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metals on Ciconia boyciana
feathers and Larus saundersi egg shells in the
Yellow River delta estuary

Yuewei Yang,†* Jing Li, † Fengjiao Zhang, Fengfei Sun, Junfeng Chen
and Meizhen Tang

In this study, the Ciconia boyciana and Larus saundersi, typical wetland birds in the Yellow River estuary,

were selected as research objects. The feathers and egg shells of Ciconia boyciana and Larus saundersi

were collected to determine the contents of heavy metals Cd, Cr, Cu, Zn, Mn, Ni and Pb in the samples.

Correlation analysis (CA), principal component analysis (PCA), principal factor analysis (PFA) and potential

ecological risk index (RI) were used to analyse and treat the measured heavy metal content data to

determine the heavy metal pollution status, source and potential ecological risk in the Yellow River

estuary. The results of CA, PCA and PFA showed that the content of Cd in the Yellow River estuary was

much higher than the background value and its pollution was the most serious. Cr pollution was second

and Mn pollution was the lowest. Heavy metal pollution mainly came from human activities such as oil

exploitation, industrial production, use of pesticides and fertilizers, and the pollution caused by natural

sources was relatively low. Based on the RI value of heavy metals in the study area, heavy metal Cd had

an extremely high ecological risk status, and other heavy metals were all low. The results of this study

can provide some reference and theoretical support for bird protection, heavy metal pollution control

and ecological restoration in the Yellow River delta.
Introduction

Rapid industrialization and economic development have
caused serious heavy metal pollution, especially in coastal
areas.1–3 Crude oil pollution, seawater intrusion, over-
exploitation and other problems have aggravated heavy metal
pollution in the Yellow River delta wetland,4 which leads to
wetland and vegetation degradation, biodiversity decline and
destruction of the original ecological structure.5–8 It is urgent to
solve the threat to the ecosystem and biological population
caused by the increase of the heavy metal concentration in the
Yellow River delta wetland.9,10

The Yellow River delta is the largest and youngest wetland
ecosystem in China's warm temperate zone, with a vegetation
coverage of up to 55.1%, forming the largest beach vegetation in
coastal China.11 Abundant wetland vegetation and aquatic bio-
logical resources provide numerous habitats for birds, making
the region an important “transit station”, overwintering and
breeding ground for bird migration in the inland and western
Pacic Rim of Northeast Asia.12 The concentration of heavy
metals in wetlands is high, and the main sources of pollution
include crude oil pollution, pesticide and fertilizer, atmospheric
ersity, Qufu, Shandong, China. E-mail:

39405
deposition and so on.13,14 Low-grade organisms transport to
higher trophic levels through food webs aer ingestion of heavy
metals and accumulate in vivo to inuence animal growth,
development, reproduction and behavior patterns.15–17 Ulti-
mately, it has adverse effects on the human nervous system,
endocrine and hematopoietic systems.18–20 Heavy metals have
posed a serious threat to human health and ecological envi-
ronment due to their toxicity, non-degradability and cumulative
amplication.21,22 Over the past decades, a great deal of inves-
tigations and monitoring have been carried out to restore the
ecological environment of the Yellow River delta wetland,
mainly focused on sediment, hydrology and soil.23–25 However,
the degree of heavy metal pollution in different regions was also
different due to biological factors and abiotic factors,26 and
many data obtained were oen difficult to explain. Previous
studies on heavy metal pollution in the Yellow River delta
mainly focused on soil and other aspects, while the research on
heavy metals and organisms were less, and studies on the
effects of heavy metals on birds were rarely reported. Therefore,
this study was based on the comprehensive understanding of
the Yellow River delta, it was of great theoretical and practical
signicance to conduct more accurate source analysis and
potential ecological risk assessment of heavy metal pollution in
the Yellow River estuary. In this study, birds were associated
with heavy metal pollution. Typical wetland birds in the Yellow
River estuary-Ciconia boyciana and Larus saundersi-were taken
This journal is © The Royal Society of Chemistry 2020
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as research objects to collect the feathers of Ciconia boyciana
and the egg shells of Larus saundersi. Besides, birds were
particularly sensitive to environmental changes and can better
reect the harm of heavy metal pollution to humans than most
invertebrates and were oen used as environmental monitoring
organisms.27,28 Numerous studies have used feathers, eggs or
other tissues to monitor heavy metal contamination,29 allowing
samples to be obtained without harming birds, and making
large-scale and repeated sampling possible.30

Through the determination of heavy metals in the feathers of
Ciconia boyciana and the egg shells of Larus saundersi, the
pollution status, sources and potential ecological risk of the
Yellow River estuary were analyzed by means of CA, PCA, PFA
and RI. The results provide a theoretical basis for ecological
restoration and bird population protection in the Yellow River
delta wetland.
Materials and methods
Study site

The Yellow River Delta Nature Reserve (37�350–38�120 N,
118�330–119�200 E) is located in Dongying City, Shandong
Province, China, at the junction of Bohai Sea and Laizhou Bay.
The study area is located in the estuary of the Yellow River
(Fig. 1). It belongs to the typical warm temperate continental
monsoon climate, cold in winter and hot in summer, with four
distinct seasons, and an average annual precipitation of 530–
630mm. The salt content of soil is high, mainly coastal tidal soil
and coastal saline soil. According to the salt content, there are
various kinds of halophytic vegetation, such as reeds, ragwort
and tamarix. The Yellow River Delta Nature Reserve is mainly
established for the protection of wetland ecosystem and rare
and endangered waterfowl.31 Because of its superior geograph-
ical location and unique ecological type, it has become a repre-
sentative example of estuarine wetland ecosystem. There are 7
species of national rst-class protected birds, 33 species of
Fig. 1 Location of study area and sampling point in the Yellow River est

This journal is © The Royal Society of Chemistry 2020
national second-class protected birds,32 and there are many rare
and endangered birds such as Larus saundersi.
Sample collection and analysis

Sampling points were set up at the nests of Ciconia boyciana and
Larus saundersi. There were 18 sampling points near the Ciconia
boyciana nest, and each sampling point made 3 parallel
samples, a total of 54 Ciconia boyciana feather samples. There
were 12 sampling points for successful hatching egg shells
(samples with only remaining egg shell aer hatching) and
failed hatching egg shells (samples from failed hatching, fetal
dead eggs) in the breeding ground of Larus saundersi. In each
sampling site, 3 parallel samples were made for successful
hatching and failed hatching samples, and a total of 72 samples
were obtained. The collected samples were labelled separately
into the sealed bags and stored at 4 �C.

The samples were put into a clean glassware and removed
the leaves, weeds, soil, etc. on its surface, and cleaned three
times each with tap water, distilled water and acetone aer
removal. Aer washing, it was put into the oven and dried for 12
hours at a constant temperature of 80 �C. The dried feather
samples were taken out and chopped with stainless steel scis-
sors, weighing 0.5 g into PTFE crucible. Then add concentrated
HNO3 (65%) and H2O2 (30%) at a ratio of 5 : 1, shake evenly
aer capping and place overnight. The temperature of the
electric heating plate was controlled between 250 �C and 300 �C.
In order to make the reaction shake out of time completely
during the heating process, the PTFE crucible was removed
aer digestion to light yellow, and the volume was determined
by 25 ml volumetric bottle aer cooling. The egg shell samples
were ground into powder by agate mortar aer drying, and the
60 mesh nylon sieve was sied and weighed 0.5 g into PTFE
crucible. Add 16 ml concentrated nitric acid and 6 ml perchloric
acid, shake evenly aer capping and place overnight. Dissolve to
colorless in the same way, and then cooled with a 25 ml volu-
metric bottle for measurement. Total analysis of seven heavy
uary.

RSC Adv., 2020, 10, 39396–39405 | 39397
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Table 1 Heavy metal contents in Ciconia boyciana feathers

Sampling points Cd Cr Cu Mn Ni Pb Zn

1 1.17 402.39 44.66 37.68 48.26 6.06 96.66
2 2.35 362.16 46.09 44.02 45.81 6.31 100.61
3 1.13 341.7 41.16 70.32 48.95 14.8 120.38
4 0.4 376.88 41.63 48.4 45.98 13.51 107.56
5 1.73 382.44 39.49 66.5 50.08 17.71 149.15
6 0.19 357.52 43.96 56.21 45 32.28 88.63
7 0.11 221.94 44.33 54.34 37.23 7.35 117.29
8 0.21 271.81 43.2 36.36 32.04 6.37 95.3
9 0.8 313.84 46.64 51.44 37.61 17.67 128.61
10 1.27 240.78 42.63 53.81 31.84 18.8 107.89
11 0.57 255.11 44.45 41.56 37.48 19.15 135.57
12 0.34 291.99 45.54 35.6 33.38 12.12 120.05
13 0.53 225.54 39.94 48.03 32.63 16.45 106.5
14 0.25 32.45 42.66 16.21 0.28 15.58 129.31
15 0.33 48.11 43.11 26.63 0.43 15.78 123.48
16 0.48 46.57 44.91 39.53 0.96 23.78 124.73
17 0.4 40.31 40.54 36.44 0.44 25.38 123.75
18 0.06 39 44.05 37.44 0.24 19.66 114.6
n 18 18 18 18 18 18 18
SD 0.60 131.60 2.02 12.93 18.81 6.81 15.03

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

7 
O

ct
ob

er
 2

02
0.

 D
ow

nl
oa

de
d 

on
 7

/1
5/

20
25

 4
:1

5:
22

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
metals (Cd, Cr, Cu, Zn, Mn, Ni, Pb) in feather and egg shell
samples using acid digestion, heavy metal content determina-
tion using ame atomic absorption spectrophotometry (Shi-
madzu AA-7000), heavy metals with low content were detected
by graphite furnace. Heavy metals with high content were
diluted and then detected. The measured data were analyzed by
CA, PCA and PFA, and Pearson rank correlation was used to test
the correlation between heavy metal concentration and pollu-
tion source. When the P value is less than 0.05, it is considered
that there is a signicant linear regression relationship between
the heavy metal concentration and the pollution source, and
there is an extremely signicant linear regression relationship
when it is less than 0.01.

Potential ecological risk assessment method

Based on the Hakanson sedimentary principles,33 and the
existing potential risk assessment studies,34,35 the potential
ecological risk index of heavy metals in the Yellow River estuary
was evaluated. The risk assessment method used in this study is
based on the following basic formulas:

RI ¼
Xn

i¼1

Er
i ¼

Xn

i¼1

Tr
i � Ci

Cn
i

where, Er
i i reects the pollution degree and potential ecological

risk index of a single heavy metal, while RI reects the sum of
the potential ecological risks of all heavy metals. Er

i i is the
potential ecological risk index of heavy metal i. Tr

i i is the toxic
reaction factor of specic heavy metal i (Cd¼ 30, Cr¼ 2, Cu¼ 5,
Mn ¼ 2, Ni ¼ 5, Pb ¼ 5, Zn ¼ 1). Ci i is the actual measured
concentration of heavy metal i in the sample (mg kg�1), and Cn

i i
is the background values of heavy metal i in the study area. The
soil background values of Shandong Province (Cd: 0.084; Cr: 66;
Cu: 24; Mn: 644; Ni: 25.8; Pb: 25.8; Zn: 63.5) (mg kg�1) is used.

The pollution degree and potential ecological risk of a heavy
metal (Er

i) are divided into low degree (Er
i# 40), medium degree

(40 < Er
i # 80), considerable degree (80 < Er

i # 160), high degree
(160 < Er

i # 320) and extremely high degree (320 < Er
i). The

comprehensive potential RI of heavy metals is divided into low
risk (RI < 50), medium risk (50# RI < 100), high risk (100# RI <
200) and very high risk (RI $ 220).

Statistical analysis

Data processing using Excel 2000 and data analysis using SPSS
for Mac26.0.

Results and discussion
Analysis of heavy metals in Ciconia boyciana feathers

From the average value of heavy metal content in each sample,
the average value of Cd, Cr, Zn, Cu and Ni in the sample was
higher than the background values of heavy metal content in
Shandong soil, which were 8.14, 3.58, 1.83, 1.80 and 1.14 times
of the background values respectively, indicating that these
heavy metal elements had local pollution phenomenon, among
which Cd pollution was the most obvious. The average content
of heavy metals Mn and Pb were lower than the background
39398 | RSC Adv., 2020, 10, 39396–39405
values of heavy metal content in Shandong soil, and the
maximum value of Mn was also much lower than the back-
ground values, which indicating that the Ciconia boyciana is not
polluted by Mn, and Pb pollution is also light. Table 1 showed
the specic values of heavy metal content at each sampling
point in Fig. 2. Fig. 2 combined with Table 1 showed that the
overall content of heavy metal Cr was the highest, and Cr
content of sampling points 14–18 were signicantly reduced,
mainly because the sampling points 14–18 were located in
a protected lotus root pond, while the sampling points 1–13
were located in the beach near the oil well. The overall content
of Zn was the second; the content of Cu was relatively stable; the
content of Mn and Ni in sampling points 1–13 were relatively
stable, and the content of sampling points 14–18 were lower
than the average; the content of Pb and Cd had no obvious
regularity. As a whole, the heavy metal content of Ciconia boy-
ciana feather was Cr > Zn > Mn > Cu > Ni > Pb > Cd. The content
of heavy metals in Ciconia boyciana feathers were moderate or
signicantly higher than the background value of soil heavy
metal concentration in Shandong, indicating that feathers had
a strong accumulation ability to heavy metals.36 The contents of
the seven heavy metals in sampling points no. 0.3, no. 0.5 and
no. 0.6 were higher than those in other sampling points, which
may be due to their proximity to the protection areas, the large
number of workers and tourists, the human activities such as
vehicle exhaust, tourist garbage and atmospheric deposition
had all aggravated the heavy metal pollution in the surrounding
environment.37,38 The heavy metal content of sampling point no.
18 decreased obviously, mainly because it was located near the
core area, which was less affected by human activities and less
polluted.

Table 2 showed that Cd was positively correlated with Cr and
Cd was positively correlated with Ni. There was a highly
signicant positive correlation between Cr and Mn, Cr and Ni,
This journal is © The Royal Society of Chemistry 2020
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Fig. 2 Ciconia boyciana feathers (a) and no Cr (b) heavy metal content.

Table 2 Correlation of heavy metal content in Ciconia boyciana
feathers

Cd Cr Cu Mn Ni Pb Zn

Cd 1
Cr 0.523a 1
Cu �0.001 0.066 1
Mn 0.443 0.679b �0.272 1
Ni 0.506a 0.98b 0.016 0.751b 1
Pb �0.285 �0.327 �0.206 0.085 �0.332 1
Zn 0.06 �0.294 �0.206 0.029 �0.249 0.176 1

a Signicantly correlation at 0.05 level (bilateral). b Signicant
correlation at 0.01 level (bilateral).

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

7 
O

ct
ob

er
 2

02
0.

 D
ow

nl
oa

de
d 

on
 7

/1
5/

20
25

 4
:1

5:
22

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
and Mn and Ni. There was no signicant correlation between
other heavy metals. It showed that there was a certain rela-
tionship between Cd and Cr, Ni pollution sources, and Cr, Mn
and Ni were more likely to come from the same pollution
sources. According to the results of the initial eigenvalues in
Table 3, three principal components were considered, which
account for about 74% of the total variance, and all elements
were well represented by these three principal components.
Among them, the heavy metals Ni, Cr, Mn and Cd had higher
positive load values on the rst principal component, and the
load values were all greater than 0.7, which was consistent with
the signicant correlation between the four heavy metals.
According to Table 3, the load values of Ni and Cr on the rst
principal component were the highest, which were 0.948 and
Table 3 Principal component load values and analysis results of heavy m

Item
Principal component
1

Principal component
2

Principal comp
3

Ni 0.948 0.188
Cr 0.927 0.248
Mn 0.816 �0.255 0.371
Cd 0.709 �0.133 �0.265
Cu �0.11 0.802
Zn �0.13 �0.687
Pb �0.344 �0.353 0.726

This journal is © The Royal Society of Chemistry 2020
0.927, respectively. Ni was an important element of plant
growth, but it could cause damage to human health and soil
quality when its concentration exceeded the allowable limit.39

Ni mainly came from waste, waste water and dust in the
smelting process. The natural sources of Cr were mainly rock
weathering, and Cr exhaust gas, waste residue and waste water
produced by metal smelting and fossil fuel combustion were
also important sources of pollution. The load value of Cu in the
second principal component was the highest, and the main
pollution sources of Cu weremining, smelting, soot etc., and the
co-existence with other heavy metals will lead to synergistic
effect and aggravate the pollution. In Fig. 2, the average heavy
metal contents of Cr, Ni and Cu were higher than the back-
ground value of soil in Shandong, so the rst and second
principal components mainly represent the inuence of human
factors such as industrial activities and wastewater discharge on
Ciconia boyciana. The loading value of Pb in the third principal
component was the highest, which was 0.726. Chemical fertil-
izers and pesticides applied in agricultural production and
batteries used in industrial production can produce a large
amount of Pb.40 In addition, because Pb was one of the crustal
constituent elements, annual rock weathering will also lead to
the increase of heavy metal Pb. In general, the level of heavy
metal pollution caused by slow weathering and other natural
activities is low. Combined with Fig. 2, we could see that the
content of Pb was lower than the background value of soil in
Shandong, so principal component 3 mainly represented the
heavy metal pollution caused by natural sources. Therefore,
heavy metal pollution in this area was closely related to
etals in Ciconia boyciana feathers

onent
Eigenvalue

Variance contribution
rate/%

Cumulative variance
contribution rate/%

3.268 40.851 40.851
1.557 19.466 60.317
1.172 14.644 74.961
0.908 11.356 86.317
0.525 6.557 92.874
0.383 4.793 97.667
0.011 0.136 100

RSC Adv., 2020, 10, 39396–39405 | 39399
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Table 4 Ecological risk assessment results of heavy metals in Ciconia
boyciana feathers

Er
i

RICd Cr Cu Mn Ni Pb Zn

Max 839.29 12.19 9.72 0.12 9.71 6.26 2.35 879.64
Min 21.43 0.98 8.23 0.05 0.05 1.17 1.40 33.31
Average 244.44 7.16 9.02 0.14 5.69 3.11 1.83 271.39

Table 5 Heavy metal contents in hatching success egg shells of Larus
saundersi

Sampling points Cd Cr Cu Mn Ni Pb Zn

1 0 119.41 11.73 19.86 17.53 13.63 23.85
2 0 104.2 18.66 18.77 15.4 10.61 21.38
3 0 104.52 21.07 11.74 15.06 11.48 16.96
4 0 105.1 11.93 31.84 16.84 11.72 20.37
5 0 11.88 18.71 21.59 16.34 12.21 18.47
6 0 12.15 18.59 9.08 14.92 12.83 23.06
7 0 11.99 11.59 4.33 15.65 11.85 17.51
8 0 134.83 16.09 9.31 18.48 13.63 21.87
9 0 117.95 14.46 13.64 16.85 12.4 15.44
10 0 112.21 17.06 32.9 18.24 15.23 18.7
11 0 116.64 16.41 37.79 15.65 11.72 12.74
12 0 121.43 16.59 31.11 16.51 13.01 10.81
n 12 12 12 12 12 12 12
SD 0 45.40 2.96 10.56 1.14 1.18 3.85
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industrial production, agricultural production, mining and
other human activities.41 The comprehensive potential ecolog-
ical risk values of heavy metals can reect the pollution degree
and potential ecological risk of toxic substances or pollutants to
biological communities. As shown in Table 4, the average
potential ecological RI of heavy metals in Ciconia boyciana
feathers was 271.39, indicating that the pollution in this area
was relatively serious. The Er

i of heavy metal Cd was the highest,
with an average value of 244.44, indicating that Cd in the study
area had extremely high potential ecological risk. Cd was highly
toxic and had obvious biomagnication effect during the
transmission of food web, which was likely to have a negative
Fig. 3 Hatching success egg shells (a) and no Cr (b) heavy metal conten

39400 | RSC Adv., 2020, 10, 39396–39405
impact on survival and reproduction.42,43 Cd pollution mainly
came from fuel combustion, atmospheric deposition, industrial
wastewater and so on. The Er

i of the other six heavy metals were
all less than 10, indicating that the pollution degree and
ecological risk level of the remaining heavy metals were rela-
tively low. Therefore, Cd may be the main potential ecological
risk factor. Cd had the lowest heavy metal content, but the
potential ecological risk value was the highest. There were two
main reasons for this difference: on the one hand, the toxicity
coefficient of each heavy metal was different, and Cd had the
highest toxicity coefficient; on the other hand, although the
content of heavy metals such as Cr was much higher than that
of Cd, they could be mineralized and buried in soil to reduce
their biological toxicity and ecological risk. According to the
above results, the heavy metals Ni and Cr had the most signif-
icant effect on Ciconia boyciana. Cd and Cr pollution in this area
were serious, and Cd had an extremely high potential ecological
risk. Heavy metal pollution was mainly related to large-scale oil
extraction, metal smelting, fertilizer application and other
human activities.

Analysis of heavy metals in egg shells of Larus saundersi

Analysis of heavy metals in hatching success egg shells of
Larus saundersi. Heavy metal Cd was not detected in hatching
success egg shell samples of Larus saundersi, indicating that the
content of Cd in samples was lower than the minimum
measured value. From the average value of heavy metal content
in each sample, only the average value of heavy metal Cr in the
samples was higher than the background value of heavy metal
content in Shandong soil, which was 1.35 times of the back-
ground value. The maximum value of the remaining ve heavy
metals was also much lower than the background value, indi-
cating that there was local Cr pollution in this region. Table 5
showed the specic values of heavy metal content at each
sampling point in Fig. 3. As can be seen from Fig. 3 and Table 5,
the Cr content was the highest, and the Cr content of H5, H6,
H7 three sampling points was signicantly lower than that of
other sampling points. It may be due to the high terrain of these
three sampling sites, the heavy metal content in this area was
low aer the long-term scouring by high tide and rain, and the
heavy metal content of sh and worms in the tidal at was
lower, which was consistent with the research results of low
t of Larus saundersi.

This journal is © The Royal Society of Chemistry 2020
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Table 6 Correlation of heavy metal content in hatching success egg
shells of Larus saundersi

Cr Cu Mn Ni Pb Zn

Cr 1
Cu �0.83 1
Mn 0.425 �0.03 1
Ni 0.51 �0.387 0.218 1
Pb 0.203 �0.138 0.154 0.756a 1
Zn �0.188 �0.118 �0.423 0.182 0.149 1

a Signicant correlation at 0.01 level (bilateral).

Table 8 Ecological risk assessment results of heavy metals in hatching
success egg shells of Larus saundersi

Er
i

RICd Cr Cu Mn Ni Pb Zn

Max 0 4.09 4.39 0.12 3.58 2.95 0.38 15.51
Min 0 0.36 2.41 0.01 2.89 2.06 0.17 7.9
Average 0 2.71 3.35 0.06 3.19 2.43 0.29 12.03
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heavy metal concentration in the strong hydrodynamic zone.44

Besides, the content of Mn was irregular, and the content of the
other four heavy metals was similar and stable. Heavy metal
contents in the hatching success egg shells of Larus saundersi
were Cr > Mn > Zn > Ni > Cu > Pb > Cd, which was quite different
from that of Ciconia boyciana feathers. The contents of heavy
metals in the successful hatching egg shells of Larus saundersi
were lower than that of Ciconia boyciana, indicating that the
accumulation capacity of heavy metals in different individuals
and parts was different.45

Table 6 showed that there was a signicant positive corre-
lation between Ni and Pb, and there was no signicant corre-
lation between other heavy metals. It indicated that the heavy
metals Ni and Pb were more likely to come from the same
pollution source. According to Table 7, the load values of heavy
metals Ni and Pb on the rst principal component were the
highest, which were 0.941 and 0.833, respectively, which were
consistent with the correlation analysis results. The natural
sources of Ni and Pb were mainly the weathering of olivine and
shale, and the man-made sources include “three wastes” in
industrial production. Fig. 3 showed that the maximum values
of Ni and Pb were also much lower than the soil background
value in Shandong, so the rst principal component repre-
sented the effect of natural sources on the successful hatching
egg shells of Larus saundersi. The load values of the second
principal component were all negative, and Cr load values of the
third principal component are the highest. Cr pollution mainly
came from the waste gas, waste residue, waste water and rock
weathering produced by industrial activities. Because the
content of Cr was higher than the background value, the third
principal component represented heavy metal pollution caused
by human activities. Table 8 showed the assessment results of
Table 7 Principal component load values and analysis results of heavy m

Item
Principal
component 1

Principal
component 2

Principal
component 3

Ni 0.941 �0.195
Pb 0.833
Cu �0.486 0.209
Mn 0.114 �0.742 0.55
Zn 0.282 �0.848
Cr 0.487 �0.161 0.613

This journal is © The Royal Society of Chemistry 2020
potential ecological risks of heavy metals in hatching success
egg shells, RI was less than 50, indicating that the heavy metal
pollution degree and potential ecological risks in the habitat of
Larus saundersi were relatively low. Cu had the highest potential
ecological risk value, followed by Cr, Ni and Pb. The content of
Cr was the highest, but the potential ecological risk value was
lower than that of Cu, mainly because of the small toxicity
coefficient of Cu. From this we can see that Ni and Pb had the
greatest inuence on successful hatching egg shells of Larus
saundersi, and had little relation with heavy metal pollution
caused by human activities. The pollution degree of the region
was relatively light but there was some Cr pollution, and Cu was
the main potential ecological risk factor.

Analysis of heavy metals in hatching failure egg shells of
Larus saundersi. Fig. 4 showed the values of heavy metal
content at each sampling point. The comparison between Fig. 4
and 3 showed that there were many similarities between heavy
metal content of the failed hatching egg shells and the
successful hatching egg shell: Cd was not detected, Cr content
was the highest, Mn content changed greatly, and the other four
heavy metal contents were relatively stable. Only the average
value of heavy metal Cr in the sample was higher than the
background value of heavy metal content in Shandong soil,
which was 1.82 times. Themaximum value of the remaining ve
heavy metals was also far lower than the background value,
which indicated that there was local Cr pollution in this area.
The overall trend of heavy metal content in hatching failure egg
shells of Larus saundersi was Cr > Mn > Zn > Cu > Ni > Pb > Cd,
and the content of ve heavy metals except Ni was higher than
that of hatching success egg shells. Theoretically, all the heavy
metal contents of the failed hatching egg shells of Larus saun-
dersi should be higher than that of successful hatching egg
shells. However, in this study, we detected that the Ni contents
of six sampling points were lower than that of hatching success
etals in hatching success egg shells of Larus saundersi

Eigenvalue
Variance contribution
rate/%

Cumulative variance
contribution rate/%

2.432 34.744 34.744
1.699 24.266 59.01
1.033 14.762 73.772
0.647 9.239 95.613
0.261 3.73 99.343
0.046 0.657 100
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Fig. 4 Hatching failure egg shells (a) and no Cr (b) heavy metal content of Larus saundersi.

Table 9 Correlation of heavy metal content in hatching failure egg
shells of Larus saundersi

Cr Cu Mn Ni Pb Zn

Cr 1
Cu �0.299 1
Mn 0.135 �0.283 1
Ni 0.146 0.045 0.38 1
Pb 0.114 0.115 0.211 �0.319 1
Zn �0.34 0.234 �0.546 �0.476 �0.18 1
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egg shell, and the Ni contents difference of the other six
sampling points were not signicant. Probably because
different organisms had different tolerance values to various
heavy metals, and the Ni content in egg shells didn't reach the
value that affected the hatching success. In addition, the
contents of heavy metals in failed hatching egg shells of Larus
saundersi were also lower than that of Ciconia boyciana. The
results showed that different individuals had different ability to
absorb and enrich heavy metals, and the tolerance value of
heavy metals was also different.46

As shown in Table 9, there was no signicant correlation
between heavy metals in hatching failure egg shells of Larus
saundersi, indicating that the heavy metals that pollute the
hatching failure egg shells were not come from the same
pollution source. Table 10 showed that the load values of heavy
metals Mn and Ni on the rst principal component were higher
than that of other heavy metals, and olivine weathering were
also bring a lot of Mn and Ni. Mn was one of the essential trace
elements for human body, and the main source of Mn pollution
Table 10 Ecological risk assessment results of heavy metals in Ciconia

Item
Principal component
1

Principal component
2

Principal comp
3

Zn �0.829 0.247
Mn 0.798 �0.193
Ni 0.69 �0.492 0.182
Pb 0.213 0.935
Cu 0.101 0.863
Cr 0.252 �0.681

39402 | RSC Adv., 2020, 10, 39396–39405
was the waste produced by alloys, catalysts and batteries in
industrial production. The second principal component and the
third principal component were closely related to Pb and Cu,
respectively. Because themaximum values of theMn, Ni, Pb and
Cu were far lower than the background values, the three prin-
cipal components all represented the inuence of natural
sources on hatching failure of Larus saundersi. Table 11 showed
the potential ecological risk index results of heavy metals in
failed hatching egg shells, RI were all less than 50. Cu had the
highest potential ecological risk value, followed by Cr, Ni and
Pb. Synthesizing the above results, we can see that the pollution
degree of heavy metal in the study area was low, and there was
partial Cr pollution, and Cu was the main potential ecological
risk factor. Larus saundersi hatching failure egg shells was
mainly contaminated by Mn and Ni.

Comparative analysis of heavy metals in egg shells of Larus
saundersi hatching success and hatching failure. The results of
independence test between the hatching success and hatching
failure of Larus saundersi showed that there was signicant
difference in the contents of Cr, Mn and Pb, and extremely
signicant differences in the contents of Cu, which indicated
that the contents of these heavy metals may affect the hatching
success rate of Larus saundersi eggs.

Previous studies had shown that heavy metals were easy to
accumulate during the growth and development of birds,
making the egg shell thinner, causing egg or excessive evapo-
ration of water in the egg contents, and nally reducing the
hatchability of eggs.16 Therefore, heavy metals Cr, Mn, Pb and
Cu were one of the factors affecting the hatching of Larus
saundersi, while the contents of Zn and Ni may not reach the
value of toxic effect on embryo development and egg hatching
boyciana feathers

onent
Eigenvalue

Variance contribution
rate/%

Cumulative variance
contribution rate/%

2.389 34.133 34.133
1.38 19.71 53.843
1.099 15.703 69.546
0.807 11.531 81.077
0.377 5.385 97.44
0.179 2.56 100

This journal is © The Royal Society of Chemistry 2020
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Table 11 Ecological risk assessment results of heavy metals in Ciconia
boyciana feathers

Er
i

RICd Cr Cu Mn Ni Pb Zn

Max 0 4.34 5.34 0.13 3.36 3.21 0.49 16.87
Min 0 3.15 3.50 0.06 2.83 2.41 0.20 12.15
Average 0 3.64 4.23 0.09 3.10 2.68 0.35 14.09

Table 12 Independence test results of egg shell samples for hatching
success and hatching failure of Larus saundersi

F T df P

Cr 15.461 �2.208 22 0.038a

Cu 0.006 �3.492 22 0.002b

Mn 0.734 �2.21 22 0.038a

Ni 2.822 1.138 22 0.267
Pb 0.016 �2.684 22 0.014a

Zn 1.343 �1.941 22 0.065

a Signicantly correlation at 0.05 level (bilateral). b Signicant
correlation at 0.01 level (bilateral).
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success. In addition, it was not only heavy metal pollution, but
also rainfall, plant invasion, natural enemies and other factors
that lead to the decrease of the success rate and quantity of bird
reproduction.47,48

Comparative analysis of heavy metals between Ciconia boy-
ciana and Larus saundersi. The heavy metal pollution of Ciconia
boyciana was more serious than that of Larus saundersi sampling
points, probably because the Larus saundersi sampling points
were close to the core area and less disturbed by human factors,
which was consistent with the PCA results. The heavy metals Ni
and Cr had the most signicant effect on Ciconia boyciana
feathers; Ni and Pb had the most signicant effect on hatching
successful Larus saundersi egg shells; while the failed hatching
Larus saundersi egg shells were mainly affected by heavy metals
Mn and Ni. This was not consistent with the overall trend of
heavymetal content measured, whichmay be due to the different
tolerance and enrichment degree of heavy metals in different
organisms and tissues,27,29 and there was no unied standard
value of heavy metal content in birds at present. The hatching
success and hatching failure egg shells of Larus saundersi were
not detected Cd, while the heavy metal Cd was detected in the
feathers of Ciconia boyciana. This was because feather tissue was
the place for heavy metals accumulation and excretion. Birds
discharged heavy metals and other substances into growing
feathers during their activities. The accumulation of heavymetals
in feathers reected the presence of pollutants in the environ-
ment.27,49 The two kinds of birds were mainly affected by heavy
metals Cr, Ni and Pb, Cr, Ni and Pb were also the key factor for
soil adsorption of metal elements, which was consistent with the
previous research results of coastal wetlands in the Yellow River
delta.38 Due to the enrichment of heavy metals, the heavy metals
in wetlands will accumulate in Ciconia boyciana and Larus saun-
dersi along with the food chain, and remain on them during the
formation of feathers and eggshells. Therefore, the heavy metal
content in the Ciconia boyciana feathers and Larus saundersi egg
shells reected the heavy metal pollution in the Yellow River
estuary to some extent. Heavy metal Cd in the Yellow River
estuary had great potential ecological risk, and heavy metal
pollution included natural and human factors. Natural factors
mainly referred to natural activities, such as rock weathering and
volcanic eruptions. There were many oil elds in the Yellow River
estuary, such as Shengli Oileld. The large-scale oil exploitation
and oil leakage made the heavy metal content in atmosphere,
water and soil exceed the safety limit,10,50,51 which may be the
main reason for heavy metal pollution detected in this study. In
This journal is © The Royal Society of Chemistry 2020
addition, sewage irrigation and the use of pesticides, herbicides
and the development of mining industry had also caused serious
heavy metal pollution to water quality and soil (Table 12).
Conclusion

The contents of seven kinds of heavy metals in Ciconia boyciana
feathers and Larus saundersi egg shells, the source, potential
ecological risk and pollution status of heavy metal pollution in
the Yellow River estuary were analyzed. The statistical analysis
draws the following conclusions: (1) CA, PCA and PFA results
show that the heavy metal pollution in the study area of Ciconia
boyciana is more serious than that of Larus saundersi, and the
inuence of Ni on the two kinds of birds is more signicant. (2)
Heavy metal pollution is mainly related to man-made activities
such as oil exploitation, industrial production and application
of chemical fertilizer, and the pollution caused by natural
factors is relatively light. (3) Potential ecological risk assessment
results show that heavy metal Cd has an extremely high
potential ecological risk, and other heavy metals are all low. (4)
The degree of heavy metal pollution in the Yellow River estuary
varies greatly, Cd pollution is the most serious, Mn pollution is
the lightest, and the maximum value of Mn content is far lower
than the background value of Shandong soil. The results of this
paper not only have guiding signicance for the protection of
endangered species, but also provide a solid theoretical basis
for the future habitat protection and wetland restoration, which
is in line with the sustainable development strategy.
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