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Abstract: The heavy metal burden on natural freshwater ecosystems is uninterruptedly increasing,
which could affect their biodiversity, particularly regarding avian species. Three river barrages were
selected for the sampling of water birds from autumn 2021 to spring 2022. Seven heavy metals—
nickel (Ni), copper (Cu), cobalt (Co), zinc (Zn), lead (Pb), cadmium (Cd), and manganese (Mn)—
were estimated in the hearts and livers of Fulica atra (Common Coot), Anas strepera (Gadwall), and
Anas crecca (Eurasian Teal) (Linnaeus, 1758) by atomic absorption spectrometry. The mean concen-
trations of metals were found to be significantly (p < 0.05) different among the sampling sites, spe-
cies, and tissues. In the livers of F. atra and A. strepera, respectively, the highest mean concentration
among the metals belonged to Zn (521 ug/g), and the lowest belonged to Cd (0.17 ug/g). The con-
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between both tissues indicated that the concentration of Ni is significantly (p < 0.05) higher (except
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1. Introduction

Natural aquatic bodies receive pollutants, including heavy metals, from natural and
artificial sources. The exposure and uptake of metals vary in a species because of differ-
ences in age, gender, body size, diet, and trophic level in a food chain. For wetland eco-
ditions of the Creative Commons At Systems, water birds are considered as the main indicators, being more vulnerable to
tribution (CC BY) license (https;//cre-  N€AVY metals exposure [1]. Exposure to metal contaminants is also influenced by the
ativecommons.org/licenses/by/4.0/). solubility, bioavailability, mobility, and binding affinity of metals with tissues [2,3].
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Migratory water birds use many wetlands of Pakistan as their wintering sites. These wet-
lands are mainly contaminated with heavy metal population coming from different
sources (i.e., untreated urban sewage, industrial effluents, and agricultural wastes) [4].

The wetlands of Punjab have rich avifuana. The water of Chenab River and Jhelum
River collects at Trimmu barrage, which was constructed to control floods in Jhang city
and ensure the supply of irrigation water. It is a combination of freshwater and terrestrial
ecosystems and is home to a wide variety of animals and plants [5]. Trimmu barrage
serves as a significant wetland site that attracts migratory and endemic species of birds.
The barrage area encompasses a diverse range of aquatic and terrestrial ecosystems, mak-
ing it a highly suitable habitat for a wide array of migratory and endemic avian species
[6]. Zaman et al. [7] observed fifty-eight species of resident and migratory birds at Trimmu
barrage. Taunsa barrage and Chashma barrage serve as the significant wetland habitats
for both international and local migratory bird species. This includes various types of wa-
terfowl, waders, and avifauna that migrate over long distances.

The present study was conducted to (1) estimate heavy metal concentrations in the
wetlands of Punjab, Pakistan; (2) compare heavy metal concentrations between wetlands;
and (3) estimate differences in the accumulation of metals among species and tissues.

2. Materials and Methods
2.1. Study Area and Sampling Sites

The present study was conducted on three major wetlands (Chashma barrage,
Taunsa barrage, and Trimmu barrage) of Punjab, Pakistan. Chashma barrage was built on
the Indus River in 1971. Five lakes with low levels of water arise from different embank-
ments of the barrage. An area of about 250 hectares is occupied by each lake. The periph-
eral area is leased to farmers for crop cultivation. The water level in all lakes varies with
the season (up to 8 m in flood season and 0.2 m in dry period). Taunsa barrage was also
constructed on the Indus River. It is a reservoir of water that is mainly used for irrigation.
On the barrage, five embankments are formed, which prevents the drying of lakes and
maintains shallow waters when there is a shortage of water in the main river channel. The
water level in sideway channels and lagoons varies between 0.2 m and 5.0 m; however, in
the core channels, it ranges from 5.0 m to 11.5 m [8].

Sampling was carried out in three wetlands of Punjab, Pakistan, including two main
Ramsar sites. Site I was Chashma barrage (District Mianwali: 32°25'4" N; 71°26'19" E), Site
IT was Taunsa barrage (District Muzaffargarh: 30°30'46" N; 70°50'57" E), and Site III was
Trimmu barrage (District Jhang: 31°10'0" N; 72°7'60" E) (Figure 1).
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Figure 1. Location of sampling sites.

2.2. Collection and Preparation of Tissues

Heart and liver samples of Anas crecca (n = 25), Fulica atra (n = 26), and Anas strepera
(n=23) were obtained from licensed hunters between autumn 2021 and spring 2022. These
birds were selected for this study because they serve as indicators of environmental health
due to their wide distribution, ability to accumulate pollutants, ecological significance in
wetland habitats, role as indicator species, and international significance for cross-border
conservation efforts. Samples were packed in sterilized bags and put in a nitrogen envi-
ronment for safe transportation. In the laboratory, the tissues were dissected with the help
of an autoclaved stainless-steel knife, washed with double distilled water, and kept at 20
°C until digestion. On a thermolyte plate set at 200 °C, one gram of each tissue was di-
gested until it was colorless using 10 mL of HNOs (65%) and 5 mL of HCIO4 (70%). Deion-
ized water was added to the digested solution to dilute it to a level of 25 mL.

2.3. Quantification of Heavy Metals in Samples

A Thermo Fisher Scientific (Cambridge CB5 8BZ, United Kingdom) iCE 3000 Series
flame atomic absorption spectrophotometer was used to measure the content of heavy
metals. The Institute of Zoology, University of the Punjab, Lahore, Pakistan’s Local Bio-
ethical Committee accepted the rules that were followed for every experimental activity
(Ref. D/1449/UZ). The standard reference material (SRM) used to check the accuracy of
heavy metal analysis was NIST-SRM 1570 (National Institute of Standards and Technol-
ogy, Gaithersburg, MD, USA). To determine the limit of detection (LOD) and limit of
quantification (LOQ), 25 blanks were measured. LOQs and LODs were estimated by the
method of [9]. The LODs for Cd, Co, Ni, Pb, Cu, Mn, and Zn were 0.001, 0.002, 0.001, 0.004,
0.003, 0.04, and 0.2 pg/g, respectively, while their LOQs were 0.003, 0.01, 0.003, 0.01, 0.01,
0.1, and 0.67, respectively. The minimum criterion for repeatability was 1%. When the val-
ues exceeded this limit, the analysis was repeated.

2.4. Statistical Analysis

Mean concentrations + SD of metals for both organs were calculated by applying
basic descriptive statistics on SPSS version 22. Differences in heavy metal burdens be-
tween sites, species, and tissues were assessed by using a one-way ANOVA test on
Minitab 17.
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2.5. Histopathological Analysis

Heart and liver tissues, removed from the sampled organisms, were stored in 10%
formalin and stained with eosin and hematoxylin. The tissues were dehydrated by passing
through an ethanol gradient (80%, 90%, and 100%), kept in cedar wood oil for clearing,
placed in paralast, and kept in the incubator at 60 °C for 30 min. Then, the paraplast was
replaced with a new one, and the samples were again kept in the incubator at 60 °C for 12
h. This procedure was repeated till the tissues became clear. For each tissue, a box block
was made and then firmly fixed into a plastic caster. By using rotatory microtone, 2 to 3
um thick segments of each tissue were cut down, moved to clear slides, stretched on
Fischer slides, and warmed.

The tissues were deparaffinized by using xylene. Then, a 50-100% ethanol dilution
was used for rehydration purposes. Tap water was used to wash the slides, and hematox-
ylin staining was performed. The slides were washed again to remove excess stains and
then stained with eosin. After completely dehydrating the slides in absolute alcohol, two
drops of DPX mountant were placed on each slide, and each slide was covered with a
cover slip. The slides were dried and placed under a microscope attached to a digital cam-
era at 40 X resolution.

3. Results
3.1. Comparison of Heavy Metals between Sites

The mean concentration of Cu, Pb, Ni, Cd, Zn, Co, and Mn in water at the three sam-
pling sites and the WHO standards for these heavy metals are presented in Table 1. The
concentrations of these heavy metals in the heart samples of A. crecca, A. strepera, and F.
atra is presented in Table 2. In the heart samples, only the mean concentration of Ni (p <
0.05) was significantly higher in F. atra at Trimmu barrage. In A. strepera, the concentra-
tions of Cu, Pb (p < 0.05), and Co (p < 0.01) were significantly higher at Chashma barrage,
while the concentrations of Ni and Cd (p < 0.05) were significantly higher at Trimmu bar-
rage. In A. crecca, the mean values of Cd (p <0.01) and Mn (p < 0.05) were higher at Trimmu
barrage, and that of Cu (p <0.05) was higher at Taunsa barrage. In the liver samples, when
mean concentrations were compared, Cu and Ni (p < 0.05) were significantly higher at
Chashma barrage and Taunsa barrage, respectively, in F. atra. Similarly, in A. strepera, Ni
(p <0.01) and Zn (p < 0.05) were higher at Taunsa barrage and Chashma barrage, respec-
tively. Lastly, Co (p < 0.01) was higher at Chashma barrage in A. crecca (Table 3).

Table 1. WHO criteria for heavy metals in Pakistan and the concentration of heavy metals in water
samples from three sampling sites.

Sample

Site

Cu Ni Zn Pb Cd Co Mn

WHO standards for Pakistan
2004 (mg/L)

2 0.02 5 2.5 0.003 0.001 0.20

Taunsa barrage 0.26+0.13 0.13+0.039 0.297 + 0.07 0.21 £0.17 0.011+0.01 0.22+0.34 0.053 +0.075

water (mg/L)

Chashma bar-
rage

0.019 + 0.0070.065 + 0.0580.316 + 0.200.084 + 0.04 0.003 + 0.00 0.006 + 0.007 0.02 + 0.008

Trimmu barrage 0.25+0.07 0.285+0.22 0.39 +0.019 0.69 +0.30 0.025 + 0.0180.004 + 0.001 0.73 +0.16
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Table 2. Mean + S.D (ug/g) values of selected metals in hearts of water birds.

F. atra A. strepera A. crecca
Metal SiteI2 Site II'® Site III ¢ Site I Site II Site III Site I Site II Site III
N=9 N=6 N=11 N=7 N=6 N=10 N=10 N=8 N=7
Cu 9.44+516 10.14+6.02 13.77+2.42 144.6 +144.0 17.67 +4.13 112'4511 1279+3.09 543+504  833+4.33
NS p <0.05 p <0.05
Ni 25.61+1579 12.75+6.48 41.33+18.20 14.59 +5.45 17.51 +14.35 312(')6;51 17.64+£17.73 1516+9.83 12.24+11.39
p <0.05 p <0.05 NS
7n 282.5+150.8 304.2+52.7 319.9+215.1310.4 +187.7 427.7 +190.1 219;511 214.3+132.8 217.8+155.4 146.2+104.7
NS NS NS
b 274+30.7 2448+11.77 35.26+13.56 54.76 +17.65 15.11+8.58 432+314 175+10.77 23.63+18.87 12.19+13.52
NS p<0.05 NS
cd 494+251 1440+1242 1622+872 7.62+24 18.46+13.30 2?;:; 7.59 +1.02 6.03+2.25 20.81+11.59
NS p <0.05 p<0.01
C 1.14+1.18 1.76+148 076+044 259+0.53 218+1.21 0.54+0.14 141+0.6 2.06£1.96 1.31+0.76
© NS p<0.01 NS
M 115.31 +18.63 106.98 +20.65 94.97 +2.85 91.33+6.29 95.25+10.38 112 +30.8 117.08 +13.06 100.96 + 15.43 124.33 + 9.53
NS NS p <0.05
Note: One-way ANOVA test was applied to compare mean values. 2 Site I: Chashma barrage;  Site
II: Taunsa barrage; < Site III: Trimmu barrage; NS = non-significant.
Table 3. Mean + S.D (ug/g) values of selected metals in livers of water birds.
E. atra A. strepera A. crecca
Metal Site I2 Site IT ® Site III Site I Site II Site III Site I Site II Site III
N=9 N=6 N=11 N=7 N=6 N=10 N=10 N=8 N=7
114.7 + 22.46 + 829+
1.4 +51. 16.58 £ 9 8.18+6.61 94+84.2 117.2 £ 116. 27.82+5.22
cy OlAxoLO 1658 =00 5 109.4 =106 039 1137 *
p <0.05 NS NS
27.47 + 50.19 = 32.83 +
Ni 17.33 39.25+20.22 13.22 +8.49 6.04 67.8+31 26.14 +3.88 18.74 539+33.1 78552
p <0.05 p<0.01 NS
2982+ 1665+ 104.2 «
3+181.9 521 +144. 363.3 + 82. 85.87 +10.83 269 + 259 116 £35.7
zn  COFIBLY 921146 B03IXBLE g5y gpg BETEI0S 2098, 0=35
NS p<0.05 NS
24.95 + 20.05 = 13.19 + 14.65 +
24.81 +20.84 28.47 +£21.01 9.85+2.35 9.94+0.57 12.49 +4.62
Pb 15.98 6.18 7.02 7.22
NS p<0.01 NS
14.14 +
cd 9.14 9.09+£0.88 19.2+11.78 23+294 0.39+0.21 0.17+0.04 4.17+4.411.47+3.19 1.35+2.71
NS NS NS
C 1.23+0.83 1.62+1.14 1.08+1.04 281+134216+1.18 2.66+0.48 3.16+1.28 1.02+0.46 2.24+0.95
o
NS NS p<0.01
126.88 = 179.7 £ 96.42 + 79.61 +
115.73 £11.1 120.28 £ 11.7. 132 £ 47. 15+ 3.41 35 +15.
Mn 1228 073 022173 gy 122475 66152341 50 08 P01
NS p <0.05 NS

Note: One-way ANOVA test was applied to compare mean values. 2 Site I: Chashma barrage; ® Site
II: Taunsa barrage; < Site III: Trimmu barrage; NS = non-significant.
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3.2. Comparison of Heavy Metals between Tissues

When the mean concentrations between the heart and liver samples were compared,
the concentrations of metals were higher in the livers of water birds, but in A. strepera, they
were higher in the heart tissues (Figures 2—4). Ni was significantly (p < 0.05) higher in the
livers, except for F. atra, from Trimmu barrage, and the Cd concentration was significantly
(p <0.05) greater in the hearts when compared with the livers.
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Figure 2. Heavy metals (ug/g) in hearts and livers of water birds from Chashma barrage.
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Figure 3. Heavy metals (ug/g) in hearts and livers of water birds from Taunsa barrage.



Water 2024, 16, 1163 7 of 14

1000
1000
=)
2 ERL
= 100 ar
b H
b= )
=2 g
g g
2 10 g 0
6 4]
1 — 1 J
Cu Ni n Pb Cd Co Ma Cu Ni o Pb Cd Co Mn
F atra A sirepera
mHeart ®Liver mHeart WLiver
1000
i)
B 100
B
E
§
E
s 10
1 =]
Cu Ni n Pb Cd Co Ma
A. erecea
mHeart WLiver

Figure 4. Heavy metals (ug/g) in hearts and livers of water birds from Trimmu barrage.

3.3. Comparison of Heavy Metals between Species

Among the species, A. strepera accumulated metals in the highest concentration (p <
0.05) at Chashma barrage and Taunsa barrage, while F. atra accumulated metals in the
highest concentration at Trimmu barrage (Figures 5 and 6). A. strepera was the species in
which Zn (427.7 ug/g), Cu (144.6 ug/g), Pb (54.76 ug/g), Cd (24.18 pg/g), and Co (2.59 ug/g)
were found to be most abundant, while, F. atra showed remarkable differences in the con-
centrations of Zn, Cd, Pb, and Mn in the livers as compared to both other species.

Chashma barrage
Taunsa barrage
1000
1000
»

2w 3

E 21w
g £
k-1
3 £
g E
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g 5
A U

; : arl
Cu Ni Zn Pb cd Co Mn Cu Ni Zn Pb Cd Co Mo
WF. aira W4 strepera A crecca BF atra WA strepera BA. crecca

Tarimmu barrage

1000

100
m .l ll_
1
Cu Ni Zn P Cd Co Mn

wF ara ®A strepera WA crecca

Concentration (ng/g)

Figure 5. Comparison of heavy metals (ug/g) in hearts of water birds.
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Figure 6. Comparison of heavy metals (ug/g) in livers of water birds.

3.4. Histopathological Analysis
3.4.1. Heart
Cardiomyocytes and striations in myocardial fibers were recorded for histological

sections of A. crecca hearts, while myocarditis (arrow) was evident in the hearts of A. crecca
from Chashma barrage (spring), Taunsa, and Trimmu barrage (autumn) (Figure 7).

. I
N1
%ri%% AT

A

@

o

Figure 7. Photomicrographs of hearts of A. crecca from (i) Taunsa barrage, (ii) Trimmu barrage, and
(iii) Chashma barrage during (a) autumn and (b) spring. H & E, magnification: 40X Myocarditis
(arrow) was evident in the hearts of A. crecca.
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Histological sections of hearts of A. strepera from all localities in both seasons de-
picted normal microarchitectures without any distortion of cardiomyocytes and striated
muscle fibers, except for the degeneration of muscle fibers in a heart of A. strepera sample
collected from Trimmu barrage in autumn. A widened interstitium and necrosis of myo-
cardial fibers were also observed in the heart section of the same sample (Figure 8).

Figure 8. Photomicrographs of hearts of A. strepera from (i) Taunsa barrage, (ii) Trimmu barrage,
and (iii) Chashma barrage during (a) autumn and (b) spring. H & E, magnification: 40X.

The histological sections of F. atra hearts from all localities in both seasons were found to
be anomalous. Extensive myocarditis was observed in samples collected from Taunsa barrage
(autumn), Trimmu barrage (in both autumn and spring), and Chashma barrage (spring),
while a significantly widened interstitial space was observed in histological sections of F. atra
hearts sampled from Chashma barrage (autumn) and Taunsa barrage (spring) (Figure 9).

%@;\55\\\3&\3\«4 |
RO

=
L)
g,’:'%%

N 8 ) A
Y 7N .',‘3 'f’ (_

43 @ff"gg" :

D ag 86,0 i

) séafi'r{ffll &
* .'). "“:‘\v""‘?\’ 4‘.“"&-‘;;&\\&\

Figure 9. Photomicrographs of hearts of F. atra from (i) Taunsa barrage, (ii) Trimmu barrage, and
(iii) Chashma barrage during (a) autumn and (b) spring. H & E, magnification: 40X (black arrow
showed myocarditis).
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3.4.2. Liver

Melan macrophage aggregations (*), the dilation of diss space (small arrow), and de-
generative hepatocytes (larger black arrow) appeared in histological sections of A. crecca
livers sampled from Chashma barrage (spring) and Taunsa and Trimmu barrage (autumn)
(Figure 10).

Figure 10. Photomicrographs of livers of A. crecca from (i) Taunsa barrage, (ii) Trimmu barrage, and
(iii) Chashma barrage during (a) autumn and (b) spring. H & E, magnification: 40X (Melan macro-
phage aggregations (*), the dilation of diss space (small arrow), and degenerative hepatocytes
(larger black arrow).

Necrosis (N) and vacuolation (V) appeared in histological sections of A. strepera livers
sampled from Chashma barrage (spring) and Taunsa and Trimmu barrage (autumn) (Fig-
ure 11).

Figure 11. Photomicrographs of livers of A. strepera from (i) Taunsa barrage, (ii) Trimmu barrage,
and (iii) Chashma barrage during (a) autumn and (b) spring. H & E, magnification: 40X (V = vacu-
olation and N = Necrosis).
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Necrosis (N), vacuolation (V), and pyclotic nuclei necrosis (PN) appeared in histo-
logical sections of F. atra livers sampled from Chashma barrage (spring) and Taunsa and
Trimmu barrage (autumn) (Figure 12).

()

(b)

Figure 12. Photomicrographs of livers of F. atra from (i) Taunsa barrage, (ii) Trimmu barrage, and
(iii) Chashma barrage during (a) autumn and (b) spring. H & E, magnification: 40X (V = vacuolation
and N = Necrosis).

4. Discussion

In the present study, the concentrations of metals varied with the sampling sites, spe-
cies, and tissues. It was found that Cd had the lowest concentration among the metals
(0.17 pg/g in the livers of A. strepera at Trimmu barrage), and Zn had the highest (521 ug/g
in the livers of F. atra at Taunsa barrage).

4.1. Metal Concentrations in Tissues

In the heart samples, Cu ranged between 8.33 ng/g and 144.6 pg/g, comparable to the
findings of Ruelas-Inzunza and Paez-Osuna [10] (8.6 pug/g—41 pg/g) and Akoto et al. [11]
(16 pg/g—21.2 pg/g). The average amount of Cu in the liver lies within the range of 8.18
ug/g and 117.2 ug/g. The liver detoxifies pollutants and other harmful compounds that
enter the body, making it more vulnerable to the toxic effects and buildup of heavy metals
in tissues [12]. For water birds, Cu in concentrations ranging between 270 mg/kg and 1300
mg/kg dry weight is toxic, with an acute toxicity value of 700 mg/kg [13]. It was found that
the concentration of Cu was lower in all samples than the acute toxicity limits but higher
than the normal physiologically required concentration. In the present study, the concen-
tration of Zn was lower than its toxic limits (>440 mg/kg dry weight) [14], except in the
livers of F. atra (521 ug/g). As Zn is actively regulated in birds because it comes through
diet, it did not affect the livers. But when it reaches higher limits than the metabolic needs
of the body, birds are threatened by its health-damaging effects [15]. According to our
findings, Ni was comparatively higher in the livers in comparison to the hearts. The aver-
age Ni concentration ranged from 13.22 pg/g to 78.5 ug/g, higher than the values reported
by the authors of [16].

The mean Cd concentration varied from 4.94 ug/g to 24.18 ug/g and 0.17 ug/g to 19.2
ug/g for the hearts and livers, respectively. These concentrations were higher than those
reported in F. americana (3.3 ug/g) [10], A. crecca (0.55 pg/g) [17], F. atra (0.85 ug/g) [18], A.
crecca (0.83 ug/g), and A. strepera (1.08 ug/g) [19]. Water birds are more at risk from the
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toxicity of Pb because they either swallow lead shots or they feed upon cereals and weeds
grown in fields irrigated by Pb-contaminated waters [20]. In the present study, the Pb
concentration was highest in the hearts of A. strepera (54.76 ug/g) and livers of F. atra (28.47
ug/g). These concentrations were far greater than the reported threshold limits of poison-
ing (<7.5 ug/g wet weight) [21]. The concentration of Co ranged from 1.02 ug/g to 3.16
ug/g and 0.54 pg/g to 2.59 ug/g in the livers and hearts, respectively, in the present inves-
tigation. These values are greater than those reported by Yohannes et al. [22] (i.e., 0.003
ug/g for hearts and 0.11-1.4 ug/g for livers). The main anthropogenic sources of enhanced
Co in natural wetlands are domestic, industrial, and agricultural wastewater discharge
[23]. The dietary route is the main route that facilitates the accumulation of Mn in the
bodies of water birds. The Mn concentration reported in the present study was found to
be far greater when compared with the findings of Ruelas-Inzunza and Paez-Osuna [10],
Kim et al. [24], Kim and Oh [25], and Sujak et al. [26]. Long-term exposure to heavy metals
may cause disruptive behavior and reduced resistance against diseases [27].

4.2. Comparison between Sites

A general trend of increasing heavy metals concentrations at Chashma barrage >
Taunsa barrage > Trimmu barrage in the heart samples and Taunsa barrage > Chashma
barrage > Trimmu barrage in the liver samples was found. The mean metal concentrations
were high at Trimmu barrage perhaps because Trimmu barrage receives wastewater con-
taining pollutants (industrial, domestic, agricultural) from local and distant sources. The
possible source of the pollutants in Trimmu barrage is wastewater discharged from the
cities of Gujrat, Sialkot, and Faisalabad into the Chenab River, in these cities, major indus-
tries (such as the fertilizer industry, paper and pulp products industry, leather tanneries,
and textile industries) are prevalent [23].

Chashma barrage and Taunsa barrage are situated on the Indus River and play an
important role in irrigation and fishing, but municipal discharge, agricultural runoff, in-
dustrial effluents, and sewage contaminate their water, which generates public health is-
sues. The untreated industrial wastewater discharge magnifies the level of contamination
of the Indus River’s water. The human population that lives by the river increases its pol-
lution by dumping its excretory and domestic waste in the river. A considerable concen-
tration of heavy metals is present in these effluents, which threaten the health of the in-
habitants of aquatic bodies [28].

4.3. Comparison between Species

Among the species, the mean Cu was highest in A. strepera, which is attributed to its
larger body size. The increasing order of Ni was as follows: F. atra < A. strepera < A. crecca.
The mean Ni concentrations were higher than those reported by Lebedeva [29] and Van
Eeden [30]. The mean concentration of Zn ranged between 85.87 ug/g and 521 pg/g, higher
than the values in various studies [19,31,32]. The mean lead concentration was highest in
A. strepera heart samples, while in F. atra, it was higher in the livers. F. atra habitually
ingest more Pb shots [23], which might be the cause of the high Pb levels in this species,
while A. strepera and A. crecca inhabit the same areas, but the body size difference affects
their Pb accumulation. Cadmium concentrations below 3 ug/g dry weight are considered
to be safe for birds, but we found higher levels than these in all samples except in the livers
of A. strepera from Taunsa barrage. The mean concentration of Cd in the present study is
far higher than that reported in F. atra, A. crecca, and A. strepera (0.002-0.026 pg/g) by
Mansouri and Majnoni [18], and Sinkakarimi, Binkowski, Hassanpour, Rajaei,
Ahmadpour and Levengood [19], respectively. Discharges from industrial and municipal
sources are the main cause of cobalt in wetlands [23]. The increasing order of mean Co
was found to be F. atra < A. crecca < A. strepera. The mean Mn concentration ranged from
66.15 pg/g to 179.7 pg/g, which is higher than that reported by Aloupi et al. [33], Mateo
and Guitart [32], Lebedeva [29], and the authors of [23].
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4.4. Histopathology

Cobbina et al. [34] found that co-exposure to many metals resulted in a higher level of
toxicity when compared to exposure to each metal individually. In the current study, cardi-
omyocytes and striations in myocardial fibers appeared in histological sections of the heart
samples, and necrosis (N), vacuolation (V), and pyclotic nuclei necrosis (PN) appeared in
histological sections of A. strepera livers sampled from Chashma barrage (spring) and
Taunsa and Trimmu barrage (autumn). No similar studies have been conducted previously;
however, heavy metal exposure has been shown to cause abnormally organized myofibrils,
apoptosis, and vacuolization in the heart tissue of rats [35,36]. According to the results of
Jayawardena et al. [37], heavy metals caused alternations in the liver histology of amphibi-
ans, and Riaz, Nisa, Anjum, Butt, Mehmood, Riaz and Akhtar [35] reported necrosis and cell
degeneration in liver tissues due to co-exposure to heavy metals.

5. Conclusions

The wetlands of Punjab are under a heavy burden of heavy metal pollution. The con-
centration of heavy metals in aquatic bodies reported in the present study is within the
toxic range for water birds. Furthermore, heavy metals caused health issues in the sam-
pled birds, as alternations in cardiac tissues and hepatic tissues were observed in photo-
micrographs of both tissue types after they were stained with E & H. The damaged tissues
are an indication of the severity of toxicity faced by these wintering species, which could
reduce their reproductive potential and challenge their survival. In addition, the polluted
wetlands could induce behavioral changes, including to their migration patterns.
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