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Abstract
The Nanhaizi Wetland (NHZW) is a significant part of the Baotou Yellow River National Wetland Park in China, an important
migration station and habitat for waterfowl. The Yellow River receives a significant amount of industrial and agricultural waste-
water. Therefore, the environmental quality of NHZW directly affects the survival of migratory birds in the Baotou region. We
aimed to determine the trace element distribution in tissues and risk of exposure in ruddy shelduck and to provide a scientific basis
for bird protection and an environmental quality assessment for the NHZW. In January 2018, we collected water, soil, and 18 dead
ruddy shelduck Tadorna ferruginea (nine males and nine females) from the NHZW.We measured concentrations of trace elements
(Cd, Pb, Cu, Zn, Hg, and As) in the specimens and modeled the risk of exposure to trace elements. Trace element concentration was
greatest in feathers, followed by the kidneys, liver, and muscle, in descending. There was no significant difference in trace element
accumulation between sexes. Exposure doses of Hg in water; Cr, Pb, and Cu in soil; and Pb, Cu, andHg in corn were higher than the
tolerable daily intake andmay adversely affect ruddy shelduck. The calculated hazard quotients (HQ) for trace elements were ranked
as follows: Hg > Cr > Pb > Zn >Cu >As, where Hg and Cr were at high risk levels (HQ > 1).
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Introduction

The wetland ecosystem is of great importance to a variety of
wildlife, especially to waterfowls, with appropriate ecological
environment. But the growing urbanization and industrializa-
tion are increasingly affected the environment of wetland eco-
systems, which may pose risks to species (Zeng et al. 2013).
Trace element pollution is becoming an increasingly serious
problemwith the development of industry. It has attractedmuch
attention because of the toxicity, persistence, extensive sources,
and non-biodegradable properties of trace elements (Mora
2003). Moreover, trace elements can be transferred to other
places through the feces of migrants (Liang et al. 2015).

Therefore, it is necessary to monitor the environment in order
to control and reduce pollutant emissions. Waterfowl as an im-
portant component of wetland ecosystem, trace elements have
been enriched and used as pollution indicators in wetland pol-
lution monitoring (Abdullah et al. 2015). In recent years, the
risk exposure assessment model for trace elements has provided
a scientific method for environmental monitoring and control of
trace elements (Liu et al. 2015; Liang et al. 2016).

Baotou, located in the west of Inner Mongolia, northern
China, is an integrated industrial city with metallurgy, rare
earth metal production, and machinery manufacturing (Li
et al. 2010). The Yellow River, which is the largest freshwater
ecosystem and the most important water supply in northern
China, receives wastewater from industrial and agricultural
activities in the Baotou region (Si et al. 2015). The beach lying
on both sides of the Baotou National Yellow River Wetland
Park covers about 122.22 km2, with the length of 220 km
across southern Baotou. It is an important migration station
and energy supplement for waterfowl, located at an important
crossroads of the East Asian-Australasian flyway and Central
Asian flyways (Zhang et al. 2012; Li et al. 2017). Nanhaizi
Wetland (NHZW) is an important part of the Baotou National
Yellow River Wetland Park and also the main habitat for
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waterfowl overwintering (Liu et al. 2019). The environmental
quality of the wetland will directly affect the health, survival,
and population viability of migratory birds.

As the most commonwaterfowl in the wetland, ducks have
been recognized as biomonitors for monitoring and assessing
environmental contamination (Liang et al. 2016; Plessl et al.
2017; Wang et al. 2017). Ruddy shelduck is the dominant
wintering migratory species in NHZW. It winters in the indus-
trial wastewater area from November to March by eating
corns in the farmlands around the wetland and breeds in sur-
rounding area from April to October. In this study, the con-
centrations of trace elements in the tissues of ruddy shelduck
and in the water, soil, andmain food (corn) were analyzed, and
the exposure risk of ruddy shelduck to trace elements was
assessed using a trace element risk assessment model (Liu
et al. 2015). The aims of this study were to determine the
distribution of trace elements in tissues and the exposure risk
of trace elements in ruddy shelducks and to provide a scien-
tific basis for bird protection and an environmental quality
assessment for the NHZW.

Materials and methods

Study area

NHZW is located in the Donghe District, Baotou City, Inner
Mongolia, covering about 29.92 km2 (approximately 40°30′
08″–40°33′32″ N, 109°59′02″–110°02′26″ E) (Liu et al.
2018) (Fig. 1). The Yellow River flows for 7 km through the
southern part of the reserve. There is a lake in its territory,
Nanhaizi, with an area of about 3.33 km2. The area of wetland
expands during the ice and flood seasons or becomes a swamp
in other seasons. The reserve has a warm temperate continen-
tal monsoon climate, with an average annual temperature of
8.5 °C and an average annual precipitation of 307.4 mm. The
coldest temperature was approximate −34.4 °C in January,
and the hottest temperature was 38.4 °C in July (Liu et al.,
2018). According to the data from NHZW Nature Reserve,
there are 207 species of aquatic plants and 228 species of
waterfowl including 36 species listed in the International
Redbook (Yu et al. 2017).

Sample collection and treatment

In January 2018, 9 water and 9 soil samples and 18 dead ruddy
shelducks (9 males and 9 females) were collected in the hab-
itat of the shelduck. Water samples were collected in 500 mL
plastic bottles that had been washed with nitric acid. The bot-
tles were cleaned three times with the water at each sampling
point before sampling. Samples were collected and immedi-
ately acidified with 10 mL HNO3 (1.42 g/mL) and stored at
4 °C. Soil samples were collected from the surface soil (0–

20 cm). Four additional samples were collected 50 m away
from each original sampling site in different directions. The
five soil samples were combined to obtain one sample for each
sampling site (Zarrintab and Mirzaei 2017).

Samples of dead ruddy shelduck were collected randomly
from the ice and brought back to the laboratory. Liver, kidney,
chest muscle, and breast feathers were separated after
weighing and measuring. Corn, the main food obtained from
the muscular stomach, was placed in polystyrene tubes and
kept in the freezer at −20 °C until the next procedure. During
dissection, specimens were sexed by observing the sexual
organs and color of the neck feathers.

Analytical methods and quality control

An amount of 5 mL of HNO3 and 7 mL of mixed acid
(HNO3:HClO4, 5:2, volume ratio) was added to the 100 mL
of water samples, which were filtered with 0.45 μm PTFE
membrane, for digestion. The soil, corn, and tissue samples
were dried to a constant weight in an oven at 80 °C. Feather
samples were cut up using ceramic scissors, and soil and corn
samples were homogenized uniformly using a porcelain
mortar.

After evenly grinding, the soil samples were sieved using a
100-mesh sieve for homogenization. Preprocessed samples
were weighed to precisely 0.5 g and were transferred to airtight
teflon vessels, and 10 mL HCl(1.19 g / mL) and 13 mL mixed
acid (HNO3:HF:HClO4, 5:5:3) were added for digestion using a
microwave digestion instrument (Mars 6, CEM Corp, USA).
The digested samples were filtrated through a 0.45 μm organic
membrane and diluted with ultrapure water to obtain a final
volume of 50 mL. Samples of 0.5 g preprocessed corn and
tissue were precisely weighed and transferred to airtight teflon
vessels, and 12 mL mixed acids (HNO3:HClO4, 3:1) were
added for digestion as described earlier.

Concentrations of trace elements in samples were detect-
ed using an inductively coupled plasma-optical emission
spectrometer (ICP-OES; PerkinElmer, Wellesley, MA,
USA). The selection of target elements was determined by
referring to previous research literature (Si et al. 2015; Liu
et al. 2019). All analytical data were subject to strict quality
control. The instruments were calibrated daily with the cal-
ibration standards. Precision and accuracy were verified
using standard reference materials from the National
Institute of Metrology in China (i.e., soil, GBW07402).
Accepted recoveries ranged from 94% to 105%. Reagent
blanks were also included in each batch of analyses, in order
to check for any contamination of the different samples ex-
tracts. Average values of three replicates were taken for each
determination. Calibration curves were prepared separately
for each metal, using different concentrations (i.e., 0.5, 1, 2,
5, and 10 ppm) of standard solutions. The relative coeffi-
cients (r2) of calibration curves of each element are all above
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0.9995.Chemicals were of guaranteed reagent. All glass-
ware before use were washed with distilled water, soaked
in nitric acid (10%) overnight, rinsed in deionized water,
and air-dried. The detection limits were 0.01 μg/g for Cr,
Cu, and Zn 0.001 μg/g and for Pb, Hg, and As.

Applied exposure risk assessment model

Themodels utilized in the study were mainly based on Sample
et al. (1996). Generally, wildlife is exposed to trace elements
mainly through three routes: ingestion, dermal contact, and

Fig. 1 Map of Nanhaizi Wetland in Baotou City, People’s Republic of China, where water, soil, and dead ruddy duck samples were collected for trace
element analysis
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inhalation. Ingestion is themajor route used to assess exposure
in wildlife; the other routes are usually ignored (Liang et al.
2016). Trace element exposure in birds through oral ingestion
can be quantified by the following equations (Liu et al. 2015).

Idf ¼ 0:648BW0:651 ð1Þ

where Idf is the food consumption rate per day (dry weight,
g/d); food consumption rates are estimated from allometric
regression models (Nagy 1987); and BW refers to bodyweight
(g). According to our measurements, the average BW of the
ruddy shelduck was 1494 g.

IW ¼ 59BW0:67 ð2Þ
where Iw is the water consumption rate (mL/d), and the unit of
BW is kg. Water consumption rate was estimated from allo-
metric regression models (Calder and Braun, 1983).

IS ¼ P � Idf ð3Þ

where Is is the soil consumption rate (g/day) and P is the
proportion of soil in the food. The 8.2% of soil consumed
by the Canada goose Branta canadensis (Beyer et al. 1994)
was used for the ruddy shelduck in our study.

E j ¼
∑m

i¼1 I i � Cij
� �

BW
ð4Þ

where Ej is the oral exposure dose of trace element (j) (mg/kg/
day), m is the number of absorbing medium (food and soil in
our study), Ii is the consumption rate of the medium (i) (g/d or
mL/d), and Cij is the concentration of the metal (j) in the
medium (i) (mg/kg or mg/l).

Trace element exposure risk (risk of an adverse effect) was
evaluated by comparing the intake dose to the tolerable daily
intake (TDI). The TDI can be calculated by Eq. (5) (CCME
1998).

TDI j ¼ LOAELj � NOAELj
� �0:5

=UF ð5Þ

where TDIj is tolerable daily intake of trace element (j)
(mg/kg/d); LOAELj is the lowest observed adverse effect level
of trace element (j) (mg/kg/d); NOAELj is the no observed
adverse effect level (mg/kg/d), andUF is an uncertainty factor.
The LOAEL and NOAEL values were obtained from avian
toxicity tests (Sample et al. 1996). The UF was used to ac-
count for the uncertainty of risk. The total UF used in calcu-
lating a TDI may not be less than 10 in order to extrapolate for
a long-term exposure concentration without an effect. The
selected UF may be higher than 10, depending on the type,
amount, and quality of data available (CCME, 1998). In the
present study, UF = 10 was chosen as the most conservative
TDI (mcTDI). The most dangerous TDI (mdTDI) was obtain-
ed at a UF value of 100.

Imitating a human health risk assessment model (USEPA
1989), a hazard quotient (HQ) was employed to estimate the
exposure risk to the birds of each trace element.

HQj ¼ E j=TDI j ð6Þ

where HQj is the hazard quotient of trace element (j). In our
study, trace element exposure risk to birds was separated into
four levels: no risk (HQ < 1), low risk (1 <HQ < 2), moderate
risk (2 <HQ < 3), and high risk (HQ > 3) (Liu et al. 2015).

Statistical analysis

All data were log transformed to obtain a normal distribution.
Shapiro-Wilk’s and Levene’s tests were used to test the nor-
mality of data and the homogeneity of variances, respectively.
One-way analysis of variance (with LSD post hoc pair wise
test) was used to compare the content of trace elements in
different tissues. Pearson’s correlations in trace element con-
centrations among different materials were also conducted by
using a statistical significance level of 0.05. Data are presented
in mean ± standard deviation (SD). SPSS software version
19.0 was used for all statistical analyses.

Results and discussion

Trace element concentrations

The concentrations of six trace elements in water, soil, and
corn samples from NHZW are shown in Table 1. Except for
As, the concentrations of all elements in the water exceeded
class I of the Chinese environmental quality standards for
surface water (“St”); this may be related to local industrial
pollution (Si et al. 2015). Four trace elements in soil (Cr, Pb,
Cu, and Zn) exceeded their background values. This result is
in accordance with a previous finding (Han et al. 2018) and is
related to the addition of industrial wastewater into the river.
In addition, the concentration of Pb and Hg in corn exceeded
the Chinese hygienic standard for grain (“HSG”). This is re-
lated to the long-term irrigation of corn crops with polluted
Yellow River water, leading to trace element accumulation in
local farmland soils and crops (Si et al. 2015).

Trace elements in tissues

Accumulation of all trace elements in different tissues was
ranked in this order: feather > kidney > liver > muscle
(Table 2). Contamination by Cr, Zn, and As was significantly
higher in the feathers than in other tissues, which is consistent
with the finding of Tsipoura et al. (2011). Most contaminants
exhibit the highest contents in feathers, because birds
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accumulate trace elements in feathers and then eliminate them
during molting (Burger, 1993; Liu et al. 2019).

In this study, the concentration of As in the feathers of
ruddy shelduck was lower than in the feathers of Canada
goose and whooper swan (Cygnus cygnus) and also below
the level where biological impacts would be anticipated (2–
10 μg/g) (Eisler 1988).

Hexavalent Cr at high concentration is a mutagen, terato-
gen, and carcinogen, but trivalent Cr has low toxicity and is an
essential trace element. Contamination by Cr is associated
with chromite processing and the presence of human activities
(Burle et al. 1991). In this study, the average concentration of
Cr in the feathers of ruddy shelduckwas 3.74μg/g, which was
higher than that found in other ducks such as mallard (Anas
platyrhynchos), spot-billed duck (A. poecilorhyncha) (Kim
and Oh 2014), whooper swan (Wang et al. 2017), and
Canada goose (Tsipoura et al. 2011). The Cr concentration
of 2.8 μg/g in the feathers may have adverse effects on the
embryo development, hatching success rate, and viability of
birds (Kertész and Fáncsi 2003; Abdullah et al. 2015). Based
on the high concentration level of Cr found in the feathers,
ruddy shelduck inhabiting NHZW is at risk of exposure.

Zinc is one of the important essential trace elements, but
excessive intake can lead to nephrotoxicity and affect

reproduction (Carpenter et al. 2004). In this study, the concen-
trations of Zn in the feathers and kidneys of ruddy shelduck
were significantly higher than those in other tissues, which is
similar to reports on other ducks (Kalisińska et al. 2004;
Tsipoura et al. 2011). However, its concentration was also
higher than that found in whooper swan (Wang et al. 2017),
mallards (Plessl et al. 2017), and waterfowl in Korea (Kim
et al. 2014); thus more attention is required on the pollution
of Zn in NHZW.

Mercury is mainly concentrated in the feathers of birds.
Chronic Hg poisoning, even at very low concentrations (e.g.,
0.04 μg/g), has been shown to reduce the reproductive success
rate of the common loon Gavia immer (Evers et al. 2008). In
this study, the concentration of Hg (0.229 μg/g) in the feathers
of ruddy shelduck was higher than that found in whooper swan
(0.196 μg/g) and Canada goose (0.200 μg/g) (Tsipoura et al.
2011; Wang et al. 2017). Concentrations of Hg in the muscle
and liver were higher than those reported for mallards (Plessl
et al. 2017). We propose that more attention should be given to
the problem of Hg contamination in NHZW.

Copper is one of the essential trace elements associated
with the respiratory electron transport chain and metabolism
of oxygen (Janssens et al. 2003), but long-term excessive in-
take can lead to toxicological alterations in birds. Henderson

Table 1 Average concentrations
of trace elements in water, soil,
and food from NHZW (n = 9)

Water (mg L−1) Soil (mg kg−1, dwc) Food (mg kg−1, dwc)

CVa Stb CVa BVd CVa HSGe

Cr 0.188 ± 0.060 0.01 364.68 ± 58.03 36.50 0.57 ± 0.24 1

Pb 0.012 ± 0.002 0.01 27.97 ± 6.81 15.00 2.59 ± 1.34 0.2

Cu 0.015 ± 0.006 0.01 29.76 ± 8.39 12.90 4.70 ± 1.44 10

Zn 0.169 ± 0.004 0.05 124.00 ± 35.12 48.60 19.81 ± 4.53 50

Hg 0.010 ± 0.002 0.00005 0.007 ± 0.004 0.028 0.406 ± 0.217 0.02

As 0.011 ± 0.003 0.05 0.006 ± 0.004 5.70 0.018 ± 0.009 0.2

a CV: concentration value.
b St: Chinese environmental quality standards for surface water, class I.
c dw: dry weight
d BV: the background values of heavy metals in soil from Inner Mongolia (1990)
e HSG (Hygienic Standard for Grain): National Standard Bureau of PR China (GB 2715–2005)

Table 2 Trace elements (mean ±
SD) (mg/kg dw) in body tissues
of ruddy shelduck Tadorna
ferruginea from NHZW (n = 18)

Element Kidney Liver Muscle Feather

Cr 0.10 ± 0.08c 0.11 ± 0.05c 0.57 ± 0.18b 3.74 ± 1.15a

Pb 5.82 ± 2.70a 4.27 ± 2.06a 5.42 ± 1.39a 2.83 ± 1.47b

Cu 22.63 ± 8.94b 39.23 ± 17.49a 23.88 ± 7.86b 17.35 ± 6.94b

Zn 116.67 ± 63.19a 82.77 ± 39.23b 63.93 ± 18.18b 143.14 ± 25.67a

Hg 0.262 ± 0.138 0.223 ± 0.086 0.294 ± 0.134 0.229 ± 0.089

As 0.019 ± 0.009b 0.024 ± 0.011b 0.024 ± 0.008b 0.061 ± 0.025a

Different letters indicate significant differences in concentrations of trace elements among different tissues
(p < 0.05). Bold font indicates the highest concentration by row
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and Hen (1975) found that a Cu concentration of 187–323 μg/
g in the liver of Canada goose led to acute poisoning. In this
study, the average concentration of Cu in the liver tissues of
ruddy shelduck was significantly higher than in other tissues,
which is similar to Plessl’s (2017) findings. The concentration
of Cu in the liver tissues of ruddy shelduck was higher than in
the liver of mallards in Korea (3.88 μg/g) and Iran (11.9 μg/g)
(Kim and Oh 2012; Mansouri and Majnoni 2014) but has not
yet reached the toxicity range of Canadian geese.

Lead was mainly distributed in the kidney, liver, and mus-
cle tissue of ruddy shelduck; levels in these tissues were sig-
nificantly higher than in the feathers. The average concentra-
tions of Pb in the liver and kidney were also higher than the
threshold values of 1.5 μg/g in the liver and 3.0 μg/g in the
kidney of the ducks (Guitart et al. 1994; Clark et al. 2003).
Therefore, Pb may pose a threat to the health and survival of
ruddy shelducks in NHZW.

Correlations

The correlation relationships of the trace element contents
were all extremely significant among different materials
(p < 0.01 between water and soil, water and corn, soil and
corn, respectively) (Table 3). The correlation relationships
among kidney, liver, muscle, and feather were very significant
as well (p < 0.01). Notably, the trace element concentration in
the four tissues was extremely significantly correlated with
that in soil and corn (all p < 0.01), and the water had a signif-
icant correlation between feather and muscle as well
(p < 0.05). It is suggested that trace elements in tissues of
ruddy shelducks may come from the surrounding
environment.

Trace element exposure

The values of mcTDI and mdTDI are shown in Table 4, and
exposure doses of Cr, Pb, Cu, Zn, Hg, and As to ruddy

shelduck are shown in Fig. 2. The Cr exposure doses in corn
were higher than mdTDI, while total exposure doses (from
soil, water, and corn) were higher than mcTDI, mainly be-
cause of the relatively higher exposure dose of Cr in the soil.
Therefore, Cr may be having negative effects on migratory
birds living in this area. The exposure doses of Pb in soil
and corn both exceeded mdTDI, and its total exposure doses
were higher thanmdTDI but lower thanmcTDI. Therefore, we
believe that the intake of Pb through soil and corn may have a
significant impact on ruddy shelduck in NHZW. The exposure
doses of Cu and As in water, soil, and corn were lower than
mdTDI, and total exposure doses were lower than mcTDI,
which indicates that Cu and As exposure through water, soil,
and corn was relatively safe during the study period in this
region. The exposure doses of Zn in water and soil were lower
than mdTDI, and exposure doses in corn were higher than
mdTDI, while total exposure doses were higher than mdTDI.
Therefore, Zn may be having negative effects on ruddy shel-
duck. Except in soil, the exposure dose of Hg in water was
higher than mdTDI, and the exposure dose of Hg in corn
exceeded the mcTDI; hence, the total exposure dose of Hg
was significantly higher than mcTDI. Therefore, we believe
that the intake of Hg through water and corn may have a
significant impact on migratory birds in NHZW, and closer
attention should be given to these trace elements.

Trace element exposure risk

The order ofHQ values for the six trace elements is as follows,
from largest to smallest: Hg > Cr > Pb > Zn > Cu >As (Fig. 3).
Hg posed the highest risk to ruddy shelduck, probably because
the exposure dose of Hg from corn was much higher than its
mdTDI. The exposure doses of corn have exceeded mcTDI.
The phenomenon indicates that the food pathway plays a major
role in Hg exposure to ruddy shelducks, and the food is an
important factor in the study of trace element exposure to mi-
gratory birds, which is similar to the results of Liu et al. (2015).
Additionally, exposure doses of Hg in the water exceeded

Table 3 Pearson correlation among the trace element contents of
different materials

Water Soil Corn Kidney Liver Muscle Feather

Water 1 0.000 0.003 0.063 0.105 0.012 0.000

Soil 0.614** 1 0.000 0.000 0.000 0.000 0.000

Corn 0.406** 0.702** 1 0.000 0.000 0.000 0.000

Kidney 0.257 0.585** 0.876** 1 0.000 0.000 0.000

Liver 0.227 0.594** 0.902** 0.961** 1 0.000 0.000

Muscle 0.345* 0.734** 0.934** 0.945** 0.953** 1 0.000

Feather 0.553** 0.833** 0.895** 0.864** 0.888** 0.934** 1

Above the diagonal is the P value, below is the correlation coefficient (r)
* Correlation is significant at the 0.05 level (2-taild)
** Correlation is extremely significant at the 0.01 level (2-taild)

Table 4 Toxicity parameters of NOAEL (no observed adverse effect
level, mg/kg/d) and LOAEL (lowest observed adverse effect level of a
heavymetal, mg/kg/d), most conservative tolerable daily intake (mcTDI),
and most dangerous tolerable daily intake (mdTDI) of trace elements
(mg/kg/d)

Metal NOAEL LOAEL mcTDI mdTDI

Cr 1 5 0.224 0.022

Pb 1.13 11.3 0.357 0.036

Cu 33.4 44.0 3.834 0.383

Zn 14.5 131.0 4.358 0.436

Hg 0.0064 0.064 0.002 0.000

As 5.14 12.84 0.812 0.081
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mdTDI, and its concentration in water exceeded the Chinese
environmental quality standards, indicating that industrial
wastewater was released into the agricultural irrigation system.

The discharge of industrial wastewater into the river not only
pollutes the wetland environment; this water is then also used to
irrigate the crops in the wetland. This irrigation is required
because of the semiarid climate of the region. Excessive accu-
mulation of metals in agricultural soils through irrigation may
result not only in soil contamination but also lead to a concen-
tration of Hg in corn crops; this is consistent with the finding
reported by Si et al. (2015). Consequently, Hg poses the largest
threat to these ruddy shelduck who feed on contaminated crops
and may negatively affect other migratory birds in the area.
Water is therefore an important route through which trace ele-
ments can affect migratory birds.

The exposure dose of Cr in the soil exceeded mcTDI and
posed a moderate risk to ruddy shelduck. Exposure to Cr was
greatest from the soil; this is consistent with previous findings
(Liu et al. 2015; Liang et al. 2016), indicating that soil is an
important route to consider when studying trace element

Fig. 2 Water, soil, corn, and total
exposure doses of trace elements
to ruddy shelduck in Nanhaizi
Wetland, Baotou, China. Ewater
exposure dose via drinking water;
Esoil exposure dose via soil; Ecorn
exposure dose via eating corn;
Etotal exposure dose via both food
and soil

Fig. 3 The average hazard quotient (HQ) of six trace elements for ruddy
shelduck in Nanhaizi Wetland, Baotou, China. Error bars represent the
standard errors
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exposure in migratory birds (Zarritab et al. 2018). The con-
centrations of Cr in the water and soil were several times
higher than the Chinese environmental quality standard and
background values, indicating that the NHZW is polluted by
Cr. Therefore, the impact of Cr on all migratory species in the
area needs further attention.

The other four elements Pb, Cu, Zn, and As posed no risk
to ruddy shelducks (HQ < 1), but the exposure doses of Pb in
the soil and Pb and Zn in the corn exceeded mdTDI, and the
concentrations of Pb and Cu in water, corn, and soil exceeded
the Chinese environmental quality standards or local back-
ground values. Therefore, further attention should be given
to their effects on migratory birds. Levels of Cu and As were
considered relatively safe in this study.

Benthic invertebrates such as shrimp, screw, and plant al-
gae are also food for waterfowl. This additional route may
enhance the accumulation of trace elements in these birds
(Liu et al. 2015). Therefore, the overall risk that trace elements
pose to migratory birds may be higher if benthic invertebrates
are considered, and these invertebrates should be considered
in further studies.

Conclusions

In this study, we collected samples of water, soil, and dead
ruddy shelducks (resident birds in NHZW, Baotou) and quan-
titatively analyzed trace element concentrations in the sam-
ples. Feathers were the most enriched tissue (feather >
kidney > liver > muscle). The risk assessment model of trace
element exposure to migratory birds in the wetland ecosystem
was comprehensively applied. The exposure risk of six trace
elements to ruddy shelducks in the NHZW was Hg > Cr >
Pb > Zn > Cu >As. Mercury and Cr posed high or moderate
exposure risk to ruddy shelduck.

The main routes of exposure to trace elements were via
corn and soil. Water also was an important route, and it should
be assessed in determining trace element exposure in migra-
tory birds. This study advocates the need to mitigate against
the contamination of the Yellow River, wetlands, and crops
and to routinely monitor and manage Yellow River pollution.
Our findings have important implications for the development
of migratory bird conservation strategies in the NHZW eco-
system. Further, because the Yellow River wetland in Baotou
is located at an important crossroads of the East Asian-
Australasian and Central Asian flyways, they have broader
implications for the protection of this wetland.
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