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Abstract

Heavy metal pollution in rice fields is a major concern; however, little research has ad-
dressed its exposure and risk to waterbirds inhabiting rice fields. We investigated the
accumulation of heavy metals (Cd, Pb, As, Cr, Cu, and Zn) in sediment, water, food, feces,
feathers, and eggshell samples collected from different nesting sites (Chongwei Village
and Wuji Village) of little egrets (Egretta garzetta) on Hainan Island, China, and compared
the differences in their breeding parameters and eggshell quality. Higher levels of heavy
metals were observed in all samples except feces from Wuji Village compared to those
from Chongwei Village. As, Cd, and Pb exhibited little bioaccumulation in all feather and
eggshell samples, whereas Cr concentrations in feather samples from both heronries and
eggshell samples in Wuji Village exceeded the toxicity threshold in birds, indicating that the
high maternal Cr was transferred to eggs in Wuji Village. Significantly lower hatching and
breeding success rates were observed in Wuji Village than in Chongwei Village, which may
be closely related to Cr contamination. This study revealed that waterbirds breeding in rice
fields are under threat from heavy metal contamination and highlighted the suitability of
bird feathers and eggshells as biomonitors of the environment.

Keywords: heavy metals; agroecosystems; waterbirds; little egrets; breeding performances;
exposure risk; biomonitoring

1. Introduction
The emission and legacy of heavy metals are major global issues that threaten biodi-

versity and the health and quality of ecosystems owing to their challenging environmental
degradation, bioaccumulation, and potential toxicity [1]. Agricultural activities are one
of the main contributors to the introduction of these pollutants into the environment [2].
Previous studies have shown that intensive agriculture, characterized by the extensive
use of fertilizers and pesticides, has led to alarming levels of heavy metals in the environ-
ment [2,3]. Rice fields are one of the most frequent places subjected to intensive agricultural
practices and cover 160 million hectares of land in 112 countries worldwide [4]. In addition
to providing an important food supply for humans, they are home to numerous wildlife
species, including waterbirds, and play an important role in protecting and increasing
biodiversity, particularly as natural habitats continue to decline worldwide [4,5]. Therefore,
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the extensive accumulation of heavy metals in rice field agroecosystems and their potential
ecological consequences are of great concern.

Environmental pollution is often assessed using biological sentinel species that best
represent environmental quality and health [6,7]. Because of their high position in the food
chain and sensitivity to environmental changes, birds are considered the most suitable
sentinels and are extensively used as indicators of environmental pollution [8,9]. For
environmental risk assessment, previous studies have evaluated heavy metal exposure
risk to birds in wetland ecosystems using risk models based on the contamination levels
of metals in the environment (sediment and water) and/or food items [10–12]. However,
this assessment method may be questionable because some heavy metals, although present
at high levels in sediment, water, and/or lower trophic organisms, may exhibit no or low
bioaccumulation in bird tissues [13].

The potential risks and effects of heavy metals on birds depend on the extent of heavy
metal accumulation. Therefore, the measurement of heavy metals in various bird tissues is
important because it can provide a better understanding of the extent and impact of metal
pollution. Recently, the use of a variety of bird tissues, such as feathers, eggshells, blood,
muscle, liver, and kidneys, has been reported in exposure risk studies of environmental
metal pollution [7,14–16]. However, the scope of use of different tissues is sometimes
limited. For example, the collection of internal tissues by sacrificing birds is highly invasive
and has been criticized, limiting its suitability for studies involving endangered or rare
species. Therefore, the use of different tissues for risk assessment should be carefully
considered based on the study’s scope. Feathers and eggshells have been used extensively
as non-invasive matrices to evaluate heavy metal contamination in birds [14,17,18]. Feathers
can serve as useful indicators of toxic metals deposited in the blood and body [19,20]. Metal
contamination in eggshells can represent egg contamination, which is associated with the
risk of exposure to laying birds and offspring [17,21]. Therefore, analyses of heavy metals
in feathers and eggshells can provide valuable information on the risks posed to the health
of adult birds and nestlings.

Recently, a growing number of studies have suggested that in addition to continuous
monitoring of heavy metal concentrations in bird tissues, more emphasis should be placed
on survival probabilities and other life history traits, such as reproductive performance,
to fully reveal the potential effects of environmental heavy metal pollution on free-living
birds [22–25]. Environmental metal pollution affects bird breeding. Previous studies have
shown that environmental metal pollution has negative effects on different aspects of
reproduction, including an increased frequency of egg-laying interruptions, changes in
egg characteristics (such as egg size and eggshell thickness), reductions in clutch size, and
decreased hatching and fledging success [21,23–27]. However, previous studies on the
reproductive risks of environmental metals in bird populations have primarily focused on
passerine birds, such as tree sparrows (Passer montanus), russet sparrows (Passer rutilans),
and blue tits (Cyanistes caeruleus) breeding in artificial nest boxes deliberately placed in
areas with heavy mining or industrial contamination. However, the validity of the results
obtained from artificial nest boxes as a proxy for what happens in wild nests may be
subject to question [22]. To the best of our knowledge, few studies have focused on the
reproductive risks of waterbirds living in other heavily non-point source polluted areas,
such as rice field agroecosystems, although 38% of waterbirds are suffering from population
decline worldwide, largely due to environmental pollution [11].

The little egret (Egretta garzetta), a top predator that primarily feeds on fish, is at high
risk of environmental metal exposure and is considered a species of concern in ecological
risk assessments [28,29]. Rice fields are important foraging and breeding habitats. In China,
Hainan Island has several nesting colonies and is one of the most important breeding areas
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for little egrets [29]. Although Hainan Island has less industrial activity, the excessive use of
chemical fertilizers and pesticides has led to serious enrichment of heavy metals in its arable
land soils because of the high utilization rate of tropical agricultural lands [30,31]. Therefore,
the risk of environmental metal exposure to waterbirds in tropical rice fields is of particular
concern. Arsenic (As), cadmium (Cd), chromium (Cr), lead (Pb), copper (Cu), and zinc (Zn)
are heavy metals of particular concern in agricultural areas. Therefore, in this study, we
investigated the accumulation of these heavy metals in foraging environments, food/prey
items, feces, feathers, and eggshell samples of little egrets from different nesting sites
on Hainan Island. Furthermore, we investigated the differences in breeding parameters
(clutch size, hatching success, fledging success, and breeding success) and eggshell quality
(eggshell thickness) between the different nesting sites. This study aimed to systematically
reveal the potential ecological risk of heavy metal pollution in rice field agroecosystems to
the reproduction and health of resident waterbirds. It is hypothesized that the breeding
parameters and eggshell quality of little egrets are lower at nesting sites with a higher
exposure risk of heavy metals.

2. Materials and Methods
2.1. Study Area

Hainan Island, located in the northern part of the South China Sea, is one of the most
important tropical islands and the second-largest island in China. It covers an area of
35.4 × 103 km2 and has a tropical ocean monsoon climate, with an annual mean precipi-
tation of 1685 mm and a temperature of 23.8 ◦C [32]. Hainan has few industrial activities
and is known for its agriculture, with arable land accounting for more than 20% of its total
area, which provides important winter vegetables and tropical agricultural products in
China. Rice is the staple crop of Hainan, and its extensive cultivation provides an important
habitat for various waterbirds, including little egrets. The use of chemical fertilizers and
pesticides has increased significantly in recent decades owing to the lower fertility and
higher utilization rate of arable land in Hainan [30]. For example, the annual consumption
of chemical fertilizers increased from 8.63 × 105 t in 2006 to 1.18 × 106 t in 2010 [33]. It
reached a peak of 1.36 × 106 t in 2015 and then gradually declined as the government
began to take measures to reduce the use of chemical fertilizers in 2016 [34]. However, the
long-term overuse of chemical fertilizers and pesticides has led to the introduction of large
amounts of heavy metals into the arable land of Hainan [30,31].

Hainan is an important breeding habitat for egrets in China owing to its unique
conditions. Chongwei Village and Wuji Village are the most important breeding sites for
little egrets in Hainan [29]. They are 70 km apart and are located in the Chengmai and
Danzhou districts of Hainan Island (Figure 1). The little egrets at the two sites mainly
utilize the surrounding rice fields as their habitats for foraging and breeding. Little egrets
in Chongwei Village mainly nest in the bamboo forest, while in Wuji Village, they mainly
nest on banyan trees. A previous study found a higher anthropogenic input of heavy
metals in arable land soils in the western part of Hainan [30]. Therefore, little egrets in Wuji
Village may suffer from more serious threats posed by heavy metal pollution than those in
Chongwei Village.
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Figure 1. Geographical location of the sampling sites in Hainan, China. The area surrounded by the
red line represents the nesting area of the little egret.

2.2. Breeding Monitoring

We monitored bird breeding performance at both nesting sites during the breeding
season (April to August 2023). First, we randomly selected and marked 72 and 95 nests
of little egrets with numbered flags in the Chongwei Village and Wuji Village heronries,
respectively. We then monitored nest contents weekly until the chicks could leave the
nest and move onto the tree branches near the nest (“fledglings” hereafter). Thus, it was
easy to determine the number of eggs laid, nestlings, and fledglings per nest. We obtained
reproductive information on (1) clutch size (maximum number of eggs observed during the
visit), (2) hatching success (eggs hatched/eggs laid), (3) fledging success (fledglings/eggs
hatched), and (4) breeding success (fledglings/eggs laid). These metrics cover multiple
endpoints at different stages of the reproductive cycle and have been widely investigated in
reproductive risk assessment studies [35]. During the monitoring period, if a nest and/or
all nest contents suddenly disappeared from one visit to the next, except for the departure
of fledglings, the nest was considered destroyed. All destroyed nests were omitted from
the reproductive metric analyses.

2.3. Sample Collection

During breeding monitoring, we collected sediment and water samples from the
surrounding foraging areas, post-hatching eggshells, feathers, and feces samples of adult
little egrets, as well as their food items in both nesting sites.

According to a previously reported method [28], sediment samples were collected
from the surrounding foraging habitats within 10 km2 of the breeding grounds. Briefly, five
sub-samples (approximately 2.5 kg) were collected from a depth of 0–5 cm in approximately
1 acre of foraging area using a plastic shovel to combine them into a composite sample, and
ten replicates were taken from each heronry. Sediment samples were stored in aluminum
bags and brought back to the laboratory for analysis. Approximately 10 L of the surface
water layer was collected in a plastic bucket in the same area and thoroughly mixed.
Subsequently, approximately 500 mL of the composite water was collected in an acid-
washed glass bottle, acidified with 1 mL concentrated HNO3 (65%), and kept at 4 ◦C [10].
Ten composite water samples were collected from each heronry.

According to a previously reported method [36], fresh feathers and feces of adult little
egrets were randomly collected from different marked nests and trees before hatching.
Five sub-samples (five feathers or five pieces of feces) were pooled to form a composite
sample, and ten composite feather and feces samples from different nests were collected
from each heronry. Collected feather and feces samples were stored in aluminum bags and
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plastic Petri dishes at −20 ◦C before analysis, respectively. Similarly, fresh post-hatching
eggshells were randomly collected from different marked nests and beneath the trees and
kept in aluminum bags at −20 ◦C before analysis. In total, 59 and 62 eggshell samples
were collected from the heronries of Chongwei Village and Wuji Village, respectively. Food
samples were collected according to previously reported methods [13,28]. Briefly, fresh
food samples were collected via the spontaneous regurgitation of nestlings. They were
randomly taken from beneath trees (on which marked nests were built) and preserved in
labeled aluminum bags at −20 ◦C before analysis. Ten food samples were collected for
each heronry.

2.4. Laboratory Analysis, Quality Assurance, and Control

Sediment samples were dried at 60 ◦C in an oven and thoroughly ground using a ce-
ramic mortar and pestle to pass through a 100-mesh sieve. Preprocessed sediment samples
(0.5 g) were weighed and digested with 12 mL of Aqua regia (HNO3:HCl = 3:1) in Teflon
vessels using an intelligent digestion system (PreeKem TOPEX+, Shanghai, China) [11].
The digestion procedure consisted of two stages: a heating phase at 200 ◦C for 15 min and
a reaction phase at 200 ◦C for 40 min.

Eggshell samples were used to determine eggshell thickness and heavy metal content.
According to previously reported methods [21,27], eggshells were first cleaned using
cotton swabs dipped in 95% ethanol and dried at room temperature. The thickness of the
eggshells was then determined latitudinally to the nearest 0.01 mm. After determining
eggshell thickness, the samples were washed three times with deionized water and an
acetone solution (1 mol/L). Eggshells were then dried at 60 ◦C and ground into powder.
Preprocessed samples (0.5 g) were removed and placed in Teflon vessels for digestion
with 10 mL of concentrated HNO3 (65%), in ten replicates for each heronry. The digestion
procedure was the same as described above.

According to a previously reported method [28], food samples were washed with
tap water and deionized water, subsequently dried at 60 ◦C, and ground using a porce-
lain mortar. Feather samples were washed successively with tap water, deionized water,
and acetone solution (1 mol/L); subsequently dried at 60 ◦C; and dissected into small
pieces [20,23]. Feces samples were dried directly in an oven at 60 ◦C and homogenized
using a porcelain mortar [37]. Preprocessed food, feathers, and fecal samples (0.5 g) were
transferred to Teflon vessels and digested with 10 mL of concentrated HNO3 using the
intelligent digestion system. The digestion procedure was the same as described above.

The digestion solutions obtained above were evaporated at 105 ◦C to around 1 mL.
After cooling, the solution was quantitatively transferred to a volumetric flask, diluted
to 25 mL with deionized water, and filtered through a 0.45 µm membrane filter. Water
samples were directly filtered through a 0.45 µm membrane filter before measurement.
The concentrations of six metals (As, Cd, Cr, Pb, Cu, and Zn) in all digests and water
samples were measured using an inductively coupled plasma mass spectrometer (Agilent
7900, Santa Clara, CA, USA). Before the beginning of each digestion, all utensils, including
Teflon vessels used in the experiment, were immersed in a HNO3 solution (15%, v/v) for
24 h, rinsed three times alternately with tap water and deionized water, and subsequently
dried at 60 ◦C in an oven to prevent potential external metal contamination and cross-
contamination. Furthermore, to verify and ensure the accuracy of the measurement process,
blanks and certified reference standard materials with known concentrations were used in
the same manner. The sediment standard material (GBW07407) from the National Research
Center for Geoanalysis of China and the biological standard material (GBW08517) from
the Second Institute of Oceanography of the Chinese State Oceanic Administration were
used to verify the measurement accuracy [38,39]. A mixed calibration standard of Cd,
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Pb, Cr, As, Cu, and Zn (10 µg/mL, Agilent, Part# 5183-4688) was diluted to produce a
standard solution series with HNO3 (5%, v/v). The standard curves were automatically
drawn by the instrument, and their correlation coefficients were >0.999. The limits of
detection (LOD) were 0.003, 0.002, 0.004, 0.008, 0.005, and 0.01 µg/L for Cd, Pb, Cr, As, Cu,
and Zn, respectively. The limits of quantification (LOQ) were 0.01, 0.007, 0.01, 0.03, 0.02,
and 0.04 µg/L for Cd, Pb, Cr, As, Cu, and Zn, respectively. The recovery rates (measured
value/standard reference value × 100%) of the studied metals ranged from 94 to 108%.

2.5. Calculation and Statistical Analysis

Bioaccumulation factors (BAFs) for biological matrices were calculated according to
the concentrations of heavy metals in the biological matrix (Cb, µg/g dwt) and in the
sediment of the foraging environment (Cs, µg/g dwt) using the following equation [17]:

BAF = Cb/Cs (1)

Biomagnification factors (BMFs) for bird tissues were calculated according to the
concentrations of heavy metals in the bird tissues (Cbird, µg/g dwt) and in the food (Cfood,
µg/g dwt) using the following equation [40]:

BMF = Cbird/Cfood (2)

IBM SPSS (version 22.0) was used for the statistical analysis. Heavy metal concentra-
tions in sediment, food, feces, feather, and eggshell samples were presented as µg/g dry
weight (µg/g dwt), while the concentrations in water samples were presented as µg/L. All
data were expressed as mean ± SD. Shapiro–Wilk and Levene tests were adopted to check
the normality of the data and homogeneity of variance, respectively. An independent-
sample t-test was used to compare the differences in heavy metal concentrations in different
samples between the two heronries, as the data were normally distributed. The Mann–
Whitney U-test was used to compare any differences in breeding parameters and eggshell
thickness between the two heronries, as the data were not normally distributed [24]. For all
statistical tests, p < 0.05 was considered significant. Graphs and sampling location maps
were generated using Origin version 2024 and ArcGIS version 10.8.

3. Results and Discussion
3.1. Heavy Metal Contamination in Foraging Habitats

The concentrations of heavy metals in sediment and water samples from the foraging
habitats of both little egret heronries are presented in Table 1. In the sediment samples, the
concentrations of As, Cd, and Cr in Wuji Village and the Cd concentration in Chongwei
Village exceeded the Chinese environmental background values for soil and the threshold
effect level of Canadian Freshwater Sediment Quality Guidelines. However, the concen-
trations of all heavy metals in the water samples from both heronries were lower than
the class I standards of the Chinese Environmental Quality Standards for surface water
and the permissible limits suggested by WHO guidelines for drinking water. The higher
concentrations of heavy metals in the sediment than in the water are consistent with the
findings of previous studies [10,12]. This phenomenon may be related to the low water
solubility of heavy metals and easy adsorption by sediments [12]. Additionally, adsorption
by aquatic plants may also lead to low concentrations in water [41].
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Table 1. Average concentrations of heavy metals in the sediment and water of foraging habitats of
different little egret heronries.

Metals
Sediment (µg g−1) Water (µg L−1)

Chongwei
Village Wuji Village BV a TEL c Chongwei

Village Wuji Village St b WHO d

Cr 16.28 ± 7.67 78.28 ± 15.77 * 61.00 37.30 0.74 ± 0.18 2.82 ± 0.81 * 10.00 50.00
Pb 6.84 ± 2.58 11.80 ± 0.98 * 26.00 35.00 4.69 ± 1.51 7.82 ±1.07 * 10.00 10.00
Cd 0.68 ± 0.18 1.36 ± 0.32 * 0.097 0.60 0.07 ± 0.02 0.06 ± 0.03 1.00 3.00
As 0.82 ± 0.30 11.36 ± 4.54 * 11.20 5.90 0.63 ± 0.36 1.82 ± 0.66 * 50.00 10.00
Cu 3.07 ± 0.70 4.62 ± 0.71 * 22.60 35.70 2.33 ± 0.62 4.22 ± 1.22 * 10.00 2000
Zn 9.51 ± 3.30 15.53 ± 1.82 * 74.20 123.00 9.58 ± 1.81 17.66 ± 11.99 * 50.00 3000

a BV: Chinese environmental background value for soil [31]. b St: Chinese Environmental Quality Standards
for Surface Water, Class I Standards. c TEL: Threshold effect level of Canadian Freshwater Sediment Quality
Guidelines [42]. d WHO: WHO Guidelines for Drinking-Water Quality [43]. * Significant difference between the
two heronries at p < 0.05.

Notably, the Cd and Cr contents in the sediment from Wuji Village were 14-fold
and 1.6-fold higher than the background levels, respectively, and the value of Cd in the
sediment from Chongwei Village was 7 times higher. This suggests that Cd and Cr are the
main heavy metal contaminants in the foraging areas of little egret heronries on Hainan
Island. The levels of these heavy metals were higher in this study than in the foraging
areas of little egret heronries in other regions of China, such as Poyang Lake, Tai Lake,
and the Pearl River Delta [13], as well as the Jabbi area of Pakistan [44]. Compared with
islands in other territories, the Cd and Cr concentrations in the sediment were higher
than those on Fisherman Island and in Western Moreton Bay of Australia [45], but the
Cd concentration was lower than that in the Baja California Peninsula of Mexico [46] and
Ivujivik in Canada [47]. Although Hainan Island has less industrial activity, the large
amounts of fertilizer and pesticide used in various agroecosystems have resulted in high
levels of heavy metals (especially Cd and As) in the soil relative to other provinces of China
because of the higher utilization rate of agricultural land and lower soil fertility [31]. Except
for Cd in water samples, the concentrations of all heavy metals were significantly higher in
the sediment and water samples from Wuji Village than in those from Chongwei Village
(p < 0.05) (Table 1). This result is in accordance with the work of Wang (2015) [30], who
found a greater anthropogenic input from heavy metals, such as Cd and As, in arable land
soil in the western part of Hainan (where Wuji Village is located). Our results suggest that
Cd, As, and Cr are the main toxic metal pollutants in rice field agroecosystems in Hainan
and may pose threats to waterbirds and their biodiversity.

3.2. Heavy Metals in Food and Feces of Little Egrets

A summary of the concentrations of the studied heavy metals in food samples of little
egrets from the Wuji Village and Chongwei Village heronries is presented in Figure 2a. As
arsenic was not detected in any food samples, it was not included in Figure 2a. Similarly,
previous studies have found high concentrations of As in the foraging habitats of little
egrets but not in their food items [13,48]. Unlike the foraging habitats of little egrets
(Table 1), the general trend of heavy metal accumulation in the food items of both heronries
was Zn > Cr > Cu > Pb > Cd. Compared with other metals, the BAFs for Zn and Cu in food
items were the highest (Table 2). Furthermore, the concentrations of Cr, Pb, and Cd were
significantly higher in food samples from the Wuji Village heronry than in those from the
Chongwei Village heronry (p < 0.05), whereas the Zn and Cu contents were not significantly
different between the two heronries (p > 0.05) (Figure 2a). These results suggest that Zn
and Cu have high bioaccumulation potential in food samples relative to Pb, Cd, and As,
which is consistent with previous findings [13]. Zn and Cu are essential elements that play
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vital physiological roles in regulating biochemical reactions; thus, organisms can regulate
the quantities of these elements to a stable level through homeostatic mechanisms [7,21].

 

Figure 2. Comparison of metal concentrations measured in food (a) and fecal (b) samples of little
egrets from Wuji (WJ) Village and Chongwei (CW) Village heronries. * Significant differences between
the two heronries.

Table 2. Bioaccumulation factors (BAFs) for food, feces, feathers, and eggshells of little egrets.

Metals Food Feces Feathers Eggshells

Cr 0.109 ± 0.054 0.224 ± 0.171 0.259 ± 0.152 0.103 ± 0.037
Pb 0.038 ± 0.009 0.238 ± 0.119 0.069 ± 0.015 0.014 ± 0.007
Cd 0.024 ± 0.007 0.552 ± 0.199 0.029 ± 0.012 0.011 ± 0.004
As ND 0.471 ± 0.397 ND ND
Cu 0.492 ± 0.222 6.301 ± 1.220 2.181 ± 0.340 0.579 ± 0.195
Zn 2.536 ± 0.845 8.980 ± 4.295 3.274 ± 0.453 0.235 ± 0.060

ND: BAF cannot be calculated.

The concentrations of all heavy metals detected in fecal samples of little egrets from
the Wuji Village and Chongwei Village heronries are presented in Figure 2b. Although As
was not detected in their food samples, a high concentration of As was detected in fecal
samples from the Wuji Village and Chongwei Village heronries, with mean concentrations
of 0.87 and 0.71 µg/g, respectively. All studied metals in fecal samples showed high levels
of accumulation, with the highest BAFs (Table 2). Compared to their food samples, higher
concentrations of all heavy metals were found in the fecal samples from both heronries
(Figure 2). A previous study similarly found that fecal samples of the American dipper
(Cinclus mexicanus) from the Chilliwack watershed in British Columbia, Canada, contained
higher concentrations of heavy metals than their food items [49]. Bird feces often reflect
metal contamination in bird foraging environments and diets [50]. Previous studies have
suggested that birds ingest toxic metals from food, sediment, and water, with the former
considered the main source [12,51]. However, our results suggest that for toxic metals with
low bioaccumulation in food, such as As, Cd, and Pb, contaminated sediment and water
in foraging habitats may represent the primary exposure routes for little egrets. Similarly,
a previous study found that the levels of As, Cd, and Pb ingested by gray herons (Ardea
cinerea) living in the Mai Po Inner Deep Bay area, China, from the sediment and water
accounted for 73.5%, 77.8%, and 94.9% of their total intake, respectively [11]. These results
emphasize the significance of direct ingestion of toxic metals from the foraging environment
in waterbirds.
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Notably, unlike the foraging habitats and food samples of little egrets, the concen-
trations of most of the studied metals, such as Cr, Pb, and Cu, in the fecal samples from
Wuji Village were significantly lower than those from Chongwei Village, with only the
As concentration being significantly higher than that from Chongwei Village (Figure 2b).
This may be attributed to factors such as the physiological status of birds and the specific
characteristics of toxic metals [7,52]. In general, little egrets in Wuji Village may be at
a greater risk of metal contamination than those in Chongwei Village because of their
higher metal intake from the foraging environment and diet and lower excretion potential
through feces.

3.3. Heavy Metals in Feathers and Eggshells of Little Egrets

The concentrations of heavy metals in feather and eggshell samples of little egrets
from the Wuji Village and Chongwei Village heronries are presented in Figure 3. Similar
to the foraging environment and food samples, the concentrations of most heavy metals
in the feather and eggshell samples of little egrets from Wuji Village were significantly
higher than those from Chongwei Village, except for Pb in the eggshell samples and Cd
in the feather and eggshell samples (p < 0.05) (Figure 3). This difference in heavy metal
levels in little egrets from the Wuji and Chongwei Village heronries can be attributed
to the habitat-specific difference in the levels of these metals in their diet and foraging
environment. These findings are supported by Kim (2010) [53] and Shahbaz (2013) [28],
who reported that high metal levels in egret species from Korean and Pakistani colonies
were associated with higher levels of these metals in their diet and foraging environments.

 

Figure 3. Comparison of metal concentrations measured in feather (a) and eggshell (b) samples of
little egrets from Wuji (WJ) Village and Chongwei (CW) Village heronries. * Significant differences
between the two heronries.

As with the food samples, As was not detected in any feather or eggshell samples
(Figure 3). This suggests a lack of As accumulation in biological tissues, which may explain
the higher As content in the fecal samples of little egrets from Wuji Village compared to
those from Chongwei Village. Compared with other metals, Cd exhibited low accumulation
in feather and eggshell samples, with BAFs under 0.1 (Figure 3; Table 2). These results
are consistent with those of previous studies [13,48]. Although As is widely distributed in
nature, As poisoning in wildlife is infrequent due to its detoxification and rapid excretion;
thus, it is rarely detected in animals [48]. Previous studies have shown that As ingested
by birds is mainly methylated to form non-toxic multi-methylated As metabolites such as
dimethylarsinic acid (DMA) and arsenobetaine (AB) in the liver and kidneys, and most
of them can be rapidly excreted through urine and feces [54,55]. For instance, a previous
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study found that zebra finches (Taeniopygia guttata) could excrete more than 90% of their
total As intake [56]. Although Cd is considered the most toxic metal for living beings
among trace metals affecting the reproduction and survival of birds, it exhibits very low
intestinal absorption, with less than 7% ingestion in birds [44,57]. Once absorbed, Cd can
be chelated with metallothionein (MT) and then transported to the kidneys for storage
and excretion [58,59]. Therefore, it is difficult for birds to accumulate Cd, and it cannot
be passed to their eggs [48]. We found that the mean Cd concentration (0.03 µg/g) in
feather samples of little egrets was much lower than the threshold levels in bird feathers
(2 µg/g) associated with adverse effects [28]. Pb is highly toxic to birds; however, only a
small amount enters the bloodstream after ingestion, with the majority being sequestered
in calcareous tissues [57]. Pb concentrations in the tissues of birds chronically exposed
to environmental lead often remain below the threshold levels associated with clinically
toxic effects [57]. Notably, although Pb may be effectively transferred and biomagnified
(BMF > 1, Table 3), the mean Pb concentration (0.54–0.70 µg/g) found in feather samples of
little egrets in the current study was much lower than the toxic threshold of Pb (4 µg/g)
in bird feathers [28,60]. Therefore, in the present study, although high concentrations of
these toxic metals were found in the foraging environment, they were unlikely to have any
adverse effects on the resident little egrets because of their low bioaccumulation potential
in bird tissues.

Table 3. Biomagnification factors (BMFs) for different tissues of little egrets.

Metals Feces Feather Eggshell

Cr 1.70 ± 0.91 2.18 ± 0.59 0.95 ± 0.31
Pb 6.07 ± 2.66 1.82 ± 0.31 0.37 ± 0.16
Cd 20.27 ± 5.38 0.96 ± 0.30 0.44 ± 0.15
As ND ND ND
Cu 13.21 ± 1.90 4.64 ± 0.83 1.33 ± 0.67
Zn 3.33 ± 0.82 1.34 ± 0.21 0.10 ± 0.04

ND: BMF cannot be calculated.

Cu and Zn are essential metals required for the functioning of living organisms and
have toxic effects only at high concentrations [12,44]. Although the BAFs and BMFs for Zn
and Cu in the feathers and eggshells of little egrets were relatively high (Tables 2 and 3),
the mean concentrations of Cu (feathers: 7.56–8.77 µg/g; eggshells: 1.54–3.04 µg/g) and
Zn (feathers: 34.97–44.59 µg/g; eggshells: 2.04–3.97 µg/g) in the current study were lower
than those found in other studies [13,19,21,61] and remarkably lower than the threshold
level of Zn toxicity in birds (1200 µg/g) [62]. Therefore, the Zn and Cu levels detected in
this study do not pose a risk to birds.

Cr is a non-essential element that causes major disturbances to the reproductive health
of birds [20,63]. The BMF of Cr in little egret feathers was >1 (Table 3), indicating that Cr can
be biomagnified in the food chain. The mean Cr concentrations (6.58–8.86 µg/g) in feather
samples of little egrets from Wuji Village and Chongwei Village heronries were higher than
those reported in previous studies [13,20,48,64] for different birds, including little egrets. A
comparable level (7.45–14.15 µg/g) was found in house crow (Corvus splendens) feathers
from Punjab, India [65]. Moreover, the levels detected in this study were higher than the
toxic Cr threshold (2.8 µg/g) in bird feathers [28]. Although the threshold Cr level in bird
eggs has not been established, the mean Cr concentrations (Wuji Village heronry: 5.67 µg/g;
Chongwei Village heronry: 2.01 µg/g) in little egret eggshell samples in the current study
were comparable to the established toxic threshold in bird feathers. Feathers and eggshells
are frequently sampled to assess toxic metal contamination in birds. Feathers are often used
as indicators of toxic metals deposited in the blood and body [19,20]. Metal contamination
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of eggshells can represent egg contamination, which may provide valuable information
on the risks posed to reproduction and nestling health [17]. A previous study found that
hatching failure in birds may be associated with Cr contamination in eggs [61]. Therefore,
together with previous findings, our results suggest that Cr contamination may adversely
affect the reproduction and health of little egrets (especially from the Wuji Village heronry)
inhabiting rice fields in Hainan.

3.4. Reproductive Performance of Little Egrets in Different Heronries

To further verify the differences in the reproductive performance of little egrets in the
Wuji Village and Chongwei Village heronries, we assessed several reproductive endpoints
of little egrets in both heronries. The results of these reproductive endpoints are shown in
Table 4.

Table 4. Comparison of breeding parameters of little egrets from Wuji Village and Chongwei Village
heronries.

Breeding Metric Mean ± SD (N) p-Value

Wuji Village Chongwei Village

Clutch size 3.82 ± 0.77 (68) 3.88 ± 0.73 (84) 0.640
Hatching success % 0.77 ± 0.20 (68) 0.88 ± 0.16 (84) <0.001
Fledging success % 0.93 ± 0.13 (68) 0.96 ± 0.11 (84) 0.133
Breeding success % 0.71 ± 0.19 (68) 0.84 ± 0.17 (84) <0.001

Although similar clutch size and fledgling success rates were observed between Wuji
Village and Chongwei Village, significantly lower hatching and breeding success rates were
observed in Wuji Village than at the less contaminated site (p < 0.05) (Table 4). The inferior
breeding performance of free-living bird populations may be associated with various factors.
For example, a previous study reported that the hatching success of little egrets in Sichuan,
Southwest China, is reduced primarily due to human removal of eggs [66]. Adverse
weather conditions, such as strong gales, may also negatively affect the breeding success of
bird populations by destroying nests and affecting nestling survival [66]. In our study, egg
removal by humans was unlikely because local governments and nearby residents have
implemented protective measures to minimize human disturbance to breeding populations.
Notably, the proportion of destroyed nests was higher in Chongwei Village than in Wuji
Village because of gales and rainstorms (Table A1). This may be because, in Chongwei
Village, the nests are mainly built on bamboo forests, which are more vulnerable to gales
and rainstorms. Therefore, weather has a more obvious negative effect on breeding success
in Chongwei than in Wuji. Nevertheless, lower hatching and breeding success rates were
observed in Wuji Village than in Chongwei Village, indicating the presence of hidden
factors affecting the breeding success of both heronries.

Metal pollution negatively affects bird reproduction. Previous studies have reported
lower hatching, fledging, and breeding success rates for bird populations in more-metal-
contaminated sites than the less-contaminated sites [21,23]. Moreover, improved breeding
performance in pied flycatchers (Ficedula hypoleuca) near industrial sites has been observed
following a reduction in industrial heavy metal emissions [67]. In this study, feather and
eggshell samples from Wuji Village showed higher metal concentrations, especially when
the Cr concentration exceeded the toxicity threshold in birds (Figure 3). The impaired
breeding performance in Wuji Village was likely associated with heavy metal contamination,
especially Cr contamination.

Although birds respond and adapt to changing environments, such as metal pollution,
they make trade-offs between self-maintenance and reproduction under limited energy
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and time conditions [23,68]. Birds exposed to high levels of heavy metals may have fewer
resources and/or less energy to allocate to invest in reproduction, affecting egg production,
egg quality, incubation, and offspring rearing, which results in less hatching and breeding
success and poor nestling health [23]. Eggshell thickness is an important indicator of egg
quality and a key factor in determining breeding success [27]. Eggshell thinning is related
to hatching failure because thinner eggshells tend to break during incubation [21]. In our
study, there was no significant difference in eggshell thickness between the two heronries
(Table A2), indicating that eggshell quality is not responsible for the lower hatching and
breeding success in Wuji Village. Notably, a previous study showed that eggshell thickness
varies greatly in different regions of the egg [27]. This study did not account for that
variation in its measurements, which may have obscured potential differences in eggshell
thickness between the two heronries. Interestingly, a higher level of Cr, which exceeded
the toxicity threshold in birds, was transferred from females (Cr in feathers) to their eggs
(Cr in eggshells) in Wuji Village (Figure 3), suggesting that Cr accumulation in eggs may
be closely related to hatching failure (embryo mortality) [61]. Notably, the association
between Cr contamination and the impaired reproductive performance of little egrets was
not statistically confirmed in this study due to the sampling procedure. In addition, higher
levels of Cr exposure and risk to nestlings in Wuji Village due to maternal transfer and food
resources may only induce sublethal toxic effects, resulting in poor nestling growth and
health without obvious fledging failure (Table 4). Therefore, further studies with improved
monitoring and sampling efforts are needed to clarify the effects and mechanisms of Cr
contamination regarding various aspects of reproduction, including parental investment,
nestling growth, and health.

3.5. Limitations of the Study and Future Perspectives

The current study had a few limitations that must be considered when interpreting our
results, and they need to be carefully analyzed for future research. Firstly, the association
between Cr contamination and the impaired reproductive performance of little egrets was
not statistically confirmed due to the sampling procedure. Further studies with improved
monitoring and sampling efforts are necessary to clarify the link between Cr contamination
and various aspects of the reproduction of little egrets in our study area. Secondly, we
considered only the metal exposure levels at a specific time of the breeding season. The
sampling and subsequent comparison of the metal exposure levels at different times of
the breeding season can provide more insights into the risks posed to bird reproduction
and health. Finally, different factors, such as weather, habitat differences, anthropogenic
stressors, and parasites, should be considered for meaningful interpretation of the results.
Finally, future studies should pay more attention to the sublethal effects of metal pollution
(Cr) on nestlings in our study area.

4. Conclusions
In this study, we demonstrated that the foraging habitats of little egrets on Hainan

Island are variously contaminated by heavy metals, with Cd, As, and Cr being the main
pollutants that are closely related to agricultural activities, such as the use of chemical
fertilizers and pesticides. However, although higher levels of Cd, As, and Pb were found in
the foraging habitats, these metal elements exhibited no or negligible bioaccumulation in
the feathers and eggshells of little egrets in both the Wuji Village and Chongwei Village
heronries, which is unlikely to cause any adverse effects on bird health. Higher levels of
heavy metal exposure and risk were found in the feathers and eggshells of little egrets in
Wuji Village than in Chongwei Village due to their higher metal intake from the foraging
environment and food items and lower excretion potential through feces. Notably, the
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Cr concentrations in feather and eggshell samples from Wuji Village exceeded the toxic
threshold in birds, suggesting that high maternal Cr, associated with toxic effects, was
transferred from laying females to their eggs in Wuji Village. Moreover, significantly lower
hatching and breeding success rates were observed in Wuji than in Chongwei Village.
Although the poor breeding performance of free-living bird populations may be affected by
various factors, the impaired breeding performance of little egrets in Wuji Village may be
closely related to Cr contamination because Cr enrichment in eggs has been confirmed to
cause hatching failure. The results indicate that waterbirds breeding in rice fields are under
threat from heavy metal contamination, and feathers and eggshells can be useful indicators
of environmental contamination for those metals that are subject to bioaccumulation.
Further studies with improved monitoring and sampling efforts are necessary to clarify the
potential link between Cr contamination and various aspects of the reproduction of little
egrets in our study area.
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Appendix A

Table A1. Comparison of the number of destroyed nests of little egrets in both heronries.

Sites Number of
Destroyed Nests

Number of Total
Nests

Vandalism Rate
(%)

Wuji Village 4 72 5.56
Chongwei Village 11 95 11.58

Table A2. Comparison of eggshell thickness (mm) of little egrets in both heronries.

Sites Mean ± SD (N) p-Value
Min–Max

Wuji Village 0.18 ± 0.02 (62)
0.12–0.22

0.217
Chongwei Village 0.19 ± 0.01 (59)

0.14–0.21
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37. Turzańska-Pietras, K.; Chachulska, J.; Polechońska, L.; Borowiec, M. Does heavy metal exposure affect the condition of Whitethroat
(Sylvia communis) nestlings? Environ. Sc. Pollut. Res. 2017, 25, 7758–7766. [CrossRef]

38. Zhao, Z.; Zhao, Z.; Fu, B.; Wu, D.; Wang, J.; Li, Y.; Tang, W. Distribution and fractionation of potentially toxic metals under
different land-use patterns in suburban areas. Pol. J. Environ. Stud. 2022, 31, 475–483. [CrossRef]

39. Jian, L.; Zhang, T.; Lin, L.; Xiong, J.; Shi, H.; Wang, J. Transfer and accumulation of trace elements in seawater, sediments, green
turtle forage, and eggshells in the Xisha Islands, South China Sea. Environ. Sci. Pollut. Res. 2022, 29, 50832–50844. [CrossRef]
[PubMed]

40. Hoekstra, P.F.; O’hara, T.M.; Fisk, A.T.; Borga, K.; Solomon, K.R.; Muir, D.C.G. Trophic transfer of persistent organochlorine
contaminants (OCs) within an Arctic marine food web from the southern Beaufort–Chukchi Seas. Environ. Pollut. 2003, 124,
509–522. [CrossRef]

41. Olivares-Rieumont, S.; Rosa, D.D.L.; Lima, L.; Graham, D.W.; Alessandro, K.D.; Borroto, J.; Martínez, F.; Sanchez, J. Assessment of
heavy metal levels in Almendares River sediments-Havana city, Cuba. Water Res. 2005, 39, 3945–3953. [CrossRef]

42. Burton, G.A. Sediment quality criteria in use around the world. Limnology 2002, 3, 65–75. [CrossRef]
43. WHO, World Health Organisation. Guidelines for Drinking-Water Quality, 4th ed; WHO: Geneva, Switzerland, 2022.
44. Rani, M.; Ullah, R.; Alwahibi, M.S.; Elshikh, M.S.; AbdelGawwad, M.R.; Mahmood, A. Health risk assessment by toxic metals in

little egrets (Egretta garzetta) and food chain contaminations. Saudi J. Biol. Sci. 2022, 29, 366–370. [CrossRef] [PubMed]
45. Cox, M.E.; Preda, M. Trace metal distribution within marine and estuarine sediments of Western Moreton Bay, Queensland,

Australia: Relation to land use and setting. Geogr. Res. 2005, 43, 173–193. [CrossRef]
46. Shumilin, E.; Jimenez-Illescas, R.A.; Lopez-Lopez, S. Anthropogenic contamination of metals in sediments of the Santa Rosalıa

Harbor, Baja California Peninsula. Bull. Environ. Contam. Toxicol. 2013, 90, 333–337. [CrossRef] [PubMed]
47. Duda, M.P.; Hargan, K.E.; Michelutti, N.; Kimpe, L.E.; Clyde, N.; Gilchrist, H.G.; Mallory, M.; Blais, J.M.; Smol, J.P. Breeding eider

ducks strongly influence subarctic coastal pond chemistry. Aquat. Sci. 2018, 80, 40. [CrossRef]
48. Boncompagni, E.; Muhammad, A.; Jabeen, R.; Orvini, E.; Gandini, C.; Sanpera, C.; Ruiz, X.; Fasola, M. Egrets as monitors of

trace-metal contamination in wetlands of Pakistan. Arch. Environ. Contam. Toxicol. 2003, 45, 399–406. [CrossRef] [PubMed]
49. Morrissey, C.A.; Bscendell-Young, L.I.; Elliott, J.E. Assessing trace-metal exposure to American dippers in mountain streams of

southwestern British Columbia, Canada. Environ. Toxicol. Chem. 2005, 24, 836–845. [CrossRef]
50. Berglund, Å.M.; Rainio, M.J.; Eeva, T. Temporal trends in metal pollution: Using bird excrement as indicator. PLoS ONE 2015, 10,

e0117071. [CrossRef]

https://doi.org/10.1016/j.envpol.2021.117440
https://www.ncbi.nlm.nih.gov/pubmed/34062385
https://doi.org/10.1016/j.envres.2022.112702
https://doi.org/10.1007/398_2017_4
https://doi.org/10.1016/j.scitotenv.2019.06.140
https://doi.org/10.1016/j.chemosphere.2013.04.078
https://doi.org/10.1016/j.envres.2025.122376
https://doi.org/10.1080/02772248.2015.1050193
https://doi.org/10.13227/j.hjkx.201910075
https://doi.org/10.1016/j.marpolbul.2013.08.020
https://doi.org/10.1021/acs.est.8b05424
https://doi.org/10.1016/j.scitotenv.2016.08.043
https://doi.org/10.1007/s11356-017-1064-1
https://doi.org/10.15244/pjoes/139305
https://doi.org/10.1007/s11356-022-19354-0
https://www.ncbi.nlm.nih.gov/pubmed/35239116
https://doi.org/10.1016/S0269-7491(02)00482-7
https://doi.org/10.1016/j.watres.2005.07.011
https://doi.org/10.1007/s102010200008
https://doi.org/10.1016/j.sjbs.2021.08.106
https://www.ncbi.nlm.nih.gov/pubmed/35002431
https://doi.org/10.1111/j.1745-5871.2005.00312.x
https://doi.org/10.1007/s00128-012-0923-1
https://www.ncbi.nlm.nih.gov/pubmed/23277367
https://doi.org/10.1007/s00027-018-0591-2
https://doi.org/10.1007/s00244-003-0198-y
https://www.ncbi.nlm.nih.gov/pubmed/14674593
https://doi.org/10.1897/04-110R.1
https://doi.org/10.1371/journal.pone.0117071


Toxics 2025, 13, 676 16 of 16

51. Gann, G.L.; Powell, C.H.; Chumchal, M.M.; Drenner, R.W. Hg-contaminated terrestrial spiders pose a potential risk to songbirds
at Caddo Lake (Texas/ Louisiana, USA). Environ. Toxicol. Chem. 2015, 34, 303–306. [CrossRef]

52. Li, X.; Wang, Q.; Liu, F.; Lu, Y.; Zhou, X. Quantifying the bioaccumulation and trophic transfer processes of heavy metals based
on the food web: A case study from freshwater wetland in northeast China. Sci. Total Environ. 2024, 928, 172290. [CrossRef]

53. Kim, J.; Koo, T.H.; Oh, J.M. Monitoring of Heavy metal contamination using tissues of two Ardeids Chicks, Korea. Bull. Environ.
Contam. Toxicol. 2010, 84, 754–758. [CrossRef]

54. Sánchez-Virosta, P.; Espín, S.; García-Fernández, A.J.; Eeva, T. A review on exposure and effects of arsenic in passerine birds. Sci.
Total Environ. 2015, 512, 506–525. [CrossRef]

55. Kunito, T.; Kubota, R.; Fujihara, J.; Agusa, T.; Tanabe, S. Arsenic in marine mammals, seabirds, and sea turtles. Rev. Environ.
Contam. Toxicol. 2008, 195, 31–69. [CrossRef] [PubMed]

56. Albert, C.A.; Williams, T.D.; Morrissey, C.A.; WM-Lai, V.; Cullen, W.R.; Elliott, J.E. Dose-dependent uptake, elimination, and
toxicity of monosodium methanearsonate in adult zebra finches (Taeniopygia guttata). Environ. Toxicol. Chem. 2008, 27, 605–611.
[CrossRef]

57. Garcıa-Fernández, A.J. Ecotoxicology, avian. Encycl. Toxicol. 2014, 2, 289–294. [CrossRef]
58. Vijver, M.G.; Van Gestel, C.A.M.; Lanno, R.P.; Van Straalen, N.M.; Peijnenburg, W.J.G.M. Internal metal sequestration and its

ecotoxicological relevance: A review. Environ. Sci. Technol. 2004, 38, 4705–4712. [CrossRef]
59. Nam, D.H.; Kim, E.Y.; Iwata, H.; Tanabe, S. Molecular characterization of two metallothionein isoforms in avian species:

Evolutionary history, tissue distribution profile, and expression associated with metal accumulation. Comp. Biochem. Physiol. Part
C Pharmacol. Toxicol. Endocrin. 2007, 145, 295–305. [CrossRef]

60. Burger, J.; Gochfeld, M. Metals and radionuclides in birds and eggs from Amchitka and Kiska Islands in the Bering Sea/Pacific
Ocean ecosystem. Environ. Monit. Assess. 2007, 127, 105–117. [CrossRef]

61. Yang, Y.; Sun, F.; Liu, K.; Chen, J.; Zheng, T.; Tang, M. Influence of heavy metals on Saunders’s Gull (Saundersilarus saundersi)
reproduction in the Yellow River Estuary: Risk assessment and bioaccumulation. Environ. Sci. Pollut. Res. 2022, 29, 82379–82389.
[CrossRef] [PubMed]

62. Zarrintab, M.; Mirzaei, R.; Mostafaei, G.; Dehghani, R.; Akbari, H. Concentrations of metals in feathers of magpie (Pica pica) from
Aran-O-Bidgol City in Central Iran. Bull. Environ. Contam. Toxicol. 2016, 96, 465–471. [CrossRef] [PubMed]

63. Malik, R.N.; Zeb, N. Assessment of environmental contamination using feathers of Bubulcus ibis L.; as a biomonitor of heavy
metal pollution, Pakistan. Ecotoxicology 2009, 18, 522–536. [CrossRef] [PubMed]

64. Ullah, K.; Hashmi, M.Z.; Malik, R.N. Heavy-metal levels in feathers of cattle egret and their surrounding environment: A case of
the Punjab province, Pakistan. Arch Environ. Contam. Toxicol. 2014, 66, 139–153. [CrossRef]

65. Kaur, M.; Khera, K.S. Heavy metal contamination in feathers of house crow (Corvus splendens). J. Entomol. Zool. Stud. 2018, 6,
715–720.

66. Pang, R.H.; Yu, T.L.; Busam, M. Low breeding success of the little egret (Egretta garzetta) near residential areas and in colonies
exposed to gales: A comparison of colony in Sichuan, Southwest China, with literature. Anim. Cells Syst. 2019, 23, 235–240.
[CrossRef]

67. Berglund, Å.M.; Nyholm, N.E.I. Slow improvements of metal exposure, health-and breeding conditions of pied flycatchers
(Ficedula hypoleuca) after decreased industrial heavy metal emissions. Sci. Total Environ. 2011, 409, 4326–4334. [CrossRef] [PubMed]

68. Chevin, L.M.; Lande, R.; Mace, G.M. Adaptation, plasticity, and extinction in a changing environment: Towards a predictive
theory. PLoS Biol. 2010, 8, e1000357. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1002/etc.2796
https://doi.org/10.1016/j.scitotenv.2024.172290
https://doi.org/10.1007/s00128-010-0015-z
https://doi.org/10.1016/j.scitotenv.2015.01.069
https://doi.org/10.1007/978-0-387-77030-7_2
https://www.ncbi.nlm.nih.gov/pubmed/18418953
https://doi.org/10.1897/07-147.1
https://doi.org/10.1016/B978-0-12-386454-3.00496-6
https://doi.org/10.1021/es040354g
https://doi.org/10.1016/j.cbpc.2006.10.012
https://doi.org/10.1007/s10661-006-9264-z
https://doi.org/10.1007/s11356-022-21139-4
https://www.ncbi.nlm.nih.gov/pubmed/35752667
https://doi.org/10.1007/s00128-016-1733-7
https://www.ncbi.nlm.nih.gov/pubmed/26781634
https://doi.org/10.1007/s10646-009-0310-9
https://www.ncbi.nlm.nih.gov/pubmed/19418220
https://doi.org/10.1007/s00244-013-9939-8
https://doi.org/10.1080/19768354.2019.1596980
https://doi.org/10.1016/j.scitotenv.2011.07.004
https://www.ncbi.nlm.nih.gov/pubmed/21788063
https://doi.org/10.1371/journal.pbio.1000357
https://www.ncbi.nlm.nih.gov/pubmed/20463950

	Introduction 
	Materials and Methods 
	Study Area 
	Breeding Monitoring 
	Sample Collection 
	Laboratory Analysis, Quality Assurance, and Control 
	Calculation and Statistical Analysis 

	Results and Discussion 
	Heavy Metal Contamination in Foraging Habitats 
	Heavy Metals in Food and Feces of Little Egrets 
	Heavy Metals in Feathers and Eggshells of Little Egrets 
	Reproductive Performance of Little Egrets in Different Heronries 
	Limitations of the Study and Future Perspectives 

	Conclusions 
	Appendix A
	References

