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• High transfer rates (20–45%) of POPs
from females to eggs.

• POP concentrations seemed not to de-
crease during reproductive period.

• DDT and HCB levels significantly dif-
fered between immigration and emigra-
tion periods.

• POP transport bymigration has little im-
pact on local environment conditions.
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Migratory Birds have been considered biovectors of persistent organic pollutants (POPs) from sources to remote
areas. In the present study, Kentish Plovers (Charadrius alexandrines) were collected in different periods, includ-
ing immigration, breeding and emigration, to investigate the effects of migration and reproduction on POP vari-
ations in this bird species. Significant differences were found for dichlorodiphenyltrichloroethane (DDT) and
hexachlorobenzene (HCB) concentrations in muscles between the immigration and emigration periods (p b

0.01 and p b 0.001, respectively), which could be attributed to the higher pesticide residues in the wintering
grounds of plovers. Female plovers could excrete about 20.8–42.7% of POP load into eggs. Nevertheless, the
POP levels didn't exhibit great reduction during the breeding period compared with other seasons, which sug-
gested that the breeding status had little impact on POP levels in female plovers. The estimated mean transport
masses of POPs driven by plovermigrationwere at themilligram level (range: 0.02–7.05mg), suggesting that the
migration of plovers had limited impacts on the redistributions of POPs along their migratory routes.

© 2019 Elsevier B.V. All rights reserved.
Keywords:
Migratory bird
Seasonal variations
Reproduction
Transfer rate
POP transport
ronmental Chemistry and Ecotoxicology, Research Center for Eco- Environmental Sciences, Chinese Academy of Sciences, Beijing

http://crossmark.crossref.org/dialog/?doi=10.1016/j.scitotenv.2019.03.039&domain=pdf
https://doi.org/10.1016/j.scitotenv.2019.03.039
qhzhang@rcees.ac.cn
Journal logo
https://doi.org/10.1016/j.scitotenv.2019.03.039
http://www.sciencedirect.com/science/journal/
www.elsevier.com/locate/scitotenv


123D. Wang et al. / Science of the Total Environment 670 (2019) 122–128
1. Introduction
Persistent organic pollutants (POPs) are generally characterized by
their environmental persistence, high bioaccumulation tendency and
toxicity to organisms. Their worldwide dispersal has widely received
public concerns due to their potential detrimental effects on both
human and ecological health (El-Shahawi et al., 2010; Guigueno and
Fernie, 2017; Mrema et al., 2013; Wong et al., 2012). Considerable
surveys have revealed high accumulation of various kinds of POPs in
birds all over the world in the past several decades, demonstrating
that the contaminant levels in birds were related to their surrounding
environments (Bustnes et al., 2003; Greaves et al., 2016; Li et al.,
2016). However, unlike other animals, e.g., terrestrial mammals, fish
and many avian species are migratory, they usually travel thousands
of kilometers from breeding grounds to wintering grounds, and spend
most of their life in both areas. Migration has been suggested to be re-
sponsible for the seasonal variations of POP concentrations in birds.
For example, Kunisue et al. (2002) indicated that the concentration of
polychlorinated biphenyls (PCBs) in Common Tern (Sterna hirundo)
from Lake Baikal, Russia, was 20,000 ng g−1 lipid weight (lw) when
they came back from their wintering grounds in spring, which was
much higher than those observed in autumn (5400 ng g−1 lw). How-
ever, studies on the seasonal variations of POP levels in birds are quite
scant.

Migration is one of the important life history events for many an-
imals, especially for avian species. Previous studies have suggested
that migration plays a role of POP transport as birds serve as
biovectors for contaminants (Michelutti et al., 2009; Yuan and Qi,
2011). For example, it was indicated that the anadromous salmons
contributed to higher PCB and mercury concentrations in the lake
sediments from Alaska (Baker et al., 2009; Krummel et al., 2003).
Similarly, Blais et al. (2005) found out that the concentrations of di-
chlorodiphenyltrichloroethane (DDT) and its metabolites, especially
for p,p′-dichlorodiphenyldichloroethylene (p,p′-DDE), PCBs and
hexachlorocyclohexane (HCH) in sediments were significantly and
positively correlated to δ15N, and they attributed the results to the
contaminant transport driven by Northern Fulmars (Fulmarus
glacialis) from Canadian Arctic. In addition, seabird guanos were
also reported to be capable of delivering POPs into lake water, sur-
face and bottom of lake sediment and island soils in some parts of
the world (Evenset et al., 2007; Evenset et al., 2004; Roosens et al.,
2007; Zhu et al., 2014). However, the investigations on the capacities
to deliver POPs by long-distance migration have been still rudimen-
tary so far, and it still keeps uncertain whether this kind of transport
pathway via bird migration will have evident influence on the stabil-
ity of a certain ecosystem.

Reproduction is also an important social behavior for avian species.
Egg laying is commonly regarded as an important pathway for female
birds to reduce their POP load (Lavoie et al., 2010). Some observations
illustrated that the excretion rate of POPs from female to egg was in
the range of 10–190% (Bertolero et al., 2015; Lemmetyinen et al.,
1982; Tanabe et al., 1998). However, these studies didn't provide any in-
formation on fluctuations in POP concentrations in female tissues dur-
ing the breeding season. Additionally, there were also some other
laboratory-based studies suggesting that the excretion rate could be
b1% (Lemmetyinen et al., 1982; Nosek et al., 1992). Hence further inves-
tigations are required to address these discrepancies among these
studies.

Kentish Plover is one of the migratory shorebird species scattered
around the world, mainly feeding in tidal zones, estuary deltas, lake-
shores, coastal wetlands and other wetlands (Que et al., 2015).
Cangzhou Wetland, which is located in the western Bohai Bay,
China as a breeding ground, stopover site or wintering ground for
migratory birds from the Asia-Pacific region. The migratory routes
of Kentish Plovers breeding at Cangzhou Wetland from April to
early September are comparatively clear and they generally
overwinter in South China and Southeast Asia (MacKinnon et al.,
2000). In our previous work (Zheng et al., 2017), various POPs in-
cluding organochlorine pesticides (OCPs), PCBs, polybrominated
diphenyl ethers (PBDEs) and polychlorinateddibenzo-p-dioxins
and dibenzofurans (PCDD/Fs) were comprehensively investigated
in egg, muscle and liver samples of Kentish Plovers from Cangzhou
Wetland, Bohai Bay, China. The tissue distribution analysis indicated
significantly positive correlations between the lipid-normalized POP
concentrations in muscle and liver, suggesting that inter-tissue dis-
tribution was dominated by lipids, and the homogenous distribution
of POPs in tissue lipids at an equilibrium state (Poulin and Haddad,
2012). These results provided important experimental support to
the present study for the assessment of contaminant load and trans-
port mass by migratory birds. Therefore, in this study, tissue-specific
POP variations in Kentish Plovers were investigated during immigra-
tion, breeding and emigration periods, to further explore the effects
of migration and reproduction on the variations of POP concentra-
tions in birds, as well as the capability to deliver POPs by migration.
It was expected that the present results would shed light on how
POP levels were influenced by migration and reproduction in plo-
vers' colonies. To our knowledge, this is one of the very few studies
to estimate the capability of plovers' migration to deliver contami-
nants between breeding and wintering grounds, which may illus-
trate the role of migratory plovers as biovectors for POP transport.

2. Method

2.1. Sample collection

Kentish Plover generally arrive at Cangzhou Wetland, Bohai Bay
in April from their wintering grounds, start reproducing from the
late May to June, and move back to their wintering grounds from
late July to August every year (Que et al., 2015). Therefore, a total
of 60 plover samples were collected in April, late May to early June,
and late July to August, respectively, from 2015 to 2017. The plover
samples were classified into three groups based on the sampling
time: immigration (n = 17, 9 females and 8 males), breeding (n =
12, all females) and emigration (n = 31, 13 females and 18 males)
period. The plover sampling information is exhibited in Table S1
(Supplementary Information).

The details of sample collection have been described in our previous
study (Zheng et al., 2017). Briefly, Kentish Plovers were collected from
CangzhouWildlife Rescue Center, China, with the assistance of National
Bird Banding Center of China. Birds were generally trapped by mist net
during the routine work for bird banding and epidemic source and dis-
ease survey, whichwas approved by State Forestry Bureau. The samples
used in this study were all from those died of unexpected and fatal
wounds or were euthanized after rescue efforts. The muscle and liver
samples were obtained subsequently from the dead birds, wrapped
with aluminum foil and stored under −20 °C before chemical analysis.
Additionally, 30 eggs were also collected in the same area during the
breeding season to investigate the transfer rates of POPs from female
birds into eggs. In order to minimize the effect on productivity at the
nest, only one bird egg was collected in each bird nest (Grove et al.,
2009). The egg samples were stored at 2 °C and then transported to
the laboratory.

2.2. Chemical analysis

The details about sample pretreatment and instrumental analysis
could also be found in our previous study (Zheng et al., 2017). Briefly,
liver, egg and muscle samples were freeze-dried and then extracted
by accelerated solvent extraction (ASE, ASE300, Dionex, USA). Extracts
were subsequently purified bymultilayer silica gel column and concen-
trated to 25 μL. 13C-labeled surrogate standards (68A-LCS, MBDEMXG-
LCS, ES-5465) and recovery standards (68C-IS and EC5350)were spiked
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onto samples prior to the extraction and instrumental analysis, respec-
tively. A high-resolution gas chromatography coupled with high-
resolution mass spectrometry (HRGC/HRMS) system, AutoSpec Ultima
(Waters Micromass, UK) was employed to determine PCBs and PBDEs,
and a DFS system (Thermo Fisher, USA) was used to analyze OCPs.
Based on the results of our previous study (Zheng et al., 2017), the dom-
inant compounds of PCBs, PBDEs, DDTs, HCHs and HCB in plovers were
investigated for different research objectives in this study.

2.3. QA/QC

The target compounds including PCBs, PBDEs and OCPs were ana-
lyzed according to US-EPA methods (1668A, 1614 and 1699, respec-
tively). The recoveries of 13C-labeled surrogate standards were in the
ranges of 40–115%, 35–82% and 15–84% for PCBs, PBDEs and OCPs, re-
spectively, which all met the criteria of acceptance specified in the US-
EPA methods. The limits of detection (LODs) were defined as three
times of the signal/noise ratio. The LOD values for PCBs, PBDEs and
OCPs were in the ranges of 0.287–1088 pg g−1 lw and
1.10–610 pg g−1 lw and 5.78 to 592 pg g−1 lw, respectively. Laboratory
and field blanks were analyzed with each batch of samples for quality
control. Most of the blank values were below LODs, except for CB-28,
CB-52, BDE-28, BDE-47, BDE-100 and p,p′-DDE, which were at a rela-
tively low level (b1% of those in real samples). The reported results
were therefore not corrected for the blanks.

2.4. Contaminant load and transport mass assessment

Mass balance model is an effective approach to assess the transport
capacity (Blais et al., 2007). Within this context, the net transport mass
(Mn) of POPs via bird migration could be simply described by Eq. (1)
based on mass balance:

Mn ¼ Mi−Me ¼ Gi � Ci−Ge � Ce ð1Þ

whereMi andMe are the total transport masses during the immigration
and emigration period, respectively, C is the contaminant load per bird,
and G is the population number. It can be seen that the net transport
mass obviously depends on two parameters: the contaminant load in
each bird and the population sizes arriving at and leaving from
Cangzhou Wetland.

Under ideal conditions, total body load of contaminants in birds
should be measured by the concentrations of POPs in -whole body ho-
mogenates of plovermultiplied by the bodyweight. However, to under-
stand the dynamic process of POPs in bird body, the plover bodies were
dissected, thus total body load of contaminants could not be obtained
using the above method. We tried to use other ways to predict POPs
in plovers by measuring concentrations of pollutants in their muscle
and liver. Hereby, the contaminant load C in Eq. (1) was estimated
through a tissue-composition-based model (Poulin and Haddad,
2012). The volume of distribution at the steady state (Vss) in body was
therefore estimated based on tissue-plasma partition coefficients (Kp)
at the steady state (Eq. (2)):

Vss ¼
X

Ft � Kp
� �þ Fp ð2Þ

where F is the fractional body volume, t is tissue, and p is plasma. Kp is
the numerical value representing the ratio of concentration in tissues
and plasma at equilibrium. Total body load of contaminants C in bird
was then equal to the lipid-normalized concentrations of target com-
pounds multiplied by Vss. According to this model, the value of Kp for
each compound is highly based on its distribution in the total lipid con-
tent. Poulin and Haddad (2012) assumed that the lipid-normalized con-
centrations of lipophilic compounds were the same in all animal tissue
lipids when a steady state was achieved. In fact, our previous study
has already revealed a steady state in plover tissues, and the lipid-
normalized concentrations of target compounds were not statistically
different between muscle and liver (Zheng et al., 2017). According to
the observationsmade by Voorspoels et al. (2006), therewere no statis-
tical differences for the lipid contents in each tissue among different
species (e.g., buzzards, owls and sparrow hawks). Therefore, tissue-
specific (muscle) contaminant concentrations of Kentish Plovers were
used to demonstrate the seasonal variations of POPs and calculate the
body load and transport mass. The Kp values documented by Poulin
and Haddad (2012) were therefore used in the present study
(Table S2). For Kentish Plovers, there was no data for Ft values, there-
fore, we used values of Ft from other bird species, e.g., passerine birds
(Swanson et al., 2017), which were documented as ranges (Table S2).
The median of Ft for each tissue was regarded as the input parameter
and used for the computation of contaminant load. The data about pop-
ulation used to calculate transportmasswas obtained from the record of
Cangzhou Wildlife Rescue Center (unpublished data).

Since egg laying is considered a significant pathway for female birds
to excrete POPs, we hereby estimated the transfer rate of contaminants
from female birds to eggs to understand the relationship between egg
laying and POP concentrations in females. The transfer rate was calcu-
lated based on Eq. (3) (Swanson et al., 2017):

transfer rate %ð Þ ¼ Ce �We

C f
� 100 ð3Þ

where Ce is the concentration in egg, We is the weight of egg, and Cf is
the contaminant load in female plovers which was calculated on the
basis of Eq. (2).

2.5. Statistical analysis

Statistical analysis was performed by SPSS 18.0 (SPSS, Chicago, IL).
Kolmogorov-Smirnov One-Sample Test (K\\S Test) was employed to
examine the differences in contaminant concentrations and physiolog-
ical parameters. LINGO 11.0 (Lindo System Inc., Chicago, USA) was
used to solve the multi-objective programming problem when we esti-
mated maximum or minimum POP transport mass.

3. Results and discussions

3.1. Statistical distribution of contaminant concentrations

The distributions of selected compounds were described as histo-
grams in Fig. S1 (Supplementary Information). The log-transformed
POP concentrations weren't statistically different from normal distribu-
tion with all the p values above 0.05 (K\\S Test, Table S3), suggesting
that the concentrations were log-normally distributed (Clawson et al.,
1991). A tendency of deviating from normal distribution could be ob-
served and was then described as coefficients of skewness and kurtosis
(Fig. S2), which showing a certain degree of left or right skewness
(Fangstrom et al., 2005). Log-normal distribution of concentrations is
commonly reported in many previous studies. For example, the log-
transformed concentrations of HCHs, DDTs and other pesticides exhib-
ited normal distribution in abiotic, biotic and human matrices (Cao
et al., 2004; Gordon et al., 1999; Kim et al., 2002). In the present
study, no significant differences were found for the POP concentrations
among three years (p N 0.05). Thus, the three -year geometric means of
contaminant concentrations in the muscles of Kentish Plovers
(Table S4) were adopted to investigate the seasonal variations in con-
centrations and estimate the transport mass.

3.2. POP levels in immigration and emigration periods

As shown in Fig. 1, the dominant POPs including DDTs, HCHs, PCBs,
PBDEs and HCB in plover muscle samples were investigated in different
periods. The concentrations of POPs in birds were generally higher in
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the immigration period compared to those in the emigration period. The
geometric mean (GM) concentrations of DDTs and HCB were 780 and
29.9 ng g–1 lw in the immigration period, and 353 and 15.1 ng g−1 lw
in the emigration period, respectively (Table S4). Significant differences
were found for p, p'-DDE andHCB concentrations between the immigra-
tion and emigration periods (p b 0.01 and p b 0.001, respectively,
Table S5). However, there were no significant differences for the con-
centrations of PBDEs, PCBs and HCHs, as well as their individual com-
pounds between these two periods (p N 0.05). These results were
consistent with the observation in Cattle Egrets (Bubulcus ibis) (Mora
and Anderson, 1991), where the egrets overwintered in Mexico but
bred in Texas (the U.S), andwere found to be exposed to greater organ-
ochlorine sources in Mexico than those in Texas, whereas, only DDTs
and HCB were statistically different in concentrations between the
two areas. The relatively higher POP concentrations in the immigration
period suggested thatmigration possibly had an impact on POP levels in
migratory plovers. Historically, Malaysia, Philippines and Vietnam had
produced and applied high amounts of OCPs (Ali et al., 2014), which re-
sulted in relatively higher levels in air, water and sediments from these
regions. This may be responsible for the relatively higher levels of OCPs
observed in plover samples after overwintering in Southeast Asia.

On the other hand, PBDEs showed a different trend compared with
other contaminant groups. The concentrations in the emigration period
(GM: 80.9 ng g−1 lw)were higher than those in the immigration period
(GM: 58.2 ng g−1 lw), though there was no significance observed be-
tween these two periods (p = 0.64). The congener compositions of
PBDEs in plovers revealed somemore interesting exposure information.
The dominant congener, BDE-209, exhibited higher levels in emigration
period, while another abundant congener, BDE-47, showed relatively
lower concentrations in the emigration period. This suggested the pro-
duction and usage of deca-BDE products in the surrounding areas,
e.g., one of the largest industrial production of deca-BDEs was located
in Bohai Bay area (Pan et al., 2011; Wang et al., 2017), which might
have influenced the contamination levels of PBDEs in plovers from
Cangzhou Wetland. This observation was similar to the findings in
shorebirds from Chongming Island, East China (Huang et al., 2013)
and Great skuas (Stercorarius skua) from Norwegian Arctic (Leat et al.,
2013).

Some previous studies suggested that the seasonal variations of POP
concentrations in migratory birds might partly be derived from the
physiological condition changes because they would deplete fat stores
for energy requirements during the stopover periods (Guillemette
et al., 1992), and the loss of fat would result in a corresponding release
Fig. 1. Concentrations of the selected POPs in Kentish Plovers in the immigration (n=17)
and emigration (n = 31) periods.
of POPs from fat storage into blood and then distribute in other tissues,
causing an increase in contaminant residues (Bustnes et al., 2012).
Manymigratory birds arrive at stopover sites in a near fat-depleted con-
dition, especially after long, nonstop flights (Wang and Moore, 2005;
Biebach et al., 1986; Moore and Kerlinger, 1987). However, in the case
of plovers, their lipid contents had no significant variations (p N 0.05)
with average lipid contents of 9.6% and 9.7% in the immigration and em-
igration periods, respectively. Actually, birds usually replenish energy
reserves by feeding during the stopover periods rather than deplete
fat storage (Schaub and Jenni, 2001). This fact suggests that the physio-
logical condition of plovers did not change evidently during the stop-
over periods, and therefore it was likely that no significant influence
on the contaminant levels in plover bodies. This is similar to the obser-
vation made about organochlorine compounds in Common Gull (Larus
canus) from Lake Baikal, Russia (Kunisue et al., 2002).
3.3. Transfer rate

The transfer rates were estimated based on the data of POP concen-
trations in 12 female plovers collected during the breeding season, as
well as 30 egg samples from our previous study (Zheng et al., 2017).
Variability in estimated transfer rates was found for different classes of
POPs (Fig. 2). DDT and its metabolite, p,p'-DDE, exhibited the highest
transfer rates, with values of 42.7% and 40.1%, respectively, while
HCHs, PCBs and PBDEs generally exhibited similar transfer rates of
around 25% as shown in Fig. 2. BDE-209 exhibited the lowest transfer
rate of 6.7%. When compared with other researches, the transfer rate
of DDTs in plovers was higher than those in Arctic Terns (Sterna
paradisaea, 21.9%) and Herring Gulls (Larus argentatus, 30.5%) from
Finland, while the transfer rate of PCBs in plovers was similar to the
value of 23.9% in Herring Gulls but lower than that of 44.3% in Arctic
Terns (Lemmetyinen et al., 1982; Tanabe et al., 1986). In addition, the
transfer rates of PCBs and p,p'-DDE were about 4.0% in Adelie Penguin
(Pygoscelis adeliae) from Antarctic (Tanabe et al., 1986), which was
much lower than those in plovers. These observations strongly revealed
that the maternal transfer rates of POPs via egg-laying in birds depend
on the species, which were partly attributed to the varying ratios of
egg weight to maternal body weight (E/MB) (Tanabe et al., 1986). The
E/MB ratio was about 0.20 for the plovers in our case, but 0.32 for Arctic
tern and 0.074 for Adelie Penguin (Tanabe et al., 1986). Although, higher
E/MB ratios implied that relatively higher fractions of compounds could
be excreted into eggs, inducing relatively higher transfer rates in plovers
Fig. 2. Transfer rate (%) of various compounds from female Kentish Plovers into eggs (no
standard deviation could be given for each compound since it was calculated by the
geometric means of contaminant load of females and eggs).
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compared with Adelie Penguin (Tanabe et al., 1986), but it was not ap-
plied for all compounds acted on different species.

A high transfer rate may suggest that more POPs could be excreted
into eggs, leading to a reduction in POP levels in female birds
(Bertolero et al., 2015; Lavoie et al., 2010). However, by comparing the
concentrations of pollutants in female plovers during different seasons,
there was no significant decrease in POP concentrations during the
breeding period (p N 0.05) (Fig. 3), which suggested that the POP con-
centrations in reproducing plovers were less influenced by egg laying.
Similar trends were observed for some other avian species, for example,
the PCB concentrations in the plasma of Wandering Albatross
(Diomedea exulans) from Southern Indian Ocean weren't influenced by
breeding status (Carravieri et al., 2014). Likewise, no significant differ-
ences were observed for p,p'-DDE, PCBs and dieldrin levels in Southern
Fulmars (Fulmarus glacialoides) before and after egg laying (van den
Brink et al., 1998). Recently, one study on the oral administration of
α-hexabromocyclododecane (α-HBCDD) on hens suggested that
about 22.9% of the contaminants in feed were transferred into eggs
per day, meanwhile, the α-HBCDD concentrations didn't decrease in
hens (Dominguez-Romero et al., 2016). These results implied that the
daily feedingmight play a role in contaminant supply during egg forma-
tion. Indeed, the lipids of egg yolk mainly come from food during egg
formation (Norstrom et al., 1986). The daily food consumption of Kent-
ish Plovers was quite large. Castro et al. (2008) demonstrated that plo-
vers could consume 8.62 g dry polychaete ragworms (Nereis
diversicolos) per day, approximately equaling to the fresh weight of
one plover egg (8.78 g). On the other hand, the assumption that egg lay-
ing is an important pathway for female birds to excrete POPs was gen-
erally based on laboratory results (Bargar et al., 2001; Nosek et al.,
1992), and the exposure experiment usually ceased after egg laying.
This was totally different from the plovers that ongoing exposure to
POPs in thewild. However, the contribution of daily feeding to POP sup-
ply remains unknown, which required further investigations in future
studies.

Furthermore, ecologically species-specific differences in reproduc-
tive characteristics, such as reproductive strategies should be taken
into accountwhen estimating the effects of reproduction on female con-
taminant levels. For instance, Bustnes et al. (2012) have examined the
temporal dynamics of POPs in fasting common eider (Somateria
mollissima) and found that all POPs increased during incubation fast,
while the relative increase in mean concentration varied more among
durations in high arctic than in subarctic eiders, and females with low
body condition and high lipid metabolism (body mass loss) had stron-
ger increase in circulating concentrations of p,p'-DDE and HCB.
Fig. 3. POPs levels in female birds during different seasons (ng g−1 lw).
3.4. Transport mass

The estimated transport masses of contaminants were shown in
Fig. 4. The import masses of POPs were generally higher than those of
exports. The highest input of contaminants was 12.9 mg for ∑DDTs
in immigrating birds, while the total exportedmass was 5.82mg during
emigration, indicating a net ∑DDTs input of 7.05 mg into Cangzhou
Wetland. The net inputs were also around the magnitude of milligrams
for HCHs, PCBs and HCB. BDE-47 showed the lowest net input of only
0.02 mg.

Regarding to the POP transport driven by plovers, the transport
masses in this case was much lower than that those estimated by
Wania (1998), which indicated that about 30 g of DDTs could be deliv-
ered from Atlantic Ocean to Canadian Arctic. This highly resulted from
the fact that the bird population number was N3 million in Canadian
Arctic, and seabirds generally occupied higher trophic levels than plo-
vers. However, the estimation was just roughly performed based upon
unidirectional transportmass fromAtlantic to Arctic,whereas the trans-
port of POPs driven by migratory birds is bidirectional (Blais et al.,
2007), because migratory animals generally move forth and back peri-
odically. Therefore, the net flux of POP transport driven by birds from
Atlantic to Arctic remains unkown.

Regardless of the absence of data about POP transport by abiotic
media at CangzhouWetland, it is obvious that these contaminant inputs
would have limited effect on the local environment concerning the
transport masses of various contaminants by plovers. This was similar
to the investigation about the mercury transport which indicated that
salmon have negligible impacts on the local lakes compared with that
by atmospheric transport (Baker et al., 2009). However, investigations
on this kind of transport pathway are still of significance. Firstly, the
number of migratory birds in the world is estimated at tens of billions.
Such a large population, combined with the exponential enrichment
of pollutants in these birds, the transport mass could not be negligible.
Alongwith global climate and environmental changes, the habitats, for-
aging habits and migration routes for migratory birds are changing ac-
cordingly, and they will further affect the transport and redistribution
of pollutants in ecosystems (Yuan and Qi, 2011). Secondly, the net
transport of POPs via migratory animals usually depends on where
they accumulate and excrete the contaminants (Wania, 1998). Many
migratory bird species usually overwinter in tropical or temperate
areas, but breed in high latitude zones, which are pristine andmore vul-
nerable to environmental changes. Indeed, the contribution of birds to
deliver POPs has already been reported there (Evenset et al., 2007;
Foster et al., 2011). Thirdly, in some instances, the contaminants in
Fig. 4. The computed transport masses of compounds by Kentish Plovers during the
immigration and emigration periods.
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birds would enter into food webs directly by being preyed by other an-
imals. For example, raptors and vultures would prey on alive birds or
carcasses, thus, the POPs in these birds accumulate in predators and
eventually exhibit much higher POP levels that are irrelevant to their
habitats. Finally, it's implied that birds exposed to POPs could induce
orientation disorders (Flahr et al., 2015), as these contaminants mainly
concentrated in their bodies, and the potential adverse effects onmigra-
tory behavior may further threaten birds' survival. More investigations
are still warranted to reveal the potentially chronical and acute toxicity
on avian species and the influence on their life behaviors.

3.5. Variability of the estimated transport mass

Due to the absence of physiological parameters of plovers, the body
load of POPs had to be calculated using parameters from other birds.
However, the range of Ft values varies widely (e.g. Ft values of muscle
were 0.20–0.493, Table S2) caused by different body structure of bird
species or individuals. This inevitably led to discrepancy between the
estimated results and the expected values. In order to examine the dif-
ference, we used multi-objective programming model (Eqs. (4) & (5))
under the given ranges of Ft in different tissues to obtain themaximum
and minimum POP load in Eq. (2).

According to multi-objective programming model, the Ft values of
each tissues in Table S2 were assumed to x1 to x13, respectively, and
the objective function can be expressed as:

maxðor minÞ ¼ x1 � Kp1 þ x2 � Kp2 þ…þ x13 � Kp13 ð4Þ

The Ft ranges for different tissues were introduced to the constraint
conditions (∑Ft ≤ 100%), which were defined as:

x1 þ x2 þ…x12 þ x13≤100

0:36≤x1≤5:23

5:0≤x2≤6:0

…………………

3:58≤x12≤5:50

20:0≤ x13≤49:3

8>>>>>>>>><
>>>>>>>>>:

ð5Þ

Fig. 5 shows the results of the possible maximum import mass of
POPs during immigration periods and minimum export mass during
the emigration period with the optimal solutions. For example, the pos-
sible maximum import mass of DDTs during the immigration period is
49.7 mg, while the minimum export mass during the emigration period
Fig. 5. Estimated possible maximum import mass of POPs during the immigration period
and minimum export mass during the emigration period with the optimal solutions.
is 4.96 mg, then the maximum net input driven by Kentish Plovers is
44.7 mg, which was 6 times higher than the median input value of
7.05 mg. Nevertheless, it could be seen that POP transport mass was
still at the milligram level, although species difference may cause sev-
eral times of differences for the results. Consequently, the impact of
these contaminants input on the environment of Cangzhou Wetland
was still limited.
4. Conclusion

The variations of POP levels in Kentish Plovers were investigated in
immigration, breeding and emigration seasons in the present study.
The results suggested that comparatively high amounts of POPs were
excreted into eggs from female plovers, but the contamination levels
didn't decrease in females during the breeding period. This suggested
that egg laying might not significantly affect the variation of POP levels
in female plovers. Further studies are warranted to explain the unclear
relationship between transfer rates and variation of the POP levels dur-
ing the breeding period. On the other hand, the concentrations of DDTs
and HCB in plovers significantly differed between immigration and em-
igration periods, suggesting the exposure to varying pollution sources
during migration. The transport masses of POPs through plover migra-
tion were at the milligram level, and therefore were supposed to be in-
effective in influencing the environmental levels of their residential
areas. Nevertheless, study on the effect of migration to POPs are still of
importance because 1) the results provide abundant information on
long-range transport potential of POPs via biological pathway; 2) POPs
could enter food webs, which may increase the health risk of the biota
at higher trophic levels.
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