (3.1)
Aha Reservoir ~ October Asplanchna priodont (270), Daphnia hyalina (23.3)
2015
February  Daphnia hyalina (56.1)
2016
May 2016  Asplanchna priodonta (290), Daphnia hyalina (57.9), Bosmina longirostris (11.7)
August Asplanchna priodonta (170), Keratella cochlearis (390), Daphnia hyalina (31)
2016
Caohai Wetland February  Asplanchna priodonta (290), Daphnia hyalina (62.9), Bosmina longirostris (16.7), Phyllodiaptomus tunguidus (10.6)
2016
May 2016  Asplanchna priodonta (420), Daphnia hyalina (12.2), Bosmina longirostris (5.8), Phyllodiaptomus tunguidus (8.8)
August Asplanchna priodonta (120 ), Daphnia hyalina (4.6), Bosmina longirostris (2.6), Phyllodiaptomus tunguidus (3.4)
2016

May or August but much higher levels than those collected
in February. Perhaps this pattern reflects the temporal var-
iations of MeHg levels or zooplankton communities in the
water body. In spring and summer, MeHg concentrations in
waters are expected to be higher due to the higher temper-
ature, stratification, and anoxic conditions of the water
bodies (He et al. 2010). Compared with those in the other
two reservoirs, methylmercury levels in Baihua Reservoir
increased significantly in May and August, which was re-
lated to the serious mercury pollution in the history of
Baihua Reservoir. In the anoxic environment in spring
and summer, Hg and MeHg in sediment were released into
the water body, which increased the risk of mercury enrich-
ment in aquatic organisms. However, in CW, the THg
levels in zooplankton in August were significantly higher
(ANOVA, P =0.008) than those collected in February, and
the MeHg levels in zooplankton in August were signifi-
cantly higher (ANOVA, P =0.002) than those collected
in May and February. The seasonal distribution of mercury
in zooplankton in CW was different from that in the three
reservoirs, which may be due to the totally different hy-
draulic and water quality characteristics of CW, as well as
the totally different growth cycle of zooplankton.

Relation between zooplankton Hg levels
and biological characteristics

In addition to micro-zooplankton, it is clear that macro-
zooplankton had significantly higher THg and MeHg levels
than meso-zooplankton (ANOVA, P <0.05) in all seasons of
the three reservoirs. Previous studies have reported similar
results that the mercury levels in zooplankton with larger body
sizes were higher than those in zooplankton with smaller body
sizes, and this usually was explained by the biomagnification
of mercury in the food chain (Masson and Tremblay 2003;
Wang et al. 2011; Kainz et al. 2002, 2006). In our study,
micro-zooplankton did not follow the rule that the Hg levels
increase with body size (Surette et al. 2006; Todorova et al.
2015; Gosnell et al. 2017). Perhaps this is because the way
that we define the micro-zooplankton is different from previ-
ous studies (Wang et al. 2011; Kainz et al. 2006), which de-
fined micro-zooplankton as having larger body sizes
(100~200 pum). Due to the smaller body sizes, it was possible
that some suspended materials were mixed in our micro-
zooplankton samples and led to higher THg and MeHg levels.

As shown above, MeHg concentrations between different
body sizes were significantly correlated, while not for THg.
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This result indicates that the biomagnification of MeHg with
increasing body size is more significant than that of THg.
According to previous studies, zooplankton mainly receive
their MeHg from diet (Tsui and Wang 2004; Monson and
Brezonik 1999). The MeHg levels in zooplankton were close-
ly related to their habitat, food ration, and food type (Kainz
and Mazumder 2005; Kainz et al. 2002). As shown above,
THg concentrations between water and zooplankton were sig-
nificantly correlated, while not for MeHg. Our results indicat-
ed that THg bioaccumulation in zooplankton was related to
the THg level in water but that MeHg bioaccumulation in
zooplankton was controlled by many other factors, such as
their feeding and living habits. This finding is consistent with
previous observations (Tsui and Wang 2004; Morel et al.
1998). Research by Tsui and Wang (2004) showed that in
Daphnia magna, dietary exposure was important for MeHg
bioaccumulation, but water exposure was important for Hg(Il)
bioaccumulation. Morel et al. (1998) demonstrated that Hg(II)
was bound chiefly to particulate cellular material
(membranes) of diatoms that were excreted rather than
absorbed by zooplankton. In contrast, MeHg was associated
with the soluble fraction of the diatom cell and was efficiently
assimilated by zooplankton. Therefore, the bioaccumulation
of MeHg in zooplankton was mainly affected by the MeHg
levels in their prey. There was no correlation between the THg
and MeHg concentrations of zooplankton, which further indi-
cated that the bioaccumulation pathways for THg and MeHg
in zooplankton were different. The relatively higher BAF of
MeHg than of THg (ANOVA, P <0.01) indicates that MeHg
is more readily bioaccumulated than THg.

Some researches have found that the zooplankton density
also affects the mercury content of zooplankton (Chen and
Folt. 2005; Chen et al. 2005, 2012). Chen and Folt (2005)
found a negative correlation between zooplankton density
and Hg concentrations in zooplankton and in both herbivorous
and predatory fish. In our study, rotifers had a much higher
density than that of copepods and cladocerans. However, the
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density of zooplankton appears to have a limited effect on the
Hg levels in zooplankton. No clear correlations were observed
between the density and Hg concentrations in zooplankton,
consistent with previous studies showing that the Hg levels
in zooplankton had no relationship with zooplankton density
(Razavi et al. 2015).

Influence of trophic state on Hg bioaccumulation
in zooplankton

As shown above, TP and THg were negative correlations in
the three reservoirs. AR, which showed the most serious eu-
trophication, had significantly lower MeHg concentrations
than did HR and BR, while no clear correlation between TP
and MeHg (Fig. 5a). Our results clearly showed that the in-
crease in eutrophication could result in decreased THg and
MeHg levels in zooplankton, which agrees well with the
observations of previous studies. For instance, Chen and
Folt (2005) investigated the Hg and trophic states in 20 lakes
in the northeastern US and found that zooplankton collected
from eutrophic lakes showed much lower Hg levels than those
of other lakes (which have low productivity). Similar results
were also observed by Razavi et al. (2015), who investigated 7
lakes in eastern China. Chen et al. (2012) compared the THg
and MeHg levels in two lakes during a 4-year period and
found that in the eutrophic lake, THg (24 to 65 ng g ') and
MeHg (3 to 33 ng g ') concentrations were lower than those
in the oligotrophic lake (THg, 70 to 330 ng g~ '; MeHg: 18 to
9ngg").

The eutrophication could accelerate algal biomass growth,
which further increases the biomass of zooplankton. This phe-
nomenon also leads to low Hg concentrations in zooplankton
due to the biodilution effect (Pickhardt et al. 2002; Chen and
Folt 2005; Wang et al. 2011; Gosnell et al. 2017). As shown
above, a negative correlation was observed between the THg
and CHla concentrations (Fig. 5b), showing that increasing
the Chla levels can reduce THg accumulation in zooplankton.
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Fig.5 Total phosphorus (TP) and chlorophyll a (CHIa) in water versus total mercury (THg) and methylmercury (MeHg) in zooplankton in the reservoirs

and wetland studied
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The highest CHla levels and the lowest THg and MeHg levels
in zooplankton from AR are consistent with previous obser-
vations that suggested that Hg can be biodiluted (Watras et al.
1998; Pickhardt et al. 2002; Chen et al. 2012; Razavi et al.
2015; Chen and Folt 2005; Wang et al. 2011). For instance,
Watras et al. (1998) investigated zooplankton in 15 lakes in
the USA and found that the THg concentration reached
289 ng g ! when that of CHla was 4.55 pg L', while the
THg concentration decreased to 224 ng g ' when that of
CHla increased to 8.20 ug L', Chen and Folt (2005) found
that phytoplankton density was negatively correlated with Hg
concentrations in phytoplankton and their consumers (zoo-
plankton). It is obvious that this rule applies for the three
reservoirs that we investigated.

In Caohai Wetland, however, the THg and MeHg concen-
trations in zooplankton did not increase as the trophic level
decreased. In the waters we studied, CW had the lowest tro-
phic level and CHIa levels but also the lowest zooplankton Hg
concentrations and MeHg bioaccumulation factors, although
there were significantly higher MeHg concentrations in the
water of CW than in the water of HR and AR. Many studies
have shown that environmental factors in wetlands are more
conducive to mercury methylation (Louis et al. 1994; Driscoll
etal. 1998; Liu et al. 2002; Schifer et al. 2010; Bates and Hall
2012). The lower zooplankton Hg concentrations and BAF in
CW may be explained by the abundant species of aquatic
animals and plants and the high primary productivity. There
are more than 40 common plant species in Caohai, including
Alternanthera philoxeroides (Mart.) Griseb., Potamogeton
malaianus Miq., Scirpus validus Vahl, Potamogeton crispus
L., Myriophyllum verticillatum L., Ceratophyllum demersum
L., and so on. Some aquatic plant residues can enter the food
web through the detritus, which is one of the food sources for
zooplankton (Poulet 1976; Swift et al. 1979; Steinberg et al.
1998). These large amounts of plant debris may dilute mercu-
ry in the biological chain, similar to the large amount of algae
triggered by eutrophication. This consideration indicates that
higher primary production of the freshwater ecosystem may
be more decisive for lower Hg bioaccumulation in the food
chain, rather than only looking at nutrient levels.

Conclusions

In the three reservoirs, the relationship between mercury in
zooplankton and the trophic state in water suggests that the
bioaccumulation of Hg in zooplankton is closely related to the
trophic state of the water body. Compared with the three res-
ervoirs, CW has a much lower trophic state and higher MeHg
levels in water but much lower zooplankton MeHg levels and
BAF, which may be because large amounts of plant detritus
might dilute mercury in the food chain.

The results of the analysis of THg and MeHg in zooplank-
ton show that the biomagnification of MeHg with increasing
zooplankton body size is more significant than that of THg
and further show that MeHg is more readily bioaccumulated
in zooplankton. The correlation between Hg in water and zoo-
plankton and Hg in zooplankton of different sizes indicated
that THg bioaccumulation in zooplankton was related to the
THg levels in water, but MeHg bioaccumulation in zooplank-
ton might be controlled by many other factors.

Funding information This work was supported by the Natural Science
Foundation of China (41363007), the Top-class Discipline Construction
Project of Ecology in Guizhou Province (No. GNYL[2017]007), the
Program Foundation of Institute for Scientific Research of Karst Area
of NSFC-GZGOV (No. U1612442), the Science and Technology
Planning Project of Guizhou Province (No. Qiankehe-[2018]2336), and
the Key Discipline Construction Project, Guizhou (No. ZDXK [2016]11)

References

Back RC, Watras CJ (1995) Mercury in zooplankton of northern
Wisconsin lakes: taxonomic and site-specific trends. Water Air
Soil Pollut 80(1-4):931-938. https://doi.org/10.1007/978-94-011-
0153-0 101

Bates LM, Hall BD (2012) Concentrations of methylmercury in inverte-
brates from wetlands of the Prairie Pothole Region of North
America. Environ Pollut 160:153-160. https://doi.org/10.1016/].
envpol.2011.08.040

Bloom NS (1989) Determination of picogram levels of methylmercury by
aqueous phase ethylation, followed by cryogenic gas chromatogra-
phy with cold vapor atomic fluorescence detection. Can J Fish
Aquat Sci 46:1131-1140. https://doi.org/10.1139/{89-147

Bloom NS, Fitzgerald WF (1988) Determination of volatile mercury
species at the picogram level by low temperature gas chromatogra-
phy with cold-vapor atomic fluorescence detection. Anal Chim Acta
208:151-161. https://doi.org/10.1016/S0003-2670(00)80743-6

Carlson RE (1977) A trophic state index for lakes. Limnol Oceanogr 22:
361-369. https://doi.org/10.4319/10.1977.22.2.0361

Chase ME, Jones SH, Hennigar P et al (2001) Gulfwatch: monitoring
spatial and temporal patterns of trace metal and organic contami-
nants in the Gulf of Maine (1991-1997) with the blue mussel,
Mytilus edulis L. Mar Pollut Bull 42(6):490-504. https://doi.org/
10.1016/S0025-326X(00)00193-4

Chen CY, Folt CL (2005) High plankton densities reduce mercury
biomagnification. Environ Sci Technol 39(1):115-121. https:/doi.
org/10.1021/es0403007

Chen CY, Stemberger RS, Kamman NC et al (2005) Patterns of Hg
bioaccumulation and transfer in aquatic food webs across multi-
lake studies in the northeast US. Ecotoxicology 14(1-2):135-147.
https://doi.org/10.1007/s10646-004-6265-y

Chen CY, Kamman NC, Williams JJ, Bugge DM, Taylor VF, Jackson BP,
Miller EK (2012) Spatial and temporal variation in mercury bioac-
cumulation by zooplankton in Lake Champlain (North America).
Environ Pollut 161(1):343-349. https://doi.org/10.1016/j.envpol.
2011.08.048

Driscoll CT, Yan C, Schofield CL (1994) The mercury cycle and fish in
the Adirondack lakes. Environ Sci Technol 28(30):136-143. https://
doi.org/10.1021/es00052a721

Driscoll CT, Holsapple J, Schofield CL et al (1998) The chemistry and
transport of mercury in a small wetland in the Adirondack region of

@ Springer


https://doi.org/10.1007/978-94-011-0153-0_101
https://doi.org/10.1007/978-94-011-0153-0_101
https://doi.org/10.1016/j.envpol.2011.08.040
https://doi.org/10.1016/j.envpol.2011.08.040
https://doi.org/10.1139/f89-147
https://doi.org/10.1016/S0003-2670(00)80743-6
https://doi.org/10.4319/lo.1977.22.2.0361
https://doi.org/10.1016/S0025-326X(00)00193-4
https://doi.org/10.1016/S0025-326X(00)00193-4
https://doi.org/10.1021/es0403007
https://doi.org/10.1021/es0403007
https://doi.org/10.1007/s10646-004-6265-y
https://doi.org/10.1016/j.envpol.2011.08.048
https://doi.org/10.1016/j.envpol.2011.08.048
https://doi.org/10.1021/es00052a721
https://doi.org/10.1021/es00052a721

8608

Environ Sci Pollut Res (2020) 27:8596-8610

New York. USA Biogeochem 40:137—146. https://doi.org/10.1023/
A:1005989229089

Driscoll CT, Han YJ, Chen CY, Evers DC, Lambert KF, Holsen T,
Kamman NC, Munson R (2007) Mercury contamination in remote
forest and aquatic ecosystems in the Northeastern US: sources,
transformations and management options. Bioscience 57:17-28.
https://doi.org/10.1641/B570106

Environment Canada (2004) Canadian guidance framework for the man-
agement of phosphorus in freshwater systems. National Guidelines
and Standards Office, Water Policy and Coordination Directorate,
Environment Canada, Report 1-8:64—65

Feng X, Sommar J, Lindqvist O, Hong Y (2002) Occurrence, emissions
and deposition of mercury during coal combustion in the province
Guizhou, China. Water Air Soil Pollut 139(1-4):311-324. https://
doi.org/10.1023/A:1015846605651

Feng X, Meng B, Yan H, Fu X, Yao H, & Shang L. 2018a.
Biogeochemical cycling of mercury in the Hongfeng, Baihua, and
Aha reservoirs. In: Biogeochemical cycle of mercury in reservoir
systems in Wujiang river basin, Southwest China. Springer,
Singapore, pp 201-302. https://doi.org/10.1007/978-981-10-6719-
87

Feng X, Meng B, Yan H, Fu X, Yao H, Shang L (2018b) Analysis of
mercury species in the environmental samples. In: Biogeochemical
cycle of mercury in reservoir systems in Wujiang river basin,
Southwest China. Springer, Singapore, pp 9-19. https://doi.org/10.
1007/978-981-10-6719-8 2

Gantner N, Power M, Igaluk D, Meili M, Borg H, Sundbom M, ... Muir
DC (2010) Mercury concentrations in landlocked Arctic char
(Salvelinus alpinus) from the Canadian Arctic. Part I: insights from
trophic relationships in 18 lakes. Environ Toxicol Chem: Int J 29(3):
621-632. https://doi.org/10.1002/etc.95

Garcia E, Carignan R, Lean DR (2007) Seasonal and inter-annual varia-
tions in methyl mercury concentrations in zooplankton from boreal
lakes impacted by deforestation or natural forest fires. Environ
Monit Assess 131(1-3):1-11. https://doi.org/10.1007/s10661-006-
9442-7

Golding GR, Sparling R, Kelly CA (2008) Effect of pH on intracellular
accumulation of trace concentrations of Hg (II) in Escherichia coli
under anaerobic conditions, as measured using a mer-lux
bioreporter. Appl Environ Microbiol 74(3):667-675. https://doi.
org/10.1128/AEM.00717-07

Gosnell KJ, Balcom PH, Tobias CR, Gilhooly WP, Mason RP (2017)
Spatial and temporal trophic transfer dynamics of mercury and
methylmercury into zooplankton and phytoplankton of Long
Island Sound. Limnol Oceanogr 62(3):1122—1138. https://doi.org/
10.1002/In0.10490

Guimardes JRD, Fostier AH, Forti MC, Melfi JA, Kehrig H, Mauro JBN,
..., Krug JF (1999) Mercury in human and environmental samples
from two lakes in Amapa, Brazilian Amazon. Ambio-J] Hum
Environ Res Manag 28(4):296-301. https://doi.org/10.1080/
027868299304435

Guimaraes JRD, Meili M, Hylander LD, e Silva EDC, Roulet M, Mauro
JBN, de Lemos RA (2000) Mercury net methylation in five tropical
flood plain regions of Brazil: high in the root zone of floating mac-
rophyte mats but low in surface sediments and flooded soils. Sci
Total Environ 261(1-3):99—107. https://doi.org/10.1016/S0048-
9697(00)00628-8

Guo Y, Zhao YZ, Long SX, Li YL, Zhang B (2015) Study on water
environmet characteristics in the stage of governance effect of lake
eutrophication: taking drinking water sources of Hongfeng Lake in
Guiyang as an example. Environ Pollut Control (In Chinese)

Gustin MS, Lindberg S, Marsik F, Casimir A, Ebinghaus R, Edwards G,
..., London J (1999) Nevada STORMS project: measurement of
mercury emissions from naturally enriched surfaces. J Geophys
Res-Atmos 104(D17):21831-21844. https://doi.org/10.1029/
1999ID900351

@ Springer

Hall BD, Bodaly RA, Fudge RJP et al (1997) Food as the dominant
pathway of methylmercury uptake by fish. Water Air Soil Pollut
100(1-2):13-24. https://doi.org/10.1023/A:1018071406537

Hall BD, Cherewyk KA, Paterson MJ, Bodaly RDA (2009) Changes in
methyl mercury concentrations in zooplankton from four experi-
mental reservoirs with differing amounts of carbon in the flooded
catchments. Can J Fish Aquat Sci 66(11):1910-1919. https://doi.
org/10.1139/F09-123

He T, Feng X, Guo Y, Qiu G, Li Z, Liang L, Lu J (2008) The impact of
eutrophication on the biogeochemical cycling of mercury species in
a reservoir: a case study from Hongfeng Reservoir, Guizhou, China.
Environ Pollut 154(1):56—67. https://doi.org/10.1016/j.envpol.
2007.11.013

He TR, Wu YY, Feng XB (2010) The impact of eutrophication on distri-
bution and speciation of mercury in Hongfeng Reservoir, Guizhou
Province. J Lake Sci (In Chinese)

He T, Zhu Y, Yin D, Luo G, An Y, Yan H, Qian X (2015) The impact of
acid mine drainage on the methylmercury cycling at the sediment—
water interface in Aha Reservoir, Guizhou, China. Environ Sci
Pollut Res 22(7):5124-5138. https://doi.org/10.1007/s11356-014-
3864-x.

Horvat M, Liang L, Bloom NS (1993) Comparison of distillation with
other current isolation methods for the determination of methyl mer-
cury compounds in low level environmental samples. Part 2: water.
Anal Chim Acta 282:153-168. https://doi.org/10.1016/0003-
2670(93)80364-Q

Jiang YZ, Chu NS (1979) Crustacea. Freshwater cladocerans. In: Fauna
Sinica. Science Press, Beijing, p 1-294 (In Chinese)

Kainz M, Mazumder A (2005) Effect of algal and bacterial diet on methyl
mercury concentrations in zooplankton. Environ Sci Technol 39(6):
1666-1672. https://doi.org/10.1021/es0491190

Kainz MJ, Lucotte M, Parrish CC (2002) Methyl mercury in
zooplankton—the role of size, habitat, and food quality. Can J
Fish Aquat Sci 59(10):1606-1615. https://doi.org/10.1139/f02-125

Kainz M, Telmer K, Mazumder A (2006) Bioaccumulation patterns of
methyl mercury and essential fatty acids in lacustrine planktonic
food webs and fish. Sci Total Environ 368(1):271-282. https://doi.
org/10.1016/j.scitotenv.2005.09.035

Kelly CA, Rudd JW, Holoka MH (2003) Effect of pH on mercury uptake
by an aquatic bacterium: implications for Hg cycling. Environ Sci
Technol 37(13):2941-2946. https://doi.org/10.1021/es0263660

Kratzer CR, Brezonik PL (1981) A Carlson-type trophic state index for
nitrogen in FLORIDA lakes 1. JAWRA J Am Water Resour Assoc
17(4):713-715. https://doi.org/10.1111/j.1752-1688.1981.tb01282.
X

Li GH (2004) Study on environmental mercury pollution in zinc smelting
in Guizhou Province. Southwest Agricultural University,
Chongging (In Chinese)

Liu RH, Wang QC, Lu XG, Ma ZW, Fang FM (2002) Mercury in the peat
bog ecosystem in Xiaoxing an mountain in China. Chin J Enviro Sci
(04):102—-106 (In Chinese)

Long SX, Chen Y, Yu ZX, Guo Y, Pan J (2012) Characteristics of
peridiniopsis bloom of spring in Sanbanxi reservoir of
Qiandongnan state of Guizhou. Environ Monit China 28(6):27-31
(In Chinese)

Long SX, Yang Y, Xia PH, Chen C, Liu ZW, Ma JR, ..., Yun G (2016)
Accumulation of metals in zooplankton from karst plateau reservoirs
with different eutrophic status in Guizhou Province, P R China
Crustaceana 89(5):537-557. https://doi.org/10.1163/15685403-
00003545

Long SX, Hamilton PB, Yang Y, Wang S, Chen C, Tao R (2018)
Differential bioaccumulation of mercury by zooplankton taxa in a
mercury-contaminated reservoir Guizhou China. Environ Pollut
239:147-160. https://doi.org/10.1016/j.envpol.2018.04.008

Louis VLS, Rudd JWM, Kelly CA, Beaty KG, Bloom NS, Flett RJ
(1994) Importance of wetlands as sources of methyl mercury to


https://doi.org/10.1023/A:1005989229089
https://doi.org/10.1023/A:1005989229089
https://doi.org/10.1641/B570106
https://doi.org/10.1023/A:1015846605651
https://doi.org/10.1023/A:1015846605651
https://doi.org/10.1007/978-981-10-6719-87
https://doi.org/10.1007/978-981-10-6719-87
https://doi.org/10.1007/978-981-10-6719-8_2
https://doi.org/10.1007/978-981-10-6719-8_2
https://doi.org/10.1002/etc.95
https://doi.org/10.1007/s10661-006-9442-z
https://doi.org/10.1007/s10661-006-9442-z
https://doi.org/10.1128/AEM.00717-07
https://doi.org/10.1128/AEM.00717-07
https://doi.org/10.1002/Ino.10490
https://doi.org/10.1002/Ino.10490
https://doi.org/10.1080/027868299304435
https://doi.org/10.1080/027868299304435
https://doi.org/10.1016/S0048-9697(00)00628-8
https://doi.org/10.1016/S0048-9697(00)00628-8
https://doi.org/10.1029/1999JD900351
https://doi.org/10.1029/1999JD900351
https://doi.org/10.1023/A:1018071406537
https://doi.org/10.1139/F09-123
https://doi.org/10.1139/F09-123
https://doi.org/10.1016/j.envpol.2007.11.013
https://doi.org/10.1016/j.envpol.2007.11.013
https://doi.org/10.1007/s11356-014-3864-x.
https://doi.org/10.1007/s11356-014-3864-x.
https://doi.org/10.1016/0003-2670(93)80364-Q
https://doi.org/10.1016/0003-2670(93)80364-Q
https://doi.org/10.1021/es049119o
https://doi.org/10.1139/f02-125
https://doi.org/10.1016/j.scitotenv.2005.09.035
https://doi.org/10.1016/j.scitotenv.2005.09.035
https://doi.org/10.1021/es026366o
https://doi.org/10.1111/j.1752-1688.1981.tb01282.x
https://doi.org/10.1111/j.1752-1688.1981.tb01282.x
https://doi.org/10.1163/15685403-00003545
https://doi.org/10.1163/15685403-00003545
https://doi.org/10.1016/j.envpol.2018.04.008

Environ Sci Pollut Res (2020) 27:8596-8610

8609

boreal forest ecosystems. Can J Fish Aquat Sci 51:1065-1076.
https://doi.org/10.1139/f94-106

Lu TC, Liu CQ, Wang SL, Xu F, Liu F (2007) Seasonal variability of
p(CO,) in the two karst reservoirs, Hongfeng and Baihua lakes in
Guizhou province, China. Environ Sci 12:2674-2681 (In Chinese)

Masson S, Tremblay A (2003) Effects of intensive fishing on the structure
of zooplankton communities and mercury levels. Sci Total Environ
304(1-3):377-390. https://doi.org/10.1016/S0048-9697(02)00583-
1

Matthews R, Hilles M, Pelletier G (2002) Determining trophic state in
Lake Whatcom, Washington (USA), a soft water lake exhibiting
seasonal nitrogen limitation. Hydro-biologia 468(1-3):107—121.
https://doi.org/10.1023/A:1015288519122

Mergler D, Anderson HA, Chan LHM et al (2007) Methylmercury ex-
posure and health effects in humans: a worldwide concern. AMBIO
36(1):3—11. https://doi.org/10.1579/0044-7447(2007)36(3:
MEAHEI)2.0.CO;2

Miskimmin BM, Rudd JW, Kelly CA (1992) Influence of dissolved or-
ganic carbon, pH, and microbial respiration rates on mercury meth-
ylation and demethylation in lake water. Can J Fish Aquat Sci 49(1):
17-22. https://doi.org/10.1139/92-002

Monson BA, Brezonik PL (1999) Influence of food, aquatic humus, and
alkalinity on methylmercury uptake by Daphnia magna. Environ
Toxicol Chem 18(3):560-566. https://doi.org/10.1002/etc.
5620180326

Morel FM, Kraepiel AM, Amyot M (1998) The chemical cycle and
bioaccumulation of mercury. Annu Rev Ecol Syst 29(29):543—
566. https://doi.org/10.1146/annurev.ecolsys.29.1.543

Pépista E, Acs E, Boddi B (2002) Chlorophyll-a determination with eth-
anol — acritical test. Hydrobiologia 485(1):191-198. https://doi.org/
10.1023/A:1021329602685

Paterson MJ, Rudd JW, St Louis V (1998) Increases in total and methyl-
mercury in zooplankton following flooding of a peatland reservoir.
Environ Sci Technol 32(24):3868-3874. https://doi.org/10.1021/
59803431

Pickhardt PC, Folt CL, Chen CY, Klaue B, Blum JD (2002) Algal blooms
reduce the uptake of toxic methylmercury in freshwater food webs.
Proc Natl Acad Sci 99(7):4419—4423. https://doi.org/10.1073/pnas.
072531099

Poulet SA (1976) Feeding of Pseudocalanus minutus on living and non-
living particles. Mar Biol 34(2):117—125. https://doi.org/10.1007/
BF00390753

Qian XL, Feng XB, Bi XY (2009) Effect of water quality parameters on
mercury methylation in the surface waters of Caohai lake. J
Southwest Univ (Nat Sci Ed) 31(11):67-71 (In Chinese)

Qiu G, Feng X, Wang S, Shang L (2006) Environmental contamination of
mercury from Hg-mining areas in Wuchuan, northeasten Guizhou,
China. Environ Pollut 142(3):549-558. https://doi.org/10.1016/].
envpol.2005.10.015

Razavi NR, Qu M, Chen D, Zhong Y, Ren W, Wang Y, Campbell LM
(2015) Effect of eutrophication on mercury (Hg) dynamics in sub-
tropical reservoirs from a high Hg deposition ecoregion. Limnol
Oceanogr 60(2):386—401. https://doi.org/10.1002/In0.10036

Rolthus KR, Hall BD, Monson BA, Paterson MJ, Jeremiason JD (2011)
Assessment of mercury bioaccumulation within the pelagic food
web of lakes in the western Great Lakes region. Ecotoxicology
20(7):1520-1529. https://doi.org/10.1007/s10646-011-0733-y

Schéfer J, Castelle S, Blanc G, Dabrin A, Masson M (2010) Mercury
methylation in the sediments of a macrotidal estuary (Gironde
Estuary, south-west France). Estuar Coast Shelf Sci 90(2):80-92.
https://doi.org/10.1016/j.ecss.2010.07.007

Shen CJ, Song DX (1979) Freshwater copepoda: calanoida. In: Fauna
sinica, crustacea:1-450. Science Press, Beijing (In Chinese)

State Environmental Protection of China (1990a) Water quality-
determination of total nitrogen-alkaline potassium persulfate diges-
tion: UV spectrophotometric method. GB11894-89. Beijing, China

State Environmental Protection of China (1990b) Water quality-
determination of total phosphorus: ammonium molybdate spectro-
photometric method. GB 11893-89. Beijing, China

Steinberg DK, Pilskaln CH, Silver MW (1998) Contribution of zooplank-
ton associated with detritus to sediment trap \'swimmer\' carbon in
Monterey Bay, California, USA. Marine Ecol Progress 164(1):157—
166. https://doi.org/10.3354/meps164157

Stewart AR, Saiki MK, Kuwabara JS, Alpers CN, Marvin-DiPasquale M,
Krabbenhoft DP (2008) Influence of plankton mercury dynamics
and trophic pathways on mercury concentrations of top predator fish
of a mining-impacted reservoir. Can J Fish Aquat Sci 65(11):2351—
2366. https://doi.org/10.1139/F08-140

Surette C, Lucotte M, Tremblay A (2006) Influence of intensive fishing
on the partitioning of mercury and methylmercury in three lakes of
Northern Québec. Sci Total Environ 368(1):248-261. https://doi.
org/10.1016/j.scitotenv.2005.09.038

Swift MJ, Heal OW, Anderson JM (1979) Decomposition in terrestrial
ecosystems. Stud Ecol 5(14):2772-2774. https://doi.org/10.1063/1.
1615673

Tan H, He JL, Liang L, Lazoff S, Sommer J, Xiao ZF, Lindqvist O (2000)
Atmospheric mercury deposition in Guizhou, China. Sci Total
Environ 259(1-3):223-230. https://doi.org/10.1016/S0048-
9697(00)00584-2

Tang SL, Feng XB, Qiu JR, Yin GX, Yang ZC (2007) Mercury speciation
and emissions from coal combustion in Guiyang, southwest China.
Environ Res 105(2):175-182. https://doi.org/10.1016/j.envres.
2007.03.008

Todorova S, Driscoll CT, Matthews DA, Effler SW (2015) Zooplankton
community changes confound the biodilution theory of methylmer-
cury accumulation in a recovering mercury-contaminated lake.
Environ Sci Technol 49(7):4066. https://doi.org/10.1021/es5044084

Tremblay A, Lucotte M, Rowan D (1995) Different factors related to
mercury concentration in sediments and zooplankton of 73
Canadian lakes. Mercury as a Global Pollutant. Springer,
Dordrecht, pp 961-970. https://doi.org/10.1007/978-94-011-0153-
0_104

Tsui MT, Wang WX (2004) Uptake and elimination routes of inorganic
mercury and methylmercury in Daphnia magna. Environ Sci
Technol 38(3):808-816. https://doi.org/10.1021/es034638x

United States Environmental Protection Agency (2001) Methyl mercury
in water by distillation, aqueous ethylation, purge and trap, and
CVAFS (Method 1630). EPA-821-R-01-020

United States Environmental Protection Agency (2002) Mercury in water
by oxidation, purge and trap, and cold vapor atomic fluorescence
spectrometry (Method 1631, Revision E). EPA-821-R-02-019

Verburg P (2014) Lack of evidence for lower mercury biomagnification
by biomass dilution in more productive lakes: comment on “mercu-
ry biomagnification through food webs is affected by physical and
chemical characteristics of lakes”. Environ Sci Technol 48(17):
10524-10525. https://doi.org/10.1021/es405415¢

Wang Q, Feng X, Yang Y, Yan H (2011) Spatial and temporal variations
of total and methylmercury concentrations in plankton from a
mercury-contaminated and eutrophic reservoir in Guizhou
Province, China. Environ Toxicol Chem 30(12):2739-2747.
https://doi.org/10.1002/etc.696

Wang SM, LiJ, Li Y, Zhu ZZ (2016) Vertical distributions and speciation
of dissolved rare earth elements in Aha lake, southwestern China. J
Chin Soc Rare Earths 34(04):494-503 (In Chinese)

Watras CJ, Bloom NS (1992) Mercury and methylmercury, in individual
zooplankton: implications for bioaccumulation. Limnol Oceanogr
37(6):1313-1318. https://doi.org/10.4319/10.1992.37.6.1313

Watras CJ, Back RC, Halvorsen S, Hudson RJM, Morrison KA, Wente
SP (1998) Bioaccumulation of mercury in pelagic freshwater food
webs. Sci Total Environ 219(2-3):183-208. https://doi.org/10.1016/
S0048-9697(98)00228-9

@ Springer


https://doi.org/10.1139/f94-106
https://doi.org/10.1016/S0048-9697(02)00583-1
https://doi.org/10.1016/S0048-9697(02)00583-1
https://doi.org/10.1023/A:1015288519122
https://doi.org/10.1579/0044-7447(2007)36(3:MEAHEI)2.0.CO;2
https://doi.org/10.1579/0044-7447(2007)36(3:MEAHEI)2.0.CO;2
https://doi.org/10.1139/f92-002
https://doi.org/10.1002/etc.5620180326
https://doi.org/10.1002/etc.5620180326
https://doi.org/10.1146/annurev.ecolsys.29.1.543
https://doi.org/10.1023/A:1021329602685
https://doi.org/10.1023/A:1021329602685
https://doi.org/10.1021/es980343l
https://doi.org/10.1021/es980343l
https://doi.org/10.1073/pnas.072531099
https://doi.org/10.1073/pnas.072531099
https://doi.org/10.1007/BF00390753
https://doi.org/10.1007/BF00390753
https://doi.org/10.1016/j.envpol.2005.10.015
https://doi.org/10.1016/j.envpol.2005.10.015
https://doi.org/10.1002/lno.10036
https://doi.org/10.1007/s10646-011-0733-y
https://doi.org/10.1016/j.ecss.2010.07.007
https://doi.org/10.3354/meps164157
https://doi.org/10.1139/F08-140
https://doi.org/10.1016/j.scitotenv.2005.09.038
https://doi.org/10.1016/j.scitotenv.2005.09.038
https://doi.org/10.1063/1.1615673
https://doi.org/10.1063/1.1615673
https://doi.org/10.1016/S0048-9697(00)00584-2
https://doi.org/10.1016/S0048-9697(00)00584-2
https://doi.org/10.1016/j.envres.2007.03.008
https://doi.org/10.1016/j.envres.2007.03.008
https://doi.org/10.1021/es5044084
https://doi.org/10.1007/978-94-011-0153-0_104
https://doi.org/10.1007/978-94-011-0153-0_104
https://doi.org/10.1021/es034638x
https://doi.org/10.1021/es405415c
https://doi.org/10.1002/etc.696
https://doi.org/10.4319/lo.1992.37.6.1313
https://doi.org/10.1016/S0048-9697(98)00228-9
https://doi.org/10.1016/S0048-9697(98)00228-9

8610

Environ Sci Pollut Res (2020) 27:8596-8610

Westcott K, Kalff J (1996) Environmental factors affecting methyl mer-
cury accumulation in zooplankton. Can J Fish Aquat Sci 53(10):
2221-2228. https://doi.org/10.1139/196-178

Xu D, Chen JA, Yang AQ, Wang JF, Xu YX (2014) Stable isotopic
composition and distribution characteristics of organic carbon in
the stratified column of lake Baihua, Guizhou province. Earth
Environ 42(05):597-603 (In Chinese)

Yan HY, Feng XB, Li ZG, Jiang HM, He TR (2005a) A methodological
development in measuring total mercury in fish using semi-closed
digestion and CVAFS. Shanghai Environ Sci 33:89-92 (In Chinese)

Yan HY, Feng XB, Liang L, Shang LH, Jiang HM (2005b) Determination
Of methylmercury in fish using GC-CVAFS. J Instrum Anal 24:78—
80 (In Chinese)

Yan H, Feng X, Shang L, Qiu G, Dai Q, Wang S, Hou Y (2008) The
variations of mercury in sediment profiles from a historically
mercury-contaminated reservoir, Guizhou province, China. Sci

@ Springer

Total Environ 407(1):497-506. https://doi.org/10.1016/j.scitotenv.
2008.08.043

Yu X, Driscoll CT, Montesdeoca MR, Evers DC, Duron M, Williams K,
... Kamman NC. (2011) Spatial patterns of mercury in biota of
Adirondack, New York lakes. Ecotoxicology 20(7):1543—1554.
https://doi.org/10.1007/s10646-011-0717-y

Zhang W (1999) Environmental characters and eutrophication in
Hongfeng reservoir and Baihua reservoir. Guizhou Technological
Publishing, Guiyang (In Chinese)

Zhang Y, Lei JH (2010) Research on the protection measures of Caohai
wetland in Guizhou. The 12th China Science and Technology
Association Annual Meeting (Volume I)

Publisher’s note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.


https://doi.org/10.1139/f96-178
https://doi.org/10.1016/j.scitotenv.2008.08.043
https://doi.org/10.1016/j.scitotenv.2008.08.043
https://doi.org/10.1007/s10646-011-0717-y

	Mercury...
	Abstract
	Introduction
	Materials and methods
	Study sites
	Sample collection
	Water sampling
	Zooplankton sampling

	Sample analysis
	Hg and MeHg analyses

	Quality assurance/quality control and statistical analyses

	Results
	Water characteristics
	Zooplankton communities
	Total Hg concentration in zooplankton
	MeHg concentration in zooplankton

	Discussion
	Seasonal distribution of mercury in zooplankton
	Relation between zooplankton Hg levels and biological characteristics
	Influence of trophic state on Hg bioaccumulation in zooplankton

	Conclusions
	References




