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Abstract Monitoring and evaluating bird expo-
sure to hazardous pollutants in wetlands are receiv-
ing considerable attention. In this study, the occur-
rence of 18 organochlorine pesticides (OCPs) in the
muscle of bean geese (Anser fabalis) and common
teals (Anas crecca) collected from Honghu Lake
Wetland (HLW), Central China was studied. Addi-
tionally, an exposure risk assessment model was
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applied to obtain risk levels of OCPs to these birds
through three oral routes (food intake, water drink-
ing and soil ingestion). The results suggested that
the most abundant OCPs detected in the muscle of
waterbirds were DDTs (7.68-602 ng/g lipid weight),
followed by HCHs (1.39-89.8 ng/g lipid weight). A
significant difference (p <0.05) existed between two
species, but most of OCPs exhibited no statistically
relationship with age or gender (p>0.05). The com-
positional patterns of OCPs combined with ratios of
certain metabolites to their parent compounds indi-
cated that all OCPs in the HLW were largely from
historical usage except heptachlor. The exposure risk
assessment revealed that common teals with lighter
weight had greater exposure risks than bean geese. Of
the OCPs analyzed, DDTs could probably cause harm
to target birds studied here. Exposure via food intake
was identified to be significant while soil ingestion
and water drinking contributed least, but they should
still be concerned.

Keywords Organochlorine residue - Common teal -
Bean goose - Hazard quotient (HQ) - Honghu Lake
Wetland (HLW)

Introduction

As one class of persistent organic pollutants (POPs),

organochlorine pesticides (OCPs) were largely
applied worldwide as insecticides before 1970s (Jiang
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et al., 2009). Their presence brought serious environ-
mental problems, thus many OCPs (e.g. dichlorodi-
phenyltrichloroethane (DDT), hexachlorocyclohexane
(HCH)) have been prohibited or restricted for several
decades (Jin et al., 2017). However, these pollutants
are hard degradable, resulting in their high occur-
rence in the global soil, air, rivers and lakes (Bozlaker
et al., 2009; Luo et al.,, 2019; Yuan et al., 2013).
Moreover, some OCPs, such as dicofol (contains o,p-
DDT), lindane (nearly pure y-HCH), continue to be
used illegally in India, Africa and other developing
countries (Wang et al., 2016; Zhi et al., 2015). Due to
their bioaccumulation ability and ecotoxicity poten-
tial, OCPs are still the hazardous pollutants attracting
great attention (Lv et al., 2020).

Waterbirds are wetland animals that have fre-
quently been used as bio-monitoring species for POP
exposure (Nordstad et al., 2012; Sakellarides et al.,
2006; Zapata et al., 2018). Previous works about
occurrence and effects of POPs in birds were con-
ducted by collecting their tissues (e.g. liver, muscle,
blood, feathers and eggs) (Abbasi et al., 2016). How-
ever, the sampling of these organisms may face many
practical and ethical issues. Therefore, non-destruc-
tive techniques for monitoring and evaluating bird
exposure to hazardous pollutants are highly essential
(Kocagoz et al., 2014; Yin et al., 2018). Modeling is
becoming an inevitable trend without causing harm to
birds (Liang et al., 2016). Until now, there have been
several bioaccumulation models for estimating con-
centrations of POPs in birds (Daley et al., 2014; Gla-
ser & Connolly, 2002; Norstrom et al., 2007), but few
regarding the risks for exposure to these pollutants.
Although Barghi et al. (2018) and Zheng et al. (2018)
assessed potential risks of POPs to various bird spe-
cies, they just compared the observed concentrations
with toxicity reference values. In this study, an inte-
grated risk model was applied to quantitatively evalu-
ate risk levels for wetland birds exposed to OCPs
through ingestion of food, water and soil. It was suc-
cessfully used for assessing bird exposure to toxic
metals (Liang et al., 2016; Liu et al., 2015; Zarrintab
& Mirzaei, 2018), which can provide an effective
method for risk management in wetlands.

China was ever one of the largest producer and
consumer of OCPs as a well-developed agricultural
country (Grung et al., 2015). Honghu Lake Wetland
(HLW) (113°12'-113°26'E, 29°40'-29°58'N), located
in Central China, covers approximately 414 km?. It
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has been listed as a Wetland of International Impor-
tance since 2008. Geographically, the Honghu Lake
region is a part of the Jianghan Plain, which is the
renowned “land of fish and rice”. Thus, great quan-
tities of pesticides were previously used due to the
important role of agriculture in the economy of the
region (Li et al., 2001). In addition, new inputs of lin-
dane and dicofol likely presented in this area (Yuan
et al., 2013). Also, the HLW is an important stopover
and wintering ground for hundred thousands of water-
birds migrating between Australia and East Asia. Two
species, bean geese (Anser fabalis) and common teals
(Anas crecca), are the most commonly found birds in
the HLW. However, they have distinctly different food
habits: common teal is an omnivore while bean goose
is an herbivore. Recently, these birds have suffered
population declines due to illegal hunting and the
extensive use of pesticides (Zhou et al., 2018). There-
fore, the aims of this research were to: 1) explore the
OCP residue concentrations in the muscle of common
teals and bean geese collected from HLW; 2) study
their compositions and possible sources in all inves-
tigated birds; 3) evaluate OCP exposure from oral
ingestion and its potential risks to these birds based
on an improved exposure risk assessment model.

Materials and methods
Sample collection

Common teals (CT, n=19) and bean geese (BG,
n=13) were collected in 2013-2015 from HLW in
collaboration with Wildlife Protection Centre, Hubei.
They were found dead of serious injures or poisoning.
After being transported to the laboratory, these birds
were weighted and dissected to remove muscle sam-
ples. Then, these samples were bagged and held at
—20 °C before OCP analysis. Meanwhile, age (adult
or juvenile) and sex (male or female) were determined
by examination of plumage and gonad (Goutner et al.,
2011). Additionally, surface water (~0.5 m) and sedi-
ment (0—15 cm) were simultaneously sampled at five
selected sites from the core zone of HLW (Fig. 1). It
is the main bird habitat, the area birds are distributed
extensively. According to previous research and field
investigation, plant samples including potamoge-
ton maackianus (P. maackianus, n=3), Vallisneria
natans (V. natans, n=2) and sedge (Carex spp., n=>5)
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Fig. 1 Location of Honghu

Lake Wetland (HLW) and
the sampling sites where
water, sediment and plant
samples were collected

Honghu Lake wAcmmd

113°20'N 113°30'N

30°00'E

Neijing River

were also collected. Among three species, P. maacki-
anus and V. natans are the main food of CT, while
Carex spp. is preferred by BG (Hu et al., 2014; Yang
et al., 2016). For water samples, they were obtained
using amber glass bottles and stored at 4 °C. Sedi-
ment and plant samples were kept at —20 °C in sealed
polyethylene bags until further treatment.

Sample extraction and analysis

The extraction, fractionation and analysis of OCPs
were described previously (Hu et al., 2018; Yuan
et al., 2013). The details of analytical procedures and
GC operating conditions are presented in Supporting
Information S1. Eighteen OCP compounds (includ-
ing HCHs: a-, -, y- and 6-HCH; HCB; DDTs: p,p'-
DDD, o,p-DDT, p,p’-DDE and p,p’-DDT; HEPTs:
heptachlor epoxide and its parent compound hepta-
chlor; ENDs: a-, f-endosulfan and endosulfan sulfate;
CHLs: cis-chlordane and trans-chlordane; Aldrins:
aldrin and dieldrin) were determined using gas chro-
matograph and electron capture detector (GC-ECD).
Chromatographic separation was achieved by a 30 m
length X 0.32 mm i.d. capillary column HP-5.

Quality assurance and quality control (QA/QC)

To evaluate matrix effects and instrumental perfor-
mance, the surrogates were added to all samples under
the same experimental condition. Additionally, one
spiked blank and one procedural blank were analyzed

29°50'E

Luoshan ¢

® Sampling site 29°40'E

in each set of eight samples. The spiked recoveries for
the analytes were in the range of 74-102%. No target
OCPs were detected in all blanks. The LODs (lim-
its of detection) at a signal-to-noise (S/N) of 3 were
0.01-0.1 ng/l for water, 0.01-0.05 pg/kg dry weight
(dw) for sediment and plants, and 0.05-0.64 ng/g
lipid weight (Iw) for bird samples. For parallel sam-
ples (n=3), their relative standard deviations were
3.6-11.4%. The average recoveries of surrogates,
TCmX and PCB209, were 70+15% and 82+13%,
respectively. The reported results were corrected by
the surrogate recoveries.

Data analysis

The SPSS 16.0 statistical software (SPSS Inc., Illi-
nois) was used for data analysis. OCP concentra-
tions were expressed in ng/g lw for bird samples,
ng/l for water, ug/kg dw for sediments and plants.
When OCPs were not detected, a value of LOD/2 was
assigned for statistical evaluation. Statistical signifi-
cance (p <0.05) of differences between species, ages
and sexes were performed with a one-way ANOVA
test.

Exposure risk assessment
An integrated exposure model derived from Ecologi-
cal Risk Assessment and Toxicological Benchmarks

for Wildlife: 1996 Revision was applied to study the
exposure of waterbirds to OCPs in the HLW. Although
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birds are exposed to POPs by various exposure routes,
oral ingestion is the most important pathway (Maul
et al., 2018). The routes of oral exposure for birds
include food uptake, water drinking and soil ingestion
(either deliberate or incidental) (Liu et al., 2015). Thus,
the food consumption rate (I,;, g/d dw) for birds is esti-
mated as follows:

I, = 0.648BW"! (1)

where BW is body weight (g) of exposed birds. In this
study, BW used the average value of birds, which was
383 g for CT and 1750 g for BG according to their
body weight measurement.

Similarly, water consumption rate (/,, 1/d) is calcu-
lated using the following allometric regression model
based on body weight (kg).

I, = 0.059BW*¢’ )

Some species, especially herbivores, may ingest soil
or sediment attached to the food when foraging (Liang
et al., 2016). The soil consumption rate (I, g/d) is
obtained by the following formula:

I, =Pxl, 3)

where P is the proportion of soil or sediment
accounted in food. The value of P was 0.19 for CT
and 0.08 for BG derived from their food items in
stomachs (Hu et al., 2014).

E = Z I; x C;)/BW 4)
i=1
where E] (mg/kg/d), I,(1/d or kg/d), C,-j (mg/l or mg/
kg) and m is oral exposure dose, medium consump-
tion rate (i), concentration of pollutant (j) in medium
(7)) and the number of medium (e.g. soil, water, food),
respectively. In particular, the waterbirds of this study
were more likely to take in sediment attached to their
food aquatic plants. Consequently, soil exposure
doses mentioned below were calculated on the basis
of the OCP concentrations in sediment.
For chemicals that lead to adverse effects, the tol-
erable daily intake can be derived using the following
equation:

(NOAEL,; x LOAEL,)*

. 5
I; TF ®
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where NOAEL; (mg/kg/d), LOAEL; (mg/kg/d), and
TDI; (mg/kg/d) is no observed adverse effect level,
lowest observed adverse effect level, and tolerable
daily intake of chemical (j), respectively. The UF is
uncertainty factor, which was set as 10 to have the
most conservative TDI in this study (CCME, 1998).

To evaluate potential exposure risks caused by
OCPs to bird population, the hazard quotient (HQ) is
computed as a ratio between the oral exposure dose
and the tolerable daily intake.

HQ; = E;/TDI (6)

HQ;>1 indicates that the exposure can result in
adverse effects to birds. However, HQ;<1 suggests
no potential risks to birds.

Results and discussion
OCP levels in waterbirds

The mean and range levels of individual OCPs in the
muscle of common teals and bean geese from HLW
are expressed in Table 1. For both two bird species,
B-HCH, 6-HCH, p,p"-DDT, p,p’-DDE and HCB were
found in every muscle sample. However, the low-
est frequency measured was 32% for o,p’-DDT and
a-endosulfan in CT and 46% for f-endosulfan in BG.
The total contents of OCPs (3 OCPs, sum of the 18
OCPs) were 28.3-696 ng/g Iw in CT (mean: 276 ng/g
Iw) and 40.1-302 ng/g lw in BG (mean: 124 ng/g lw).
This result suggested higher OCP levels in CT than
those in BG. Further statistical analysis showed that
a significant difference between total OCP levels of
these two species was observed (p=0.02, F=6.41),
mainly contributing to their different dietary hab-
its. CT is an omnivore feeding on plant food (69%),
and insects, shrimps (12%), while BG is an herbivore
preying on aquatic plants (Hu et al., 2014). Among
all OCPs, DDTs were the most abundant, with
the concentrations of 9.34-602 ng/g lw in CT and
7.68-235 ng/g Iw in BG, which constituted 65 +25%
and 62+27% of total OCPs (Fig. S1), respectively.
Coinciding with our study, high concentrations and
proportions of DDTs were recorded in birds from
other regions (Luo et al., 2009; Luzardo et al., 2014;
Wau et al., 2019). It is highly attributable to their rela-
tively higher octanol-water partition coefficients (log
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Table 1 Concentrations
(mean and range, ng/g lipid

Common teal (n=19)

Bean goose (n=13)

Freq (%)

Mean Range Freq (%) Mean Range

weight) of organochlorine
pesticides (OCPs) in the
muscle of two waterbird Lipid (%) -
species from Honghu Lake a-HCH 95
Wetland (HLW) S-HCH 100
y-HCH 100
6-HCH 100
HCHs?* 100
p.p'-DDE 100
p.p'-DDD 79
n, number of samples. 0,p'-DDT 32
nd, nop—detectable. Freq, p,p"-DDT 100
detection frequency (%) b
of each pollutant in all DDTs 100
samples HCB 100
Sum of a-HCH, -HCH, heptachlor 100
y-HCH and 6-HCH heptachlor epoxide 95
®Sum of p,p'-DDE, HEPTs® 100
p.p :gg? o,p-DDT and trans-chlordane 47
f P cis-chlordane 84
Sum of heptachlor and CHLs¢ 100
heptachlor epoxide
dSum of trans-chlordane, a-endosulfan 32
and cis-chlordane p-endosulfan 42
eSum of a-endosulfan endosulfan sulfate 79
p-endosulfan and ENDs*® 100
endosulfan sulfate aldrin 95
fSum of aldrin and dieldrin dieldrin 79
¢Sum of HCHs, DDTs, Aldrins’ 100
HCB, HEPTs, CHLs, ENDs ZOCPSg 100

and Aldrins

9.9 7.0-17.2 - 12.8 10.4-17.1
7.44 nd-29.6 100 3.79 0.64-10.2
11.5 0.10-30.4 100 6.35 0.60-25.5
7.18 0.22-24.9 77 2.45 nd-4.97
6.91 0.65-18.7 100 2.70 nd-6.52
33.0 1.39-89.8 100 15.3 3.07-31.4
127 0.28-579 100 50.9 1.40-182
2.711 nd-10.5 77 2.46 nd-11.8
6.91 nd-48.7 54 4.32 nd-13.8
41.9 3.70-276 100 18.8 3.94-56.2
178 9.34-602 100 76.5 7.68-235
214 1.40-150 100 12.7 0.23-67.9
23.0 1.29-77.5 92 11.7 nd-37.0
6.02 nd-58.8 100 1.32 0.12-4.39
29.0 1.96-83.3 100 13.0 0.12-39.1
0.56 nd-2.56 54 0.43 nd-1.73
2.10 nd-7.37 85 0.99 nd-3.48
2.66 nd-8.90 100 1.42 nd-3.48
0.53 nd-4.09 62 1.11 nd-5.44
1.19 nd-7.39 46 0.71 nd-2.32
4.73 nd-21.0 69 2.02 nd-6.76
6.46 nd-32.5 85 3.85 nd-9.89
2.80 nd-20.1 100 0.75 0.15-1.09
2.07 nd-10.0 54 0.63 nd-2.46
4.87 nd-23.1 100 1.38 0.17-3.22
276 28.3-696 100 124 40.1-302

K,,=5.3-6.2) and the extensive application in his-
tory (Wang et al., 2011). HCHs followed, and the
levels ranged from 1.39 to 89.8 ng/g lw, accounting
for 12+ 12% of total OCPs on average. This seems
reasonable since HCHs are less lipophilic and bioac-
cumulative, and have shorter half-lives in biological
systems relative to DDTs (Rajaei et al., 2010). HCB
and HEPTSs contributed almost equally to total OCPs,
their concentrations were 0.23-150 ng/g Iw and
0.12-83.3 ng/g 1w, respectively. Concerning the other
OCPs, CHLs, ENDs and Aldrins occurred at much
lower levels of non-detectable (nd)-8.90, nd-32.5 and
nd-23.1 ng/g Iw, respectively, only contributing less
than 5% to total OCPs.

Results of differences in muscle levels of OCPs
due to age and sex are described in Fig. 2. By com-
parison, adult common teals showed significantly
higher levels than juvenile ones for DDTs, HCB and

ENDs (p<0.02, F>1.50). However, the other OCPs
(HCHs, HEPTs, CHLs and Aldrins) could not reveal
significant differences (p>0.05, F'<3.35). Similarly,
no age-related difference was observed for bean geese
(»>0.05, F<1.06). Regarding the gender, there were
also no noticeable differences in OCP concentra-
tions between males and females for both two species
(»>0.05, F<2.19) (Fig. 2). These findings were con-
sistent with those reported in great cormorant from
Greece (Goutner et al., 2011), yellow-legged gulls
from Spain (Vizuete et al., 2018), common kingfisher
in South China (Wu et al., 2019), common moorhen
and common teals in Central China (Hu et al., 2018),
where the absence of age or gender difference was
ascribed to the low number of samples or (and) the
timing of the collections. These could be somewhat
reflected by our data reported here. For example,
there are only one female, two males and two birds

@ Springer
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Fig. 2 Age-and sex-related

%3
i=3
S

[__JAdult (n=13) ] Juvenile (n=6)

B3 Male (n=10) Female (n=9)

differences in OCP concen-
trations (ng/g lipid weight)
in the muscle of common
teals (CT) and bean geese
(BG) from HLW. An

20
15
10

3

400

(=]

300 5 . i sl 1 B

r&'

‘ Common teal 20

15
10

asterisk (*) indicates the
difference is statistically
significant (p <0.05)

2004 CHLs

1004

Concentration (ng/g lipid weight)

ol Bl el o @%E A

ENDs  Aldrins CHLs END

300

T T
HCHs DDTs HCB HEPTs CHLs ENDs Aldrins

[ Adult (n=8) ] Juvenile (n=5)

HCHs DDTs HCB HEPTs CHLs ENDs Aldrins

B Male (n=6) Female (n=5)

20
2504 15

‘ is ,
10 10
200
I~ - B BT
: o
150+ 0 o LBV S

Bean goose 20

Concentration (ng/g lipid weight)

ENDs

CHLs Aldrins | CHLs ENDs
100
504
OFLIi . E%l—b_r_.__L.,—T—i—._f_é @ . @ &7% e ohoin

Aldrins

HCHs DDTs HCB HEPTs CHLs ENDs Aldrins

of unknown sex for juvenile bean geese. In addition,
birds at low trophic levels usually have a low intake
of organochlorine compounds (OCs) from their food
(Bustnes et al., 2003). Thus, these birds can reach
steady-state equilibrium (OCs intake equivalent to
elimination yearly) with their environment at early
stage of reproduction (Vizuete et al., 2018). In this
work, birds feed mainly on aquatic plants, and they
seem to have been in equilibrium before sampling,
which might weaken the relationship between age and
OC burdens.

For comparison purposes, the concentrations in
the muscle of waterbirds from HLW were expressed
in two weight basis, lipid weight and wet weight. The
overall levels of DDTs in our study (9.34-602 ng/g
Iw; 0.92-59.6 ng/g ww) were much lower than the
reported values in the muscle of common teals in Iran
(mean 561 +320 ng/g ww) (Rajaei et al., 2010), simi-
lar or slight higher than those in eurasian coots from
Turkey (mean 40+ 11 ng/g Iw) (Kocagoz et al., 2014),
common teals in Central China (7.58-243 ng/g 1w)
(Hu et al., 2018), water cocks in South China
(2.4-11 ng/g ww) (Zhang et al., 2011) and ducks in
North China (0.3-2.8 ng/g ww) (Hu et al., 2010).
For HCHs, their contents (1.39-89.8 ng/g 1lw;
0.14-8.89 ng/g ww) in the HLW were compara-
ble to those in the muscle of ducks in North China

@ Springer

T
HCHs DDTs HCB HEPTs CHLs ENDs Aldrins

(0.9-5.0 ng/g ww) (Hu et al., 2010), common teals in
Iran (mean 8 ng/g ww) (Rajaei et al., 2010) and water
cocks in South China (1.9-2.7 ng/g ww) (Zhang
et al., 2011), while significantly greater than the lev-
els measured in eurasian coots from Turkey (mean
3+0.1 ng/g lw) (Kocagoz et al., 2014). Other OCPs
such as HEPTs and HCB (HEPTs: 1.96-83.3 ng/g Iw;
HCB: 1.40-150 ng/g Iw) had similar ranges with data
for muscle of common teals in Central China (HEPTs:
1.03-43.2 ng/g lw; HCB: 0.64-58.8 ng/g 1lw) (Hu
et al., 2018), but had relatively lower levels than com-
mon teals in Iran (HCB: nd-120 ng/g ww) (Rajaei
et al.,, 2010).

Components and sources analysis of OCPs in
waterbirds

The accumulation patterns of DDTs in the muscle of
CT and BG from HLW are given in Fig. 3. Similar
congener patterns were observed for both two bird
species. Considering that p,p’-DDE has higher per-
sistence and biomagnification potentials compared
to others (Luzardo et al., 2014). Of course, p,p'-DDE
dominated among the DDTs studied here, which had
a range of 0.28-579 ng/g lw in CT (mean: 127 ng/g
Iw) and 1.40-182 ng/g lw in BG (mean: 50.9 ng/g
Iw), averagely accounting for 71.0% and 66.5% of
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Fig. 3 The compositional
profiles of DDTs, HCHs

I o-HCH
CJp-HCH

and HEPTS in the muscle

[_ly-HCH

of common teals (CT) and
bean geese (BG) from HLW

7] 8-HCH

CT
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CT

I p.p-DDE
CJp,p-DDD
[Jo,p-DDT
p.p'-DDT

I heptachlor
[ heptachlor-epoxide

0% 20%

total DDTs, respectively. The significantly high bur-
den of p,p’-DDE was also documented in bird tis-
sues in many earlier reports (Wu et al., 2019; Zheng
et al., 2018). For other DDTs, their concentrations
followed the order of p,p’-DDT>o,p’-DDT >p,p'-
DDD, with average proportions of 23.5%, 3.9% and
1.6% in CT and 24.6%, 5.7% and 3.2% in BG, respec-
tively. Contrary to previously reported results (Barghi
et al., 2018; Luo et al., 2009; Luzardo et al., 2014),
p.p'-DDT here was detected in all samples and had
higher contributions than o,p’-DDT. One possible
explanation is that p,p’-DDT has a longer half-life
than o,p’-DDT (Torre et al., 2016). On the other hand,
this accumulation pattern is probably related to its
pollution sources in the region. Commonly, technical
DDT comprises primarily of p,p’-DDT (~75%), with
a less amount of 0,p’-DDT (~15%) (Pan et al., 2016).
Conversely, DDT-containing dicofol has less p,p'-
DDT (~1.7%) compared to o,p’-DDT (~11.4%) (Bai
et al.,, 2015). Thus, the higher proportions of p,p'-
DDT than o,p’-DDT combined with low detectable
of 0,p’-DDT recorded in our samples revealed notable
contributions from technical DDT rather than dicofol.
Moreover, the values of p,p’-DDT to p,p’-DDE were
0.03-7.43 (after removing extreme values 168 and
31.2), with an average ratio of 0.34, demonstrating
that DDTs mainly originated from historical appli-
cation of technical DDT (Xu et al., 2017), but new
inputs also existed in the HLW. The ratios of o,p’-
DDT/p,p"-DDT (range: 0.00-1.22) for samples with
p.p'-DDT/p,p'-DDE > 1 were close to that of techni-
cal DDT (0.2-0.3) (Lv et al., 2020), further suggest-
ing that recent DDT input was most probably from

60% 80% 100%

technical DDT. Even after the ban of technical DDT
for agricultural application in 1983, it continued to
be used as an additive for antifouling paints in fishing
boats until 2014 (Zhi et al., 2015). According to sta-
tistics, the amount of technical DDT used in the pro-
duction of antifouling paints between 1950s and 2005
was about 250 tons/yr (Niu et al., 2016). Available
data showed that there were 14,000 fishing population
and 2,000 fishing boats in Honghu region (Li et al.,
1983). Besides, technical DDT is still permitted for
dicofol production and disease vector control, which
was verified by Lv et al. (2020). From the above, we
can conclude that technical DDT usage in the past
predominated in the HLW. Recent inputs of technical
DDT in antifouling paints and disease vector control
might also be the sources of DDTs in this area.

As shown in Fig. 3, the relative abundance of
four HCH isomers to total HCHs in CT was ranked
as: p-HCH (34.7%)>a-HCH (22.6%)>y-HCH
(21.8%)>06-HCH (20.9%). Likewise, p-HCH was
dominant in BG, with an average contribution of
41.5%. The predomince of f-HCH in HCH family in
bird samples was expected, since it is the most stable
isomer and could be more readily transformed from
a-HCH and y-HCH (Wang et al., 2016). A previous
study reported that the half-life of f-HCH was up to
7.6 years in fatty tissues (Kuang et al., 2020). HCHs
were commonly used in two formulations: lindane
(pure y-HCH:>99%) and technical HCH (y-HCH:
10-12%; p-HCH: 5-12%; o-HCH: 60-70%) (Devi
et al., 2015). Differed from the compositional pat-
terns of HCHs in both lindane and technical HCH,
the relatively higher contribution of f-HCH implied
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that historical application was the main source of
HCHs in the HLW. To explain further, the ratio of
a-HCH/y-HCH was calculated to distinguish HCH
source caused by technical HCH (4-7) from that of
lindane (~0) (Li et al., 2016). In this study, values
of a-HCH/y-HCH in 87.5% of samples were below
4 (0.28-2.46), suggesting mixed usage of lindane
and technical HCH. In line with the present result
reported in bird samples, our recent analyses of water,
sediment and plant samples from the core zone of
HLW (Fig. S2) also demonstrated that f-HCH was
predominant in 85% of samples and the ratios of
a-HCH/y-HCH were 0.78-8.99 (two samples were
excluded because y-HCH was not detected).
Regardless of bird species, heptachlor predomi-
nated the HEPT profiles in the muscle samples
(Fig. 3), with a contribution of more than 74% to
Y HEPTs. Heptachlor has a shorter half-life com-
pared to other OCPs (Yadav et al., 2017), and can
be quickly metabolized to heptachlor epoxide in the
environment (Espin et al., 2010). The high ratios
(>1) between heptachlor and its epoxide indicated
recent inputs of this insecticide in the HLW region.
Heptachlor was banned in 1980s, and it was not pro-
duced or used any more in China (Zhang et al., 2014).
However, heptachlor is one component of technical
chlordane (~5%), which was widely applied to con-
trol termites in buildings and was completely banned
until 2009 (Niu et al., 2016). Given that cis-chlordane
averagely accounted for 70.4% of Y CHLs here, and
the ratios of cis-/trans-chlordane in 90.4% of sam-
ples were above one. The heptachlor occurred in this
area could not be the degradation of technical chlor-
dane. Hence, further research on possible sources
of heptachlor should be carried out. In the case of
HCB, it was detected in all of the muscle samples
making about 8.2% of total OCPs (Fig. S1). HCB
was used as an impurity in the production of chloro-
thalonil (~0.05%), pentachloronitrobenzene (PCNB)
(1~6%), pentachlorophenol (PCP) and its sodium
salt (Na-PCP) (~13%) in China (Zhou et al., 2011).
For this reason, it was very likely the usage of these
HCB-containing chlorinated chemicals in agricul-
ture and schistosome control in the HLW, one typical
agricultural base but also an epidemic area of schis-
tosomiasis prevalence. Moreover, HCB can be pro-
duced during the metallurgy, incineration and com-
bustion processes (Lv et al., 2020). The endosulfan
sulfate was the main contributor among endosulfan
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compounds (74.6% as average), suggesting that endo-
sulfan in the HLW was mainly from historical usage.
Aldrin and dieldrin in China had never been produced
and used in agriculture (Lu et al., 2015). They were
still detected in over 65% of bird samples despite of
their lower levels in this study, perhaps due to the
long-range transportation and illegal usage from
some regions (Niu et al., 2016). It was supported by
the report about their residues in liver samples of both
resident and migratory waterbirds from HLW (Hu
et al., 2014).

Exposure risk assessment

With regard to HCH isomers, the residue concen-
trations of y-HCH (5500 ng/g ww) and p-HCH
(10,000 ng/g ww) in ring-necked pheasants could not
affect their hatching (Wiemeyer, 1996). Connell et al.
(2003) reported that the limit value of 1000 ng/g ww
DDTs in eggs was related to a reduction of survival
for Ardeid species. Obviously, the highest contents of
HCHs and DDTs in the muscle of birds studied here
were all below the toxicological thresholds described
above, meaning safe levels for birds. Nevertheless,
using threshold values to assess toxic hazards in birds
failed to reveal their realistic exposure and the results
varied with species and bird tissues sampled. Most
notably, concentration data used in this method were
obtained by sampling bird tissues, which is a destruc-
tive way for birds. In this case, an integrated exposure
model was conducted to characterize potential risks
to birds of the present work based on OCP levels in
bird-relevant matries (e.g. food, water, sediment).

For risk assessment, OCP residues in water, sedi-
ment and plants from the main bird habitat of HLW
were investigated. Due to limited toxicity data, seven
OCPs were chosen, their concentrations and toxicity
parameters are listed in Table 2. Similar to bird pro-
files, DDTs existed as greater concentrations in both
sediment and plant samples. However, HCH con-
tamination was dominant in water samples because
of their less lipophilic and higher water solubility
than other OCPs (Grung et al., 2015). The NOAEL
and LOAEL values of y-HCH, HCHs, DDTs, hepta-
chlor and chlordane were obtained from toxicologi-
cal benchmarks for wildlife (Sample et al., 1996).
For endosulfan and dieldrin, their LOAEL values
were estimated by multiplying the NOAEL by a fac-
tor of 5.6 (Su et al., 2014). According to Eq. 5, the
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Table 2 Concentration ranges of selected organochlorine pesticides (OCPs) in Honghu Lake Wetland (HLW), their toxicity param-

eters and calculated TDIs

Compounds Water Sediment Plant (ug/kg dw) NOAE L* LOAE L® TDI
(ng/1) (ug/kg dw) P.maackianus + V.natans Carex spp. (mg/kg/d) (mg/kg/d) (mg/kg/d)

y-HCH nd-1.50 nd-0.40 0.22-3.91 0.19-4.48 2 20 0.63
HCHs! 2.72-8.84 1.09-2.59 2.18-31.7 3.10-21.4 0.56 2.25 0.11
DDTs® 0.39-11.3 6.48-22.1 6.60-33.2 1.71-46.8 0.0028 0.028 0.00088
heptachlor 0.05-6.07 nd-2.20 0.34-16.9 0.62-10.1 0.1 1 0.032
chlordane’ nd-0.54 nd-0.17 nd-3.86 0.06-2.67 2.14 10.7 0.48
endosulfan® nd-2.02 nd-0.15 0.24-28.0 0.16-8.56 10 561 2.37
dieldrin nd-0.45 nd-0.09 nd-7.77 nd-4.06 0.077 0.43" 0.018

ANOAEL, no observed adverse effect level, which is obtained from the reference (Sample et al., 1996)

®LOAEL, the lowest observed adverse effect level, which is obtained from the reference (Sample et al., 1996)

°TDI, the tolerable daily intake of chemical

4Sum of a-HCH, g-HCH, y-HCH and 6-HCH

¢Sum of p,p"-DDE, p,p’-DDD, o,p’-DDT and p,p’-DDT
fSum of trans-chlordane, and cis-chlordane

€Sum of a-endosulfan, #-endosulfan and endosulfan sulfate

"The LOAEL value was calculated by multiplying the NOAEL by a factor of 5.6 (Su et al., 2014)

calculated TDIs of individual OCPs were decreased
in the following order: endosulfan>y-HCH > chlor-
dane > HCHs > heptachlor > dieldrin > DDTs.

On this basis, the exposure doses of studied OCPs
to bird species via food uptake, water drinking and
soil ingestion were calculated, and the results are
presented in Fig. 4. As the OCPs are concerned, the
highest total exposure dose through three exposure
routes was 1.55x 107 +8.50x 10 mg/kg/d for CT
and 8.11x10*+8.98x 107 mg/kg/d for BG. From
Fig. 4 and Table 2, values of y-HCH, HCHs, hepta-
chlor, chlordane, endosulfan and dieldrin through
each exposure route were far below their correspond-
ing TDIs. It demonstrated that these OCP levels were
safe to the target birds. Regarding DDTs, both water
and soil exposure doses to all birds were less than
TDI value. However, due to high exposure from food
ingestion, total exposure doses were greater than TDI,
indicating that DDT contamination in food might be
unsafe for birds living here. For all OCPs, exposure
doses via food intake were one to four orders of mag-
nitude greater than soil ingestion and water drinking.
Food intake was evidently significant, and it was the
main route for birds exposed to OCPs. By contrast,
the contributions of soil ingestion and water drinking
to total oral intake of OCPs were very small or even
negligible. It was mostly attributed to the relatively

low OCP concentrations in sediment and water. This
result was different from previous studies that consid-
ered soil exposure as an important route when esti-
mating bird exposure to heavy metals (Liang et al.,
2016; Zarrintab & Mirzaei, 2018).

The HQs of OCPs to common teals and bean geese
are summarized in Fig. 5. Generally, small animals
show less water and food ingestion but higher meta-
bolic rate, as compared to large ones (Liu et al., 2015).
Common teals thus presented higher HQ values than
bean geese, suggesting that birds with lighter weight
had greater risks. The HQs caused by DDTs in 60%
of samples were above the safety level of 1, with the
highest HQ of 3.27, revealing that DDTs could induce
adverse risks to birds. The other OCPs appeared to be
no risk to birds as their HQs varied from 3.22x 107
to 4.32x 1072, which were much less than 1. In terms
of individual OCPs, the exposure risks for CT fol-
lowed the trend of: DDTs > heptachlor > HCHs > diel-
drin > endosulfan > chlordane > y-HCH. Meanwhile,
the highest HQ value in BG was also observed for
DDTs, followed by heptachlor. The DDTs were surely
considered to be the priority pollutants due to their
higher concentrations and lower TDI. Particularly,
heptachlor exhibited the second highest HQ, although
it had lower total exposure dose than HCHs. Like-
wise, the total exposure dose of dieldrin was less than
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that of endosulfan, but the exposure risk of dieldrin
was higher. These findings could be explained mainly
by their much lower TDI values. Heptachlor and diel-
drin are well-known endocrine disrupters, which are
associated with decreased reproduction and survival
rates of birds (Hu et al., 2018; Walker & Newton,
1998). Therefore, attentions should be paid to these
OCPs despite of their trace levels in the environment.

There are some limitations related to exposure can
result in uncertainty in such risk assessment studies.
For example, our risk analysis did not consider the
bird population density, age and sex differences, daily
movement, food composition, length of exposure,
combined effects among pollutants. Small number of
samples and short duration of sampling were also the
reasons for uncertainty. In addition, only seven OCPs
were studied in our study due to limited toxicity data.
These factors could underestimate overall risks and
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lead to unrealistic expectations for control. Anyway,
this study has provided a non-invasive method for
understanding exposure risks of OCPs to birds espe-
cially for endangered or protected species.

Conclusions

Of the 18 analyzed OCPs, HCHs, DDTs, HEPTs and
HCB were measured at relatively higher levels in two
waterbird species living in the HLW, Central China.
Common teals exhibited significantly higher OCP
concentrations than bean geese (p=0.02, F=6.41),
mainly due to their food habits. The OCP concen-
trations in waterbirds studied here were comparable
or even higher than the reported results worldwide.
The compositional patterns suggested that p,p’-DDE
and f-HCH dominated among their two compound
classes, respectively. Most of OCPs were mainly from
historical application, while new inputs of heptachlor
probably existed. The risks caused by OCPs to birds
indicated that food intake was a significant exposure
route. Among all studied OCPs, DDT pollution for
bird exposure was not at a safe level. However, the
current levels and risks of other pesticides (e.g. hepta-
chlor, dieldrin) are also issues of great concern due to
their high persistence and ecotoxicity. Thus, continu-
ous investigation and comprehensive risk assessment
of these pollutants are required to better protect birds
and other biotic resources in wetlands.
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