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Abstract

Dragonflies (Order Odonata) often are considered to be biosentinels of environmental contamination, e.g., heavy metals and/
or persistent organic pollutants (POPs). Dragonflies (n =439) belonging to 15 species of 8 genera were collected from an
abandoned mercury (Hg) mining region in China to investigate the bioaccumulation of total Hg (THg) and methylmercury
(MeHg). THg and MeHg concentrations in dragonflies varied widely within ranges of 0.06—19 mg/kg (average: 1.5 +2.2 mg/
kg) and 0.02-5.7 mg/kg (average: 0.75+0.65 mg/kg), respectively. THg and MeHg were positively correlated with body-
weight (THg: *=0.10, P=0.000; MeHg: r*=0.09, P=0.000). Significant variations were observed among species, with
the highest MeHg value (in Orthetrum triangulare) was fivefold higher than the lowest (in Pantala flavescens). These vari-
ations were consistent with those of nitrogen isotope (3"N) values, indicating that increased 3PN, i.e., trophic levels, may
reflect increased exposure and uptake of biomagnifying MeHg in dragonflies. A toxicological risk assessment found hazard
quotients for specialist dragonfly-consuming birds of up to 7.2, which is 2.4 times greater than the permissible limit of 3,

suggesting a potential toxicological risk of exposure.

Mercury (Hg) is a globally distributed pollutant that can
cause severe exposure risks to the biota of both aquatic
and terrestrial ecosystems (Cristol et al. 2008; Walters
et al. 2010). Apart from unintentional accidents, the domi-
nant pathway of Hg poisoning is through the consumption
of foodstuffs contaminated with Hg, particularly methyl-
mercury (MeHg). As an organic form of Hg, MeHg has
extremely neurotoxic effects and is readily accumulated in
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biota due to its lipophilic and protein-binding properties
(Ullrich et al. 2001). Compared with inorganic Hg (IHg),
MeHg is more easily taken up and can be transported and
biomagnified several million-fold from the water to top
predators via aquatic food chains. Currently, the toxicology
of Hg in vertebrates, especially mammals and humans, has
been comprehensively studied since the Minamata disease
of the 1950s (Harada 1995). Consumption of fish and rice
is considered the major pathway for human exposure to
MeHg (Clarkson and Magos 2006; Feng et al. 2008; Qiu
et al. 2008; Kathryn et al. 2009).

In recent years, numerous ecological indicators have
been identified that are sensitive to changes in aquatic, ter-
restrial, and atmospheric environments and can provide an
early warning of pollution (Zheng et al. 2018; Eagles-Smith
et al. 2020). Insects, spiders, and other vertebrates, usually
those belonging to high trophic levels, have been verified as
effective ecological indicators (Cristol et al. 2008; Jeremia-
son et al. 2016; Popova et al. 2016; Yang et al. 2016; Wil-
liams et al. 2017). Among them, amphibiotic insects play an
important role in the transfer of heavy metals from aquatic
to terrestrial environments due to their demands for high-
carbohydrate diets (Martin-Creuzburg et al. 2017).
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The dragonfly (Odonata) is a typical metamorphosis devel-
opmental insect with aquatic and terrestrial life stages. Its lar-
vae live in freshwater for one to several years then adults live
in a terrestrial environment for several days or weeks (Cor-
doba-Aguilar 2008). Both adults and larvae are predacious,
with larvae mainly preying on tadpoles, shrimp, and small fish
(Johansson and Brodin 2003). Because dragonflies feed on
small insects from both aquatic and terrestrial environments,
they play an important role in pollutant transfer from aquatic
to terrestrial ecosystems and are regarded as a biosentinel
for environmental contamination (Eagles-Smith et al. 2020).
Simultaneously, the dragonfly is preyed upon and consumed
by frogs, spiders, and some insectivorous songbirds, suggest-
ing that it may represent a vector of pollutant transfer to ver-
tebrates through food chains (Sullivan and Rodewald 2012;
Buckland-Nicks et al. 2014; Williams et al. 2017).

Intensive Hg mining activities have generated Hg-con-
taminated sites worldwide. Although Hg mines closed dec-
ades ago, significant quantities of mine-waste calcine pro-
duced during the retorting process continue to release Hg,
posing threats to local ecosystems (Gray et al. 2002; Qiu
et al. 2013). Most previous studies on Hg mining areas have
focused on Hg contamination of water, soil, the atmosphere,
and agricultural crops (Gray 2003; Horvat et al. 2003; Qiu
et al. 2008), confirming that mining areas were heavily Hg
contaminated. Recently, Abeysinghe et al. (2017) reported
elevated levels of Hg in the feathers of songbirds dwelling in
Hg mining areas and found that the spiders played an impor-
tant role in the transfer of Hg via food chains. Recently,
Lesch and Bouwman (2018) and Buckland-Nicks et al.
(2014) suggested that amphibiotic insects, especially drag-
onflies, which have both aquatic and terrestrial life stages,
can become vectors for both Hg and MeHg biomagnification
in aquatic or terrestrial food webs. However, few studies
have focused on dragonflies that may play an important role
in Hg transfer at those typical Hg-contaminated sites.

In the present study, total Hg (THg) and MeHg levels
were determined in dragonflies and the waterbodies of their
habitat at an abandoned large-scale Hg mine in Southwest
China. The objectives were to (1) ascertain the characteris-
tics of THg and MeHg in dragonflies impacted by historic
Hg mining and retorting activities; (2) investigate the distri-
bution of Hg and its influencing factors in different dragonfly
species; and (3) assess the toxicological risk of Hg exposure
on specialist dragonfly-eating birds.

Experimental and Methods
Study Area

The Wanshan Hg mining area (WMMA; 27° 24" 53”-27°
37" 46” N, 109° 8' 2”-109° 22’ 43” E) lies in eastern
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Guizhou Province, Southwest China. It was once the largest
national production center of metallic Hg. It has a typical
mountainous and karstic landform characterized by low ter-
rain in the east, high terrain in the west, and an uplift in the
middle, with elevations ranging between 270 and 1149 m
above sea level. The WMMA has a subtropical humid cli-
mate with abundant precipitation (1378 mm per year) and
mild temperatures (annual average temperature: 13.7 °C).
The Aozhai and Xiaxi Rivers are the main rivers flowing
through the mining area and originate from the Hg mining
sites of Wukeng and Shibakeng, respectively (Fig. 1).

Intensive retorting of cinnabar ores in the WMMA gen-
erated significant quantities of mine-waste calcines, which
contain amounts of water-soluble secondary Hg compounds
(Jasinski 1995; Xu et al. 2019). The water-soluble Hg is
readily released from mine-waste calcines into the sur-
roundings. As much as 12,000 ng/L Hg has been observed
in surface water from nearby ponds receiving leachates of
mine-waste calcines (Qiu et al. 2009). Under certain condi-
tions, the released inorganic Hg can be converted into more
toxic and bioavailable MeHg, causing elevated Hg levels and
toxicological risks in biota.

Sampling and Preparation

Dragonfly samples were collected from ten sites along the
Xiaxi River (XXR) and Aozhai River (AZR) using nylon
dip nets in July 2018 and August 2019: six sites, Wukeng
(WK), Zhongjiapo (ZJP), Boxi (BX), Baimuping (BMP),
Jianxi (JX), and Wawu (WW), are located in XXR; and four
sites, Meizixi (MZX), Baiguoshu (BGS), Aozhai (AZ), and
Shenchongkou (SCK), in AZR (Fig. 1). According to the
density of dragonflies, at least 40 individuals were sampled
at each site. After collection, the species and sex of drag-
onflies were identified according to illustrated handbooks
(Zhang 2019a, b).

A total of 439 individuals belonging to 15 species of
8 genera were collected. Species include Acisoma pan-
orpoides, Diplacodes trivialis, Orthetrum albistylum,
Orthetrum japonicum, Orthetrum melanium, Orthetrum pru-
inosum, Orthetrum sabina, Orthetrum triangulare, Pantala
flavescens, Pseudothemis zonata, Rhyothemis fuliginosa,
Sympetrum croceolum, Sympetrum kunckeli, Sympetrum
speciosum, and Trithemis aurora. The eight genera are Aci-
soma, Diplacodes, Orthetrum, Pantala, Pseudothemis, Rhy-
othemis, Sympetrum, and Trithemis. All the samples belong
to the family Libellulidae (Order Odonata).

Among them, 198 are female, and 257 are male. 201 indi-
viduals (8 species of 4 genera) were collected from AZR
and 238 individuals (11 species of 6 genera) from XXR.
Orthetrum, Pantala, and Sympetrum were the dominant
genera, accounting for 90.7% of all individuals. The four
most common species were O. albistylum, P. flavescens, S.



Archives of Environmental Contamination and Toxicology (2021) 81:25-35

27

Fig. 1 Sampling sites in the
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croceolum, and S.kunckeli, with their population account-
ing for 78.6% of individuals. The dominant species were
S. kunckeli, P. flavescens, and O. albistylum in AZR and P.
flavescens, O. triangulare, and S. kunckeli in XXR.

In the laboratory, all samples were treated individually
with starvation overnight, then anesthetized with alcohol and
weighed. Samples were then thoroughly cleaned with deion-
ized water to remove any contamination, freeze-dried (FDU-
2110, EYELA, Japan) and their dry weight recorded. The
dried samples were crushed individually into powder using
a grinder (Pulverisette 23, Fritsch, Germany). The grinder
was thoroughly cleaned with ethanol between operations to
avoid cross-contamination.

Simultaneously, surface water samples (n=50) for THg
analysis were collected with 200 ml volume borosilicate
glass bottles at each corresponding dragonfly sampling site.
The borosilicate glass bottles were rigorously pre-cleaned
in a muffle furnace at 500 °C for at least 1 h. After surface
water collection, all samples were acidified in situ by adding
0.4% (v/v) of ultra-pure HCI, then stored in a refrigerator
(4 °C) before analysis.

THg and MeHg Analyses

For THg, appropriately 20 mg of sample was weighed and
digested at 95 °C for 3 h with 4 mL of a fresh acid mixture of
H,SO,:HNO; (1:4, v/v). The digestion was then oxidated by
BrCl overnight and filled with deionized water to a constant
volume of 25 mL prior to analysis. THg concentration was
detected by cold vapor atomic fluorescence spectrometry

R Mining & retorting € Sampling sites

== Mining tailingpond o Village

0 1 2Km
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(CVAFS, Model 111, Brooks, USA) followed the reduction of
SnCl, according to USEPA Method 1631e (USEPA 2002).
For THg analysis in surface water, all samples were oxidized
directly by BrCl with 24 h and then were determined by
SnCl, reduction followed USEPA Method 1631e similar to
THg analysis of dragonflies.

For MeHg, approximately 20 mg of sample was digested
at 60 °C for 12 h with 4 mL 4.6 M HNO; according to Ham-
merschmidt and Fitzgerald (2005). MeHg was measured by
gas chromatographic-cold vapor atomic fluorescence spec-
trometry (GC-CVAFS, Model 111, Brooks, USA) following
an ethylating process according to USEPA Method 1630
(USEPA 2001).

Quality Assurance and Quality Control

Quality assurance and quality control (QA/QC) for the
THg and MeHg analyses were conducted using duplicates
(~ 10%), method blanks, matrix spikes, and certified refer-
ence material (TORT-2, NRC Canada). The method blanks
for THg and MeHg were < 5.4 ng/g (~2% of the reference
value of TORT-2) and <0.02 ng/g (detection limit value),
respectively. The average THg concentration of TORT-2
was 268.6 +7.2 ng/g (2 SD, n=6), which is comparable to
the certified value of 270 + 60 ng/g. The measured MeHg
concentration in TORT-2 was 154.1 +4.8 ng/g (2 SD, n=06)
on average, which is comparable to the certified value of
152 + 13 ng/g. The recoveries of THg and MeHg for the
matrix spikes were 96.8-102.1% and 98.2-104.5%, respec-
tively. Recoveries on matrix spikes of THg in water samples
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were in the range of 90-110%. The relative standard devia-
tion was <8.5%.

Stable Nitrogen Isotope (8'°N) Analysis

In the present study, 8'°N was analyzed in two species of O.
triangulare and P. flavescens collected from the WK site,
which exhibited significant differences in THg and MeHg
concentrations. Approximately 400-500 pg of sample were
packaged into a small tin container, and then §'°N was deter-
mined using an isotope ratio mass spectrometer (MAT 253,
Thermo Fisher Scientific Inc., USA) and an elemental ana-
lyzer (Flash EA 2000 HT, Thermo Fisher Scientific Inc.,
USA).
5N = R~ Ra o 1000(%o)
RSt

where R, is the '’N/'N ratio of the samples and R, is the
I5N/1*N ratio of the reference standard, which was atmos-
pheric N,.

The mean percent recoveries of 8'°N were in the range of
99.2-100.4%. Each sample was measured in triplicate and
the relative standard deviation was <0.2%.

Hazard Quotient

High Hg concentrations in dragonflies may pose signifi-
cantly high Hg exposure to their predators. The Merops (M.
viridis and M. philippinus), whose diets depend heavily on
dragonflies, were found in the study region. A hazards quo-
tient (HQ) was applied to evaluate the exposure risk of the
specialized dragonfly predator of Merops and was calculated
as follows (Liu et al. 2015; Ai et al. 2019):

HQ=Z

MDI=DIXCxXp

MDIIHg or MeHg /BW

TDIIHg or MeHg

v/LOAEL x NOAEL
UF

TDI =

where MDI is the daily intake of IHg and MeHg via drag-
onflies (mg), DI is the daily intake of food (g), which is
3.84 g (d.w.) according to Krebs and Avery (1984), BW is
the body weight (g), which is 35 g on average according to
Zhao (2001), C is the Hg concentration in dragonflies (mg/
kg), p is the proportion of dragonflies in food (%), ranging
between 38.3 and 45.1% for Blue-throated bee-eater (Ke
et al. 2017), between 57.9 and 63.0% for Blue-tailed bee-
eater (Wu et al. 2009; Cheng et al. 2012), TDI is the toler-
able daily intake, LOAEL is the lowest observed adverse
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effect level of Hg: 0.9 mg/kg per day for I[Hg, and 0.025 mg/
kg per day for MeHg (Sample et al. 1996), NOAEL is the no
observed adverse effect level of Hg: 0.45 mg/kg per day for
IHg, 0.015 mg/kg per day for MeHg, and UF is the uncer-
tainty factor (a value of 10 was selected).

Statistical Analysis

Data processing was conducted using Microsoft Excel
2010 (Microsoft Corporation, USA). Statistical analysis
was performed using one-way ANOVA with SPSS 22 soft-
ware (IBM, USA). The map of sampling sites was drawn by
CorelDRAW Graphics Suite X8 (Corel, Canada) and figures
were plotted by Origin Pro 2016 (Origin Lab, USA).

Results
THg

The mean THg in all dragonflies was 1.5 +2.2 mg/kg
(n=439), ranging from 0.06 to 18.5 mg/kg. As expected,
dragonflies from the WK site, which is close to the larg-
est mining-waste calcine pile in the WMMA, exhibited the
highest mean THg of 3.7 +3.9 mg/kg. This is almost tenfold
higher (Mann—Whitney U test, P=0.017) than the lowest
value of 0.37 +0.21 mg/kg found at the JX site, which is
approximately 20 km away from a pollutant source. THg
in dragonflies from XXR (average: 2.31 +3.10 mg/kg;
range: 0.14-18.5 mg/kg) was greater (Mann—Whitney
U test, P=0.000) than that of those from AZR (average:
1.0 +0.84 mg/kg; range: 0.06—4.8 mg/kg). Dragonflies col-
lected from the mid-downstream to downstream areas of
ZJP, BX, and BMP exhibited comparable mean levels of
THg, which were 0.93 +0.60 mg/kg, 0.90 +0.34 mg/kg, and
1.0+0.92 mg/kg, respectively. Overall, the THg in dragon-
flies gradually decreased with distance from upstream pol-
lutant sources (Fig. 2a, d).

Variations in mean THg were observed among species,
ranging between 0.63 +0.28 mg/kg in S. croceolum and
8.3+4.3 mg/kg in O. triangulare. Species O. japonicum
and P. zonata also exhibited high values of THg, reaching
7.1+3.4 mg/kg and 5.3 +£2.0 mg/kg on average, respectively.
Of the four most common species, the highest and lowest
THg values were found in O. albistylum and S. croceolum,
averaging 1.8 + 1.5 mg/kg and 0.63 +0.28 mg/kg, respec-
tively. Interestingly, a significant difference in THg was
observed between females and males, with the mean con-
centration in males (1.9 +2.7 mg/kg, n=244) almost double
that of females (1.0+ 1.1 mg/kg, n=195; Mann—Whitney U
test, P=0.000).
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Fig.2 Boxplots of THg (a, d), MeHg (b, e) and MeHg/THg ratio (c,
f) in dragonflies collected from the Aozhai and Xiaxi River water-
sheds (D. trivialis-D.t, O. albistylum-O.a, O. melanium-O.m, O.
triangulare-O.t, P. flavescens-P.t, P. zonata-P.z, R. fuliginosa-R.f, S.
croceolum-S.c, S. kunckeli-S k, S. speciosum-S.s, and T. aurora-T.a)

MeHg

The mean MeHg in all dragonflies was 0.75 +0.65 mg/
kg (n=439). The maximum and minimum values were
5.7 mg/kg and 0.02 mg/kg, which occurred at WK and
JX, respectively. No significant difference in MeHg was
observed between XXR (mean: 0.88 +0.86 mg/kg; range:
0.06-5.7 mg/kg) and AZR (mean: 0.64 +0.46 mg/kg; range:
0.02-2.2 mg/kg; Mann—Whitney U test, P=0.079). Simi-
lar to the case for THg, both WK and MZX, which were
adjacent to pollutant sources, recorded peak mean values
of 1.1 +1.0 mg/kg and 0.93 +0.62 mg/kg, respectively. The
lowest mean MeHg of 0.32+0.19 mg/kg was observed in
JX (Fig. 2b, e). Although dragonflies collected from mid-
downstream to downstream of the ZJP, BX, and BMP sites
exhibited comparable MeHg levels, there was a gradual
decrease in MeHg with distance from upstream pollutant
sources across the study region (Table 1).

Species also exhibited a wide range of MeHg values,
ranging from 0.47 to 2.1 mg/kg, of which the highest and
lowest values were recorded in O. triangulare and P. flave-
scens, respectively. In addition to O. triangulare, species
0. japonicum, O. melanium, O. pruinosum, and P. zonata
exhibited peak MeHg values > 1.0 mg/kg; interestingly,
all of these four species belong to the genus Orthetrum
(Table 2). In the common species, O. albistylum, P. flave-
scens, S. croceolum, and S. kunckeli showed comparable
levels of MeHg, ranging between 0.47 +£0.31 mg/kg and
0.95+0.0.57 mg/kg. Similar to the case of THg, MeHg was
greater in males than in females (Mann—Whitney U test,
P=0.001), with mean values of 0.85 +0.76 mg/kg (n=244)
and 0.61 +0.44 mg/kg (n=195), respectively.

Table 1 Comparisons of THg and MeHg concentrations in dragonflies from the study area

Location N Body weight (mg, dw) THg Conc. (mg/kg, dw) MeHg Conc. (mg/kg, dw) MeHg (%)

Area  Sites Mean SD Min Max Mean SD Min Max Mean SD Min Max Mean SD Min Max

XXR WK 90 945 32 468 173 3.69 385 0309 185 1.061 1.02 0.114 566 3738 151 6.40 719
VAl'd 40 69.8 251 30.1 146 0930 0.600 0302 293 0.744 0521 0220 245 79.6 11.1 41.8 959
BX 14 68.8 267 39.1 122 0.900 0340 0458 158 0.747 0320 0371 128 82.6 7.11 71.5 98.1
BMP 27 849 19 482 126 1.02 0920 0.201 4.11 0.705 0.873 0.122 381 629 244 275 957
X 8 903 165 624 113 0370 0210 0.139 0.720 0316 0.194 0.061 0.642 846 18.8 39.8 99.1
WwWw 59 843 467 263 191 0.822 0.370 0231 1.63 0.712 0.322 0207 141 86.7 6.10 72.5 98.5

AZR MZX 58 112 346 46.1 207 169 122 0237 477 0931 0.621 0.178 220 609 16.6 16.1 99.0
BGS 44 73 20.8 425 129 0.840 0300 0309 1.80 0.654 0.258 0309 1.61 794 17.8 29.0 99.7
AZ 42 61.1 381 264 170 0.771 0330 0.232 1.69 0.528 0.288 0.131 159 693 192 39.0 98.6
SCK 57 925 332 412 183 0.690 049 0.063 251 0427 0334 0.019 139 557 21.6 127 999

Total - 439 86.1 36.0 263 207 152 220 0.063 185 0.751 0.652 0.019 5.66 645 236 6.40 99.9
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MeHg Ratios

The ratios of MeHg to THg (MeHg%) in dragonflies var-
ied widely, ranging from 6.45% to 99.95% with a mean
of 64.5+23.6%. A maximum mean value of 86.7+6.1%
was recorded at WW, and a minimum of 37.4+15.1% was
observed at WK. A positive correlation (Spearman test,
r=0.891, P=0.000) was observed between the MeHg and
THg values at the 10 sites, with a logarithmically increas-
ing pattern (Figure S1). This suggests that MeHg% values
first increased and then decreased at THg concentrations
above ~ 1.2 mg/kg. Overall, a significant negative correlation
was observed between MeHg% and THg (Spearman test,
r=—0.287, P=0.000).

A large variation in MeHg% was observed among spe-
cies, ranging between 22.9 + 6.9 and 89.6 +0.5% on aver-
age (Fig. 2c, f). Peak values of MeHg% mostly occurred
in A. panorpoides, O. pruinosum, and R. fuliginosa, which
were collected from the WW site. Of the common species,
O. albistylum, P. flavescens, S. croceolum, and S. kunck-
eli showed comparable levels of MeHg% ranging between
61.7+19.7 and 76.8 + 12.3%. In addition, species O. japoni-
cum, P. zonata, and O. triangulare, which had the high-
est THg values, exhibited low mean MeHg% values that
ranged from 22.9+6.9 to 29.8 +17.0%. A significant dif-
ference in MeHg% was observed between female and male
S. croceolum (one-way ANOVA, P=0.000), of which the
females (85.9+7.0%) had a higher mean value than males
(70.1 +11.0%).

Correlation Between Body Weight and Hg
Concentration

Both THg and MeHg gradually increased with bodyweight in
all dragonflies (THg: *=0.10, P=0.000; MeHg: r*=0.09,
P=0.000). Similar trends were observed at sites AZR (THg:

?=0.15, P=0.000; MeHg: r*=0.14, P=0.002) and XXR
(THg: r*=0.30, P=0.003; MeHg: r*=0.20, P =0.000;
Fig. 3a, b). The result is consistent with a previous report of
a positive relationship (THg: *=0.38, P<0.001) between
bodyweight and THg concentration in predatory insects such
as Nabidae (Yung et al. 2019).

&§"°N

Species O. triangulare and P. flavescens from site WK
exhibited significant differences in THg (P <0.001) and
MeHg (P <0.001). The 8N value in O. triangulare (mean:
8.26 + 1.15%o, range 6.63—10.3%0, n=11) was significantly
higher than in P. flavescens (mean: 5.86 +2.06%o, range
2.64-8.42%0, n=11; P=0.002).

Discussion
Spatial Variation in THg and MeHg in Dragonflies

Dragonflies appear to provide a more stable and effective
indication of the status of environmental pollutants than
direct indicators such as water, soil, and the atmosphere
(Lesch and Bouwman 2018; Eagles-Smith et al. 2020). As
a typical carnivorous insect, adult dragonflies respond sen-
sitively to Hg contamination in food chains. As expected,
dragonflies in WK had extremely high THg levels, while
dragonflies from other sites showed slightly decreasing or
comparable levels of both THg and MeHg with distance
from upstream Hg sources. This was coincident with the
THg concentrations of surface water (Fig. 4a, b); both THg
(r=0.894, P=0.000) and MeHg (r=0.684, P=0.020)
in dragonflies were positively correlated to surface water
THg, suggesting that they are good indicators of aquatic Hg
concentrations.
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In the present study, Hg concentrations in all drag-
onflies were significantly elevated: fivefold and three-
fold higher than in dragonflies from the Eagle Mountain
Fish Hatchery (MeHg: 0.15 mg/kg, dw) and Kejimkujik
National Park (THg: 0.26 +0.071 mg/kg, dw; MeHg:
0.23 +0.074 mg/kg, dw) as reported by Williams et al.
(2017) and Buckland-Nicks et al. (2014), respectively.
However, they are slightly lower than those reported by
Abeysinghe et al. (2017) in an Hg mining-affected rice
paddy field (THg: 2.7 +0.84 mg/kg, MeHg: 1.8 mg/kg,
dw). Also, an elevated THg value of 4.2 mg/kg (range:
0.23-12 mg/kg) was reported in Odonata from the area of
zinc smelting and chlor-alkali areas (Zhang et al. 2009).
High levels of Hg in dragonflies may imply heavy Hg con-
tamination of the local environment (Zhang et al. 2012;
Lesch and Bouwman 2018).
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Fig.4 Distributions of THg and MeHg in dragonflies and surface
water with distance from upstream Hg pollution sources
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Interspecies Variation in THg and MeHg
Concentrations

Concentrations of THg and MeHg as well as MeHg-to-THg
ratios (MeHg%) varied widely among dragonfly species. The
lowest and highest THg concentrations were found in S. cro-
ceolum and O. triangulare, of which the latter was 13-fold
higher than the former (P =0.000). Similarly, O. triangulare
also exhibited the highest MeHg, which was approximately
fivefold higher than the lowest value, which was found in P.
flavescens (P=0.000). In the common genera, the highest
THg and MeHg concentrations found in Orthetrum were
4.7-fold and 2.8-fold higher (P <0.001) than the lowest
values found in Pantala. Orthetrum is usually two times
higher in bodyweight than Pantala, allowing it to be a more
effective predator and even prey on smaller dragonflies. This
may explain why Orthetrum can accumulate more Hg than
Pantala.

Significant differences in Hg concentration were found
between species. In the present study, THg and MeHg in O.
triangulare were found in higher concentrations than in P.
flavescens (P=0.002), both of which were collected from
the heavily Hg-contaminated WK site. The distribution of
8'°N found in the two species was coincident with THg and
MeHg concentrations. O. triangulare had the higher values
of 8N, while P. flavescens showed lower values (Fig. 5). As
higher 83N values indicate a higher trophic position (Hyodo
2015; Rodenhouse et al. 2019), elevated Hg, particularly
the MeHg in O. triangulare, may be attributed to a higher
trophic position in the food chain.

Interestingly, male dragonflies exhibited higher levels of
both THg and MeHg than those of female dragonflies in the
present study. Heckel and Keener (2007) and Zheng et al.
(2010) reported similar phenomena in cicadae and suggested

-y Elo:

ki *%

Conc. (mg/kg)

THg MeHg "N

Fig.5 8N values (%o) in species P. flavescens and O. triangulare
(***Significant difference at P <0.001, **P <0.01)
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that egg-laying by adult females may cause Hg to excrete
from the body. However, an alternative plausible explanation
for the observed sexual differences in both THg and MeHg
accumulation in dragonflies may be attributed to the shorter
life-span of adult females than of adult males (Cérdoba-Agu-
ilar 2008), therefore, an apparent lower Hg concentration in
females than males.

Influence of Bodyweight on Hg

Life traits such as feeding guilds, life cycle, and habitat are
the main factors controlling the accumulation of Hg (Yung
et al. 2019). In the present study, weakly positive correla-
tions were observed between dragonfly bodyweights and
THg (*=0.10, P=0.000) and MeHg (+* =0.09, P =0.000),
suggesting that bodyweight can lead to an increase of Hg
in dragonflies, but does not make a significant contribu-
tion. Previous investigations have suggested that insects
may demonstrate biomass dilution, causing a decrease in
toxins with increasing bodyweight (Karimi et al. 2007,
Clayden et al. 2013; Verburg 2014). Rapid growth could
significantly reduce MeHg concentrations in organisms as
biomass increases (Karimi et al. 2007; Zheng et al. 2008;
Zhang et al. 2008).

Under certain condition, however, a diet once polluted by
Hg may become the key factor in Hg bioaccumulation. As a
heavily Hg-contaminated site in the present study, dragonfly
predation of insects inhabiting the WMMA, which usually
contained elevated Hg, may become the key pathway of their
Hg bioaccumulation, leading to an anti-biomass dilution.
Compared with many herbivorous insects observed in other
regions, dragonflies in the present study exhibited higher
Hg concentrations (Zheng et al. 2018), probably verifying
that diet rather than bodyweight plays a dominant role in
Hg accumulation.

Potential Risks to Consumers

Adverse effects on avian due to exposure to elevated Hg lev-
els have been reported (Wada et al. 2009; Sauer et al. 2020).
In a previous study, extremely high Hg concentrations of up
to 123 +34 mg/kg were found in the feathers of songbirds
in the study region (Abeysinghe et al. 2017). However, the
accumulation and transfer of elevated Hg levels in songbirds
via food chains remain unclear. Several studies have reported
that members of the Merops, such as the Blue-throated
bee-eater (M. viridis) and Blue-tailed bee-eater (M. philip-
pinus) depend heavily on dragonflies, which can account
for 38.3-45.1% (Ke et al. 2017) and 57.9-63.0% (Wu et al.
2009; Cheng et al. 2012) of their diets, respectively. Such
high rates of dragonfly consumption may contribute to heavy
Hg burdens in songbirds inhabiting Hg mining regions.

Here, we evaluate the hazard quotient (HQ) of the two
species M. viridis and M. philippinus according to their
dietary ratios of Odonata. The results indicate that the
HQs of Blue-throated bee-eater and Blue-tailed bee-eater
are 4.39-5.17 and 6.63-7.22, respectively, both of which
exceed the permissible limit of exposure risk (HQ=3; Liu
et al. 2015; Ai et al. 2019). It is clear that the Blue-tailed
bee-eater, which has the higher dragonfly dietary ratio, has a
higher toxicological risk than the Blue-throated bee-eater at
a particular site. Because both THg and MeHg at site XXR
were higher than at AZR, the two species may experience
greater exposure risk at XXR than at AZR. The emergent
stage of the dragonfly coincides with the reproductive period
of birds, which may greatly increase Hg exposure risk, espe-
cially to nestlings.

Conclusions

Dragonflies (Odonata) collected from large-scale Hg
mining regions exhibited high concentrations of both
THg and MeHg, which had ranges of 0.23—-19 mg/kg and
0.06-5.7 mg/kg, respectively. Both correlated with the
THg concentration of surface water. A positive correlation
was observed between bodyweight and Hg concentration.
Large variations in THg and MeHg occurred among dif-
ferent species, of which O. triangulare and O. japonicum
showed extremely elevated THg and MeHg concentrations
of 8.3+4.3 mg/kg and 2.1 + 1.4 mg/kg, respectively. Spe-
cies with high Hg usually had high §!°N values, indicat-
ing that they occupy high trophic levels. The MeHg-to-THg
ratios also exhibited large variations, ranging between 6.4
and 99.9%. Our findings indicate that dragonflies are sensi-
tive to Hg pollution and can be considered a sentinel for
environmental Hg contamination. High Hg concentrations
in dragonflies also may represent a vector through which Hg
is passed to vertebrates. Future studies should focus on the
mechanisms of Hg accumulation in dragonflies, particularly
of MeHg, as well as Hg transfer in the process of metamor-
phosis from larva to adult. In addition, the exposure risk
to specialist dragonfly consumers, such as Merops song-
birds, warrants greater attention. Dragonflies are effective
biosentinels of environmental Hg, particularly MeHg, and
can be utilized to measure and predict Hg pollution. We
strongly recommend future application of monitoring Hg in
dragonflies for better understanding Hg bioaccumulation,
predicting the potential risk to vertebrates, and evaluating
the effectiveness of Hg reductions from locally employed
environmental managements.

@ Springer



34

Archives of Environmental Contamination and Toxicology (2021) 81:25-35

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00244-021-00854-y.

Acknowledgements Financial support for this work was provided by
the Program of Department of Science and Technology of Guizhou
Province (QianKeHe [2019]2307), the National Key Research and
Development Plan [2018YFC1802602], the Guizhou Provincial
Department of Education (KY[2018]171), and the National Natural
Science Foundation of China (NSFC: 41573135). The authors thank
Mingyan Tan, Lin Kong, and Tingting Shi for their help in laboratory
work.

Declarations

Conflict of interest The authors declare that they have no actual or po-
tential conflicts of interest that could have influenced the work reported
in the manuscript.

References

Abeysinghe KS, Qiu G, Goodale E, Anderson CWN, Bishop K,
Evers DC, Goodale MW, Hintelmann H, Liu S, Mammides C,
Quan R, Wang J, Wu P, Xu X, Yang X, Feng X (2017) Mer-
cury flow through an Asian rice-based food web. Environ Pollut
229:219-228

Ai S, Yang Y, Ding J, Yang W, Bai X, Bao X, Ji W, Zhang Y (2019)
Metal exposure risk assessment for tree sparrows at different
life stages via diet from a polluted area in Northwestern China.
Environ Toxicol Chem 38(12):2785-2796

Buckland-Nicks A, Hillier KN, Avery TS, O’Driscoll NJ (2014)
Mercury bioaccumulation in dragonflies (Odonata: Anisoptera):
examination of life stages and body regions. Environ Toxicol
Chem 33(9):2047-2054

Cheng C, Han L, Yan D (2012) Individual differences in Blue-tailed
Bee-eaters foraging behavior (in Chinese). Sichuan J Zool
31(3):439-442

Clarkson TW, Magos L (2006) The toxicology of mercury and its
chemical compounds. Crit Rev Toxicol 36(8):609-662

Clayden MG, Kidd KA, Wyn B, Kirk JL, Muir DCG, O’Driscoll NJ
(2013) Mercury biomagnification through food webs is affected
by physical and chemical characteristics of lakes. Environ Sci
Technol 47:12047-12053

Coérdoba-Aguilar A (2008) Dragonflies and damselflies: model
organisms for ecological and evolutionary research. Oxford
University Press, Oxford, pp 51-62

Cristol DA, Brasso RL, Condon AM, Fovargue RE, Friedman SL,
Hallinger KK, Monroe AP, White AE (2008) The movement of
aquatic mercury through terrestrial food webs. Science 320:335

Eagles-Smith CA, Willacker JJ, Nelson SJ, Flanagan Pritz CM, Krab-
benhoft DP, Chen CY, Ackerman JT, Grant EHC, Pilliod DS
(2020) A national-scale assessment of mercury bioaccumula-
tion in United States national parks using dragonfly larvae as
biosentinels through a citizen-science framework. Environ Sci
Technol 54:8779-8790

Feng X, Li P, Qiu G, Wang S, Li G, Shang L, Meng B, Jiang H,
Bai W, Li Z (2008) Human exposure to methylmercury through
rice intake in mercury mining areas, Guizhou Province, China.
Environ Sci Technol 42:326-332

Gray JE, Stillings LL (2003) Leaching, transport, and methylation
of mercury in and around abandoned mercury mines in the

@ Springer

Humboldt River Basin and surrounding areas, Nevada. Chap-
ter C. pp 6-12

Gray J, Crock J, Lasorsa B (2002) Mercury methylation at mercury
mines in the Humboldt River Basin, Nevada, USA. Geochem
Explor Environ 2:143-149

Hammerschmidt CR, Fitzgerald WF (2005) Methylmercury in mosqui-
toes related to atmospheric mercury deposition and contamina-
tion. Environ Sci Technol 39:3034-3039

Harada M (1995) Minamata disease: methylmercury poisoning in Japan
caused by environmental pollution. Crit Rev Toxicol 25:1-24

Heckel PF, Keener TC (2007) Sex differences noted in mercury bio-
accumulation in Magicicada cassini. Chemosphere 69(1):79-81

Horvat M, Nolde N, Fajon V, Jereb V, Logar M, Lojen S, Jacimovic
RFIL, Faganeli J, Drobne D (2003) Total mercury, methylmercury
and selenium in mercury polluted areas in the province Guizhou,
China. Sci Total Environ 304:231-256

Hyodo F (2015) Use of stable carbon and nitrogen isotopes in insect
trophic ecology. J Entomol Sci 18:295-312

Jasinski SM (1995) The materials flow of mercury in the United States.
Resour Conserv Recycl 15:145-179

Jeremiason JD, Reiser TK, Weitz RA, Berndt ME, Aiken GR (2016)
Aeshnid dragonfly larvae as bioindicators of methylmercury con-
tamination in aquatic systems impacted by elevated sulfate load-
ing. Ecotoxicology 25:456—468

Johansson F, Brodin T (2003) Effects of fish predators and abiotic fac-
tors on dragonfly community structure. J Freshw Ecol 3:415-423

Karimi R, Chen CY, Pickhardt PC, Fisher NS, Folt CL (2007) Stoichio-
metric controls of mercury dilution by growth. Proc Natl Acad Sci
USA 104(18):7477-7482

Kathryn MR, Robert CP, Rebecca JA (2009) Adult women’s blood
mercury concentrations vary regionally in the United States: asso-
ciation with patterns of fish consumption (NHANES 1999-2004).
Environ Health Perspect 117(1):47-53

Ke D, Deng Y, Guo W, Zhang Z, Huang Z (2017) Diets and predatory
behavior of blue-throated bee-eater Merops viridis (abstract in
Chinese). Chin J Zool 52(4):592-597

Krebs JR, Avery MI (1984) Chick growth and prey quality in the Euro-
pean bee-eater (Merops apiaster). Oecologia 64:363-368

Lesch V, Bouwman H (2018) Adult dragonflies are indicators of envi-
ronmental metallic elements. Chemosphere 209:654—-665

LiuJ, Liang J, Yuan X, Zeng G, Yuan Y, Wu H, Huang X, Liu J, Hua S,
LiF, Li X (2015) An integrated model for assessing heavy metal
exposure risk to migratory birds in wetland ecosystem: a case
study in Dongting Lake Wetland, China. Chemosphere 135:14-19

Martin-Creuzburg D, Kowarik C, Straile D (2017) Cross-ecosystem
fluxes: export of polyunsaturated fatty acids from aquatic to
terrestrial ecosystems via emerging insects. Sci Total Environ
577:174-182

Popova ON, Haritonov AY, Anishchenko OV, Gladyshev MI (2016)
Export of biomass and metals from aquatic to terrestrial ecosys-
tems via the emergence of dragonflies (Insecta: Odonata). Con-
temp Probl Ecol 9:458—473

Qiu G, Feng X, Li P, Wang S, Li G, Shang L, Fu X (2008) Methyl-
mercury accumulation in rice (Oryza sativa L.) grown at aban-
doned mercury mines in Guizhou. China J Agric Food Chem
56:2465-2468

Qiu G, Feng X, Wang S, Fu X, Shang L (2009) Mercury distribu-
tion and speciation in water and fish from abandoned Hg mines
in Wanshan, Guizhou province, China. Sci Total Environ
407:5162-5168

Qiu G, Feng X, Meng B, Zhang C, Gu C, Du B, Lin Y (2013) Environ-
mental geochemistry of an abandoned mercury mine in Yanwup-
ing, Guizhou Province, China. Environ Res 125:124-130

Rodenhouse NL, Lowe WH, Gebauer RLE, Mcfarland KP, Bank
MS (2019) Mercury bioaccumulation in temperate forest food


https://doi.org/10.1007/s00244-021-00854-y

Archives of Environmental Contamination and Toxicology (2021) 81:25-35

35

webs associated with headwater streams. Sci Total Environ
665:1125-1134

Sample BE, Opresko DM, Suter IIGW (1996) Toxicological bench-
marks for wildlife: 1996 Revision, the National Technical Infor-
mation Service, U.S. Department of Commerce, United States,
pp 1-43

Sauer AK, Driscoll CT, Evers DC, Adams EM, Yang Y (2020) Mer-
cury exposure in songbird communities along an elevational gra-
dient on Whiteface Mountain, Adirondack Park (New York, USA).
Ecotoxicology 29(10):1830-1842

Sullivan SMP, Rodewald AD (2012) The energetic pathways that move
contaminants from aquatic to terrestrial environments. Environ
Toxicol Chem 31(6):1175-1183

Ullrich SM, Tanton TW, Abdrashitova SA (2001) Mercury in the
aquatic environment: a review of factors affecting methylation.
Crit Rev Environ Sci Technol 31(3):241-293

USEPA (2001) Method 1630: methyl mercury in water by distilla-
tion, aqueous ethylation, purge and trap, and cold vapor atomic
fluorescence spectrometry. EPA-821-R-01-020. U.S. EPA, Wash-
ington, DC

USEPA (2002) Method 1631E: mercury in water by oxidation, purge
and trap, and cold vapor atomic fluorescence spectrometry, EPA-
821-R-02-019. U.S. EPA, Washington, DC

Verburg P (2014) Lack of evidence for lower mercury biomagnifi-
cation by biomass dilution in more productive lakes: comment
on “mercury biomagnification through food webs is affected by
physical and chemical characteristics of lakes.” Environ Sci Tech-
nol 48:10524-10525

Wada H, Cristol DA, Mcnabb PMA, Hopkins WA (2009) Suppressed
adrenocortical responses and thyroid hormone levels in birds near
a mercury-contaminated river. Environ Sci Technol 43:6031-6038

Walters DM, Mills MA, Fritz KM, Raikow DF (2010) Spider-mediated
flux of PCBs from contaminated sediments to terrestrial ecosys-
tems and potential risks to arachnivorous birds. Environ Sci Tech-
nol 44:2849-2856

Williams EB, Chumchal MM, Drenner RW, Kennedy JH (2017)
Seasonality of odonate-mediated methylmercury flux from
permanent and semipermanent ponds and potential risk to red-
winged blackbirds (Agelaius phoeniceus). Environ Toxicol Chem
36(10):2833-2837

Wu Z, Han L, Kuang Z (2009) Breeding behaviors of blue-tailed
bee-eater of Nujiang Valley (abstract in Chinese). Zool Res
30(4):429-432

Xu X, Gu C, Feng X, Qiu G, Shang L, Xu Z, Lu Q, Xiao D, Wang H,
Lin Y, Larssen T (2019) Weir building: a potential cost-effective
method for reducing mercury leaching from abandoned mining
tailings. Sci Total Environ 651:171-178

Yang H, Peng Y, Tian J, Wang J, Hu J, Wang Z (2016) Spiders as excel-
lent experimental models for investigation of heavy metal impacts
on the environment: a review. Environ Earth Sci 75:1059-1065

Yung L, Bertheau C, Cazaux D, Regier N, Slaveykova VI, Chalot M
(2019) Insect life traits are key factors in mercury accumulation
and transfer within the terrestrial food web. Environ Sci Technol
53:11122-11132

Zhang H (2019a) Dragonflies and damselflies of China, vol 1, 1st edn.
Chonggqing University Press, Chongqing, pp 1-736

Zhang H (2019b) Dragonflies and damselflies of China, vol 2, 1st edn.
Chongqing University Press, Chongqing, pp 736-938

Zhang Z, Wang Q, Zheng D, Tian L, Zhang X, Zhang X, Zhang S
(2008) Mercury concentration and distribution in Locusta migra-
toria manilensis in Huludao City of Liaoning Province, China
(abstract in Chinese). Chinese J Ecol 27(9):1526-1530

Zhang Z, Wang Q, Lu X, Zheng D, Sun X, Zhang X, Zhang S (2009)
Heavy metal contents in insects collected from the Huludao City
suffering pollution by zinc smelting and cholor-alkai production
(abstract in Chinese). Environ Sci 30(07):2077-2081

Zhang Z, Song X, Wang Q, Lu X (2012) Mercury bioaccumulation and
prediction in terrestrial insects from soil in Huludao City, North-
east China. Bull Environ Contam Toxicol 89:107-112

Zhao Z (2001) Handbook of the birds of China, vol I. Jilin Science
and Technology Press, Changchun, pp 721-725 ((in Chinese))

Zheng D, Wang Q, Zhang Z, Zheng N, Zhang X (2008) Bioaccumu-
lation of total and methylmercury by arthropods. Bull Environ
Contam Toxicol 81:95-100

Zheng D, Zhang Z, Wang Q (2010) Total and methyl mercury contents
and distribution characteristics in cicada, Cryptotympana atrata
(Fabricius). Bull Environ Contam Toxicol 84:749-753

Zheng D, Liu X, Jin D, Li H, Li X (2018) Mercury bioaccumulation
in arthropods from typical community habitats in a zinc-smelting
area. Environ Geochem Health 40:1329-1337

@ Springer



	Distributions of Total Mercury and Methylmercury in Dragonflies from a Large, Abandoned Mercury Mining Region in China
	Abstract
	Experimental and Methods
	Study Area
	Sampling and Preparation
	THg and MeHg Analyses
	Quality Assurance and Quality Control
	Stable Nitrogen Isotope (δ15N) Analysis
	Hazard Quotient
	Statistical Analysis

	Results
	THg
	MeHg
	MeHg Ratios
	Correlation Between Body Weight and Hg Concentration
	δ15N

	Discussion
	Spatial Variation in THg and MeHg in Dragonflies
	Interspecies Variation in THg and MeHg Concentrations
	Influence of Bodyweight on Hg
	Potential Risks to Consumers

	Conclusions
	Acknowledgements 
	References




