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Abstract
In the current study, a protected subtropical wetland in Bihar (India), Baraila Lake, was investigated for heavy metal (Pb and 
Hg) status. These metals tend to bioaccumulate in fish, posing a concern to human health. This study reported the concentra-
tion of lead and mercury in water, sediment, and fish muscles of Baraila Lake in the year 2022. The samples were collected 
from pre-monsoon and post-monsoon seasons at four sampling locations, i.e., Loma, Dhulwar, Chakaiya, and Kawai Baraila, 
and were analyzed in triplicates. Lead concentration in water samples of all four sites of Baraila Lake observed during pre-
monsoon and post-monsoon season exceeded the permissible limit for drinking water, while the mercury concentration 
of all sites was under the permissible limit in both seasons as prescribed by WHO. The extent of elemental pollution was 
evaluated using the Geo-accumulation index (Igeo), contamination factor (CF), contamination degree (Cd), ecological risk 
factor (Er), and the potential ecological risk index (Ri). Lead concentration in fish muscles of both seasons exceeded the 
permissible limit, while the concentration of mercury exceeded in Xenentodon cancila (0.55 ± 0.07 µg/g) during the pre-
monsoon season. Also, estimated daily intake (EDI), target hazard quotient (THQ), and hazard index (HI) were calculated  
in different fish muscles to assess potential human health risks. A higher THQ value of 1.303 was observed in carnivore fish  
during the pre-monsoon season.
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Introduction

Wetlands play a critical role in maintaining ecological har-
mony and fostering diverse aquatic life. However, wetlands 
across the globe are experiencing continuous degradation 
primarily due to the escalating intensity of agricultural 
activities, which involves widespread use of pesticides and 
fertilizers, as well as improper disposal of untreated sew-
age which significantly contributes to hazardous heavy met-
als in aquatic environments [1–3]. Besides this, industrial 
activities [4], mining and smelting [5], combustion of fossil 
fuel refining [6], and discharge and disposal of domestic 
and municipal wastes [7] also lead to heavy metal pollution. 
Hence, it is crucial to evaluate the dispersion of heavy metals 
and determine their degree of contamination to understand 

how these substances accumulate and are transported into 
the aquatic environment.

The entrance of heavy metals into wetland ecosystems, 
impacting both water quality and the trophic structure as 
well as the function of communities, occurs through various 
pathways [8–10]. Moreover, within the aquatic environment, 
heavy metals undergo substantial deposition into sediments, 
facilitated by processes such as adsorption, precipitation, 
diffusion, chemical reactions, and biological activity [11]. 
Sediments also serve as repositories for heavy metals, accu-
mulating them through processes such as the chemical and 
physical breakdown of rocks, soil percolation, and the physi-
ological activities of plants [12].

The presence of heavy metal contamination in wetlands 
not only degrades water and sediment quality but also the 
infiltration of heavy metals into the food chain poses a 
significant threat to aquatic ecosystems, as highlighted by 
Pandiyan et al. [13]. Organisms inhabiting wetland environ-
ments face the risk of accumulating pollutants over time, 
exposing them to both lethal and sublethal effects, par-
ticularly from heavy metals [14]. Accumulation of heavy 
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metals in fish and other aquatic organisms occurs through 
both direct and indirect means. Direct exposure involves the 
consumption of contaminated water and food through the 
digestive system, while indirect exposure occurs through 
permeable membranes such as the skin and gills. The det-
rimental effects typically manifest when the rate of metal 
uptake surpasses the capacity of the organism’s metabo-
lism, storage, and detoxification mechanisms [15, 16]. Due 
to their position at the top of the food chains within wetland 
ecosystems, fish play a crucial role as reliable indicators of 
metal pollution levels in aquatic settings. Consequently, fish 
are extensively utilized for evaluating the overall health of 
aquatic ecosystems, given that pollutants tend to accumulate 
in the food chain, resulting in detrimental effects and fatali-
ties within aquatic systems [17, 18]. The accumulation of 
heavy metals in aquatic organisms, marked by their elevated 
levels of toxicity, persistence, and the potential for accumu-
lation within the human body following the consumption of 
contaminated fish, poses significant health risks to humans 
[19–27]. Consequently, it remains crucial and necessary to 
assess the accumulation of heavy metal content in economi-
cally important fish species widely consumed by humans.

Baraila Lake, a wetland of immense importance plays 
a pivotal role as a vital freshwater ecosystem, serving as a 
primary water source for domestic and agricultural needs 
and providing habitat for various aquatic species, including 
fish. It holds significant importance as the sole surface water 
resource for approximately 100 villages, catering to the esca-
lating water demands for irrigation, livestock maintenance, 
and long-term use amid a rapidly growing population [28]. 
Additionally, the lake recharges groundwater and sustains 
the livelihoods of 24 villages spanning 20,000 hectares. Eco-
sensitive villages, numbering 10, with a population of 49,819 
as per the 2011 census in Vaishali District, heavily rely on 
the services of this wetland [29]. However, concerns have 
arisen due to the rapid urbanization, agricultural activities, 
vehicles, pollutants coming from Noon River, and establish-
ments such as poultry farms, prompting an evaluation of 
potential heavy metal contamination in this environmentally 
fragile ecosystem. The understanding of the impact of heavy 
metals in Baraila wetlands is limited, with no comprehensive 
studies on heavy metal concentrations in water, sediment, and 
fish muscles. Thus, this study aims to address this gap by (i) 
assessing levels of lead and mercury in Baraila Lake’s water, 
sediment, and fish muscles; (ii) gauging the extent of elemen-
tal pollution through indices such as Geo-accumulation index 
(Igeo), contamination factor (CF), contamination degree (Cd), 
ecological risk factor (Er), and potential ecological risk index 
(Ri); and (iii) identifying potential risks associated with heavy 
metal exposure to aquatic life and local communities, using 
the evaluation of target hazard quotient (THQ) and hazard 
index (HI) for persistent pollutants like lead and mercury.

Material and Methods

Study Area

The Baraila Wetland, located in the northeastern region 
of India, holds significant importance for biodiversity and 
urgently requires attention. Not only does it serve as a habi-
tat for both native and migratory bird species, but it also 
stands out as a host for the largest international bird com-
munities in India, originating from regions such as Siberia, 
Mongolia, Africa, Eurasia, and Japan [30]. Encompass-
ing an area of 12.7 square kilometers, the Baraila wetland 
experiences seasonal flooding and receives monsoon water 
from three blocks of the Vaishali District through the Noon 
River, affecting a population of around 1.18 million peo-
ple [31]. Additional water sources include the Baya River 
and Gandak River [32]. The study area includes four sites, 
namely Loma, Dhulwar, Chakaiya, and Kawai Baraila, each 
recognized for their significant ecological and environmen-
tal value (Map 1). These sites were selected because their 
accessibility facilitated comprehensive fieldwork and data 
collection. Secondly, despite the prevalence of weed infesta-
tion affecting more than three-fourths of the Baraila wetland 
area, these selected sites were comparatively less impacted 
by this issue. To address the need for conservation, the Gov-
ernment of Bihar designated the wetland as a sanctuary in 
1997, later officially naming it the Baraila Lake Salim Ali 
Jubba Sahni Bird Sanctuary in 2016 [33]. In collaboration 
with the World Bank and the United Nations Development 
Programme (UNDP), the Government of India has outlined 
a plan for Baraila wetland conservation (State Action Plan 
on Climate Change) [34, 35].

Collection and Preservation of Water, Sediment, 
and Fish Samples

Samples were collected from four distinct sites in Baraila 
Lake, namely Site 1 (Loma), Site 2 (Dhulwar), Site 3 
(Chakaiya), and Site 4 (Kawai Baraila), using the meth-
odology recommended by APHA [36] and de Zwart and 
Trivedi [37]. The collection of water samples was carried 
out in triplicates. For lead analysis, thoroughly cleaned 
PTFE bottles were soaked in 1 + 1 conc. HNO3 for 24 h 
then was washed with distilled water. Then, water sam-
ples were preserved by the addition of 1 ml HNO3. Simi-
larly for the analysis of mercury, thoroughly cleaned Scott 
Durham bottles were first soaked in 1 + 1 conc. HNO3 for 
24 h then was washed with distilled water and was then 
preserved with 5 ml K2Cr2O7 and 2 ml HNO3.

Sediment samples of each site, intended for the analysis 
of heavy metals (Pb and Hg), were obtained using a core 
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or grab sampler and were transported to the laboratory 
in airtight plastic bags at 4 °C. Subsequently, the sedi-
ment samples were subjected to air drying; then, it was 
ground to powder in a mortal pestle, followed by its siev-
ing through a 2-mm sieve.

Fish samples designated for heavy metal analysis (Pb and 
Hg) were procured from fishermen of Baraila Lake, and then 
their length and weight were estimated; after, that the fish 
samples were transported to the laboratory in an ice box. A 
total of eighty-seven (87) fish samples were collected dur-
ing the pre-monsoon season, encompassing seven distinct 
species: Labeo bata, Channa punctatus, Xenentodon can-
cila, and Cabdio morar, each obtained in triplicates, while 
Pethia phutunio, Esomus danrica, and Trichogaster fasciata 
were collected in quantities of 25. Eleven (11) fish samples 
representing 5 species were collected during the post-mon-
soon season, revealing the presence of Channa punctatus, 
Heteropneustes fossilis, and Puntius sophore in triplicates 
and Labeo catla and Cirrhinus mrigala in singular quanti-
ties. Upon arrival at the laboratory, the samples underwent 
a thorough wash with fresh water to eliminate mud or other 
impurities. The muscle tissue of each fish sample was then 
extracted and cut into pieces using a sterilized stainless 
knife. The muscles were subsequently subjected to oven 
drying. While sampling, samples were carefully handled to 
avoid any contamination. To confirm that no particles, such 
as sediment or other external particles, were included, fish 
samples were thoroughly washed with clean water as soon 
as possible after sampling. Fish of almost the same size and 
weight were considered for sampling. The collected samples 
were washed several times with distilled water. The mus-
cle tissue of each fish sample was then extracted and cut 
into pieces using a sterilized stainless knife. The muscles 
were subsequently subjected to oven drying. Later, the dried 
samples were ground using a mortar and pestle and stored 
in a polybag pack in plastic bottles at—20 °C until further 
analysis. The working procedure started within 24 h of the 
samples being stored [38].

Digestion of Water, Sediment, and Fish Samples

Water, sediment, and fish samples for heavy metal analysis 
(Pb and Hg) were analyzed as per the methods given by de 
Zwart and Trivedi [37].

For the digestion of the water sample for lead analy-
sis, 50 ml of the sample underwent evaporation with 5 ml 
concentrated HNO3, supplemented by an additional 5 ml 
HNO3 and subsequent dilution to 100 ml with distilled 
water. For sediment samples, 5 gm were treated with a 
mixture of concentrated HNO3 and perchloric acid, fol-
lowed by drying, addition of more HNO3, and dilution 
to 100 ml. Fish samples, comprising 0.5 gm, underwent 
digestion with concentrated HNO3, HCl, and distilled 

water, followed by filtration and adjustment to 100 ml. In 
each case, the prepared solutions were analyzed in tripli-
cates using atomic absorption spectrophotometry (AAS) 
(Perkin Elmer-Analyst 200). The AAnalyst 200 Atomic 
Absorption Spectrophotometer is a double-beam atomic 
absorption spectrophotometer for analysis.

For the analysis of inorganic mercury, 100 ml of water 
samples were heated in a water bath with 5 ml of 50% 
H2SO4 and 5% KMnO4 for 7–8 h. Then, after standing 
the samples at room temperature for 24 h, 10% hydroxy-
lamine was added until the solution turned colorless. For 
sediment samples, 0.1–0.5 gm of powdered dried sediment 
was treated with 10 ml of conc. H2SO4 and then after 1 h, 
samples were heated in a water bath for 20 h with occa-
sional shaking. Then, 2 ml of 50% KMnO4 was added to 
the samples, and then 1 ml of HNO3 followed by 10% 
hydroxylamine solution was added to the sample. And 0.5 
gm of fish samples underwent digestion in a water bath 
with 4 ml H2SO4. Then, samples were added with 15 ml 
of 6% KMnO4 [39]. Afterward, the solution was cooled to 
room temperature and added with 5 mL of Tin (II) chloride 
(SnCl2). The samples were then analyzed in cold vapor 
atomic absorption spectrophotometry (CVAAS): Motras 
Scientific mercury analyzer (MS HG100).

Analytical Quality Control

All glassware underwent washing with 1 + 1 concentrated 
nitric acid (HNO3) followed by soaking in 10% nitric 
acid for 48 h and thorough rinsing with deionized water. 
Throughout the analysis of samples, high-quality analytical 
grade reagents (Merck: Germany) and deionized distilled 
water were utilized. The calibration curve was established 
with one blank and three standards, adhering to the optimal 
detection limit recommended by APHA [36]. Analysis was 
meticulously conducted to mitigate any potential contami-
nation influence, achieving a correlation coefficient above 
0.995 (observed r2 = 0.998) and maintaining the percent 
relative standard deviation (%RSD) below 10% throughout 
the testing process. Additionally, quality control measures 
were upheld by running a blank after every three samples 
and repeated comparison with a standard.

The 1000  ppm stock solutions were prepared using 
0.1719 g of PbCl2 (Fisher Scientific, CAS No: 35658–65-2) 
and 0.1354 g of HgCl2 (Sisco Research Laboratory, CAT 
No: 7487–94-7) in 100 ml of deionized water [36]. The 
standard solution within the limit of detection of 1 to 20 mg/l 
of 20 to 100 ng was prepared for Pb and Hg respectively 
[36]. The same has been used as a control reference material 
(CRM) during the analysis. Further, quality control (QC) 
was maintained by running a blank after every three samples 
and repeated comparison with a standard.
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Sediment Quality Assessment

It plays a crucial role in the thorough evaluation of the level 
of pollution in sediment, as suggested by Mazurek et al. [40].

Geo‑accumulation Index (I‑geo)

The geo-accumulation index (Igeo) is defined by the fol-
lowing equation:

Here, Cn represents the concentration of metals ana-
lyzed in sediment samples, while Bn denotes the geochem-
ical background concentration of the respective metal (n). 
The factor 1.5 accounts for the correction of the back-
ground matrix, considering lithospheric effects [41].

Contamination Factor (CF)

This is derived by comparing the concentration of heavy 
metals measured in the sediment of the water body to the 
pre-industrial reference value for the corresponding metal.

In this context, Ci represents the observed concentration 
of heavy metals in sediment, while Ci

n stands for the estab-
lished pre-industrial reference level (measured in mg/kg), set 
at 70 for lead and 0.25 for mercury, as documented by [42].

Contamination Degree (Cd)

Hakanson [42] proposed a methodology employing a diag-
nostic indicator known as the contamination degree (Cd). 
Cd is determined by summing the individual contamination 
factors (Ci

f) for each sample, as per the following equation:

Hakanson [42] introduced a classification system for 
the contamination degree, where Cd values are categorized 
as follows: Cd < 6 signifies a low level of contamination; 
6 < Cd < 12 indicates a moderate level of contamination; 
12 < Cd < 24 suggests a substantial level of contamination; 
and Cd > 24 points to a high level of contamination, signi-
fying severe anthropogenic pollution.

Ecological Risk Factor (E.ir) and Potential Ecological Risk 
Index (Ri)

In this study, the method developed by Hakanson [42] for 
potential ecological risk index was utilized. According to 

Igeo = log2Cn∕1.5(Bn)

Ci
f
= Ci∕C

i
n

Cd =
∑

Ci
f
(Pb) + Ci

f
(Hg)

this approach, the potential ecological risk coefficient (Ei
r) 

for an individual element and the potential ecological risk 
index (Ri) for multiple elements can be calculated using 
the following equations:

Here, Ci
f represents the cumulative coefficient of element 

i, and Ti
f stands for the toxic-response factor of element i, 

which reflects its toxicity levels and the sensitivity of bio-
organisms to it. The toxic-response factors for the prevalent 
heavy metals, such as Pb and Hg, were 5 and 40, respec-
tively, as documented by [42, 43].

Health Risk Assessment

Estimated Daily Intakes (EDI)

Song et al. [44] were followed to calculate the estimated 
daily intake (EDI) of heavy metals.

In this context, C represents the average heavy metal 
concentration in fish muscle (µg/g) based on dry weight. 
FIR (food ingestion rate) denotes the daily consumption of 
freshwater fish per capita, set at 19.5 × 10–3 kg/day as per 
previous studies [45]. For this study, the ingestion rate is 
considered as 27 × 10–3 kg/person/day. BW stands for the 
average body weight, assumed to be 70 kg for adults, fol-
lowing the guidelines from USEPA [46].

Non‑carcinogenic Risk

Non-carcinogenic risk assessments are commonly carried 
out to evaluate the potential health risks posed by pollut-
ants, employing the target hazard quotient (THQ). The THQ 
values, determined through the consumption of fish species 
by the local population, can thus be evaluated for each heavy 
metal using the following equation, as indicated by USEPA 
[46] and Islam et al. [47].

In this equation, RfD stands for the oral reference dose 
(mg kg−1 d−1), which evaluates the health risks associated 
with consuming fish, as outlined by USEPA [46, 48]. The 
guideline reference doses for lead and mercury are 0.035 
and 0.0003, respectively, following the guidelines set by 
USEPA [46, 48]. When the THQ value is less than 1, it 
indicates that the exposed population is unlikely to face any 

Ei
r
= Ti

f
× Ci

f

Ri =
∑

Ei
r

EDI = C × FIR∕BW

THQ = EDI∕RfD
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adverse health hazards. Conversely, if the THQ is equal to 
or higher than 1, there is a potential health risk, as noted by 
Wang et al. [49]. It has been observed that exposure to two 
or more pollutants may lead to additive and/or interactive 
effects [50]. Therefore, in this study, the cumulative health 
risk was assessed by summing the THQ values for individual 
metals and expressing it as a hazard index (HI), following 
USEPA guidelines [46].

Bio‑Accumulation Factor (BAF)

The bio-accumulation factor was calculated following Fair-
brother et al. [51], which is as follows:

In this context, X represents the concentration of metal 
in biota or sediment, while Y stands for the concentration of 
the same metal in water.

Data Analyses

Mean values of metal concentration in the samples of 
Baraila Lake were examined for statistical significance 
using Student’s t-test in which p < 0.05 was employed for 
comparing seasonal differences in metal concentration in 
the samples. For site-wise and species-wise variation, one-
way ANOVA test was applied (p < 0.05). All statistical and 
graphical analysis was computed using IBM SPSS version 
22 and MS Excel 2021.

Results

Trace Metal Concentrations in Water and Sediment 
Samples of Baraila Lake

Lead concentration in water samples of all four sites of 
Baraila Lake observed during pre-monsoon and post-mon-
soon periods exceeded the permissible limit of 0.01 µg/l 
[52, 53] as given in Table 1. Mercury concentration in water 
samples of all four sites of Baraila Lake observed during 
the pre-monsoon and post-monsoon periods was under the 
permissible limit of 0.001 µg/l and 0.006 µg/l as prescribed 
by [52, 53]. In water samples lead concentration ranged 
from 0.0175 µg/l (Site 2) to 0.0465 µg/l (Site 3) during pre-
monsoon season and 0.020 (Site 4) to 0.045 (Site 1) during 
post-monsoon season, while mercury concentration ranged 
from 0.00014 µg/l (Site 3 and 4) to 0.00022 µg/l (Site 2) 
during pre-monsoon season and 0.00007 µg/l (Site 3 and 4) 
to 0.00024 µg/l (Site 1) during post-monsoon season. The 

HI = THQ(Pb) + THQ(Hg)

BAF = X(μg∕g)∕Y(μg∕1)
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Student’s t-test revealed that the mean concentrations of lead 
(µg/l) and mercury (µg/l) in water samples did not differ 
significantly during both seasons in Baraila Lake. The con-
centration of lead in sediment samples (Table 1) was under 
the threshold effect concentrations (TECs) of 35.8 µg/g [54] 
in all four sites of Baraila Lake during both seasons. How-
ever, the threshold effect concentrations (TECs) of mercury, 
i.e., 0.18 µg/g [54] in sediment samples exceeded at all sites 
during both pre-monsoon and post-monsoon periods except 
for Site 3 (0.0875 µg/g) during pre-monsoon season and Site 
2 (0.08336 µg/g) during post-monsoon season. In sediment 
samples lead concentration ranged from 1.028 µg/g (Site 
2) to 2.837 µg/g (Site 4) during the pre-monsoon season 
and 2.171 µg/g (Site 1) to 3.345 µg/g (Site 4) during post-
monsoon season, while mercury concentration ranged from 
0.0875 µg/g (Site 3) to 0.8632 µg/g (Site 1) during pre-mon-
soon season and 0.08336 µg/g (Site 2) to 0.58061 µg/g (Site 
3) during post-monsoon season. The Student’s t-test revealed 
that the mean concentrations of mercury (µg/g) in sediment 
did not differ significantly during both seasons in Baraila 
Lake. However, the mean concentration of lead (µg/g) in the 
sediment of Baraila Lake (p = 0.046) differed significantly 
during both seasons, i.e., pre-monsoon and post-monsoon.

The results obtained for the level of lead and mercury in 
water and sediment samples of Baraila Lake were analyzed 
using One-way ANOVA between the sampling sites. No such 
significant differences in lead and mercury concentrations 
were observed in the water samples collected from Baraila 
Lake (p > 0.05). However, a statistically significant differ-
ence in the concentration of lead was observed (p = 0.002), 
while no significant difference in mercury concentration was 
observed in the sediment samples of Baraila Lake.

Sediment Quality Indices

To evaluate pollution levels and potential ecological risks 
linked to these heavy metals, the study employed estab-
lished indices such as the geo-accumulation index (Igeo), 

contamination factor (CF), contamination degree (Cd), 
and the potential ecological risk index (Ri). The extent of 
metal pollution (geo-accumulation index) was character-
ized according to Abraham and Parker’s [55] enrichment 
classes: Igeo value > 5 (extremely contaminated); 4–5 
(strongly to extremely contaminated); 3–4 (strongly con-
taminated); 2–3 (moderately to strongly contaminated); 
0–1 (uncontaminated to moderately contaminated); and 
0 < (uncontaminated). The geo-accumulation index values 
(Table 2) for Pb ranged from 0.0096 at site 2 to 0.0282 at 
site 4 during the pre-monsoon period and from 0.0204 at 
site 1 to 0.0318 at site 4 during the post-monsoon period. 
The values of the geo-accumulation index of Pb in Baraila 
Lake, Bihar, were found in the range of 0–1 which signi-
fies uncontaminated to moderately contaminated sediment. 
While geo-accumulation index values for Hg ranged from 
0.873 (uncontaminated to moderately contaminated) at 
site 3 to 8.6319 (extremely contaminated) at site 1 dur-
ing pre-monsoon season and from 0.831 (uncontaminated 
to moderately contaminated) at site 2 to 5.805 (extremely 
contaminated) at site 3 during post-monsoon season.

The result of the present study shows that the contamina-
tion factor (CF) values of Pb in the study areas are low (> 1) 
which indicates that the sediments of all four sites are not 
polluted by lead. However, the contamination factor of mer-
cury ranged from 0.35 (low contamination) at site 3 to 3.452 
(considerable contamination) at site 1 during pre-monsoon 
season. The contamination factor of mercury ranged from 
0.333 (low contamination) at site 2 to 2.322 (moderate con-
tamination) at site 3 during post-monsoon season.

Regarding the contamination degree (Cd), Hakanson 
[42] proposed the following classification: When the level 
of contamination is less than 6, it is considered low; when 
it is between 6 and 12, it is considered moderate; when it is 
between 12 and 24, it is considered significant; and when it 
is greater than 24, it is considered high, signifying signifi-
cant human-caused pollution. In the present study, the val-
ues of contamination degree (Cd) for both Pb and Hg at all 
four sites of Baraila Lake were less than 6, indicating a low 

Table 2   Values of different sediment quality indices of Baraila Lake

Pre-monsoon period Post-monsoon period

Sediment quality indices Heavy Metals Site 1 Site 2 Site 3 Site 4 Site 1 Site 2 Site 3 Site 4

Geo-accumulation index (I-geo) Pb 0.0177 0.0096 0.0237 0.0282 0.0204 0.0216 0.03 0.0318
Hg 8.6319 2.625 0.873 2.361 1.887 0.831 5.805 5.268

Contamination factor
(CF)

Pb 0.026 0.014 0.035 0.040 0.031 0.032 0.045 0.047
Hg 3.452 1.05 0.35 0.944 0.755 0.333 2.322 2.1072

Contamination degree (Cd) Pb and Hg 3.478 1.064 0.385 0.984 0.786 0.365 2.367 2.154
Ecological risk factor (E

i
r) Pb 0.13 0.07 0.175 0.2 0.155 0.16 0.225 0.235

Hg 138.112 42 14 37.76 30.2 13.32 92.88 84.28
Potential ecological risk index (Ri) Pb and Hg 138.242 42.07 14.175 37.96 30.355 13.48 93.105 84.515
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degree of contamination. The contamination degree ranged 
from 0.385 at Site 3 to 3.478 at Site 1 during pre-monsoon 
season, while the contamination degree during post-mon-
soon season ranged from 0.365 at Site 2 to 2.367 at Site 3.

The potential ecological risk index method was proposed 
by Hakanson [42, 56] to assess the characteristics and envi-
ronmental behavior of heavy metal contaminants in sedi-
ment. The potential ecological risk index (Ri) was employed 
to evaluate the level of heavy metal pollution in sediments, 
as introduced by Hakanson [42]. According to this classi-
fication, Er

i < 40 indicates a low potential ecological risk, 
40 < Er

i < 80 is a moderate ecological risk, 80 < Er
i < 160 

is a considerable ecological risk, 160 < Er
i < 320 is a high 

ecological risk, and Er
i > 320 is a very high ecological risk. 

Similarly, Ri < 95 indicates a low potential ecological risk, 
95 < Ri < 190 is a moderate ecological risk, 190 < Ri < 380 
is a considerable ecological risk, and Ri > 380 is a very high 
ecological risk. The present study on Baraila Lake shows 
the value of Er

i < 40 for lead which indicates a low potential 
ecological risk at all sites during both seasons. The ecologi-
cal risk factor for mercury ranged from 14 (low potential 
ecological risk) at Site 3 and 138.112 (considerable eco-
logical risk) at Site 1 during the pre-monsoon season, while 
during post-monsoon season values of ecological risk factor 

ranged from 13.32 (low potential ecological risk) at Site 2 
and 92.88 (considerable ecological risk) at Site 3. While 
potential ecological risk index for lead and mercury ranged 
from 14.175 (low potential ecological risk; Ri < 95) at Site 3 
and 138.242 (moderate ecological risk; 95 < Ri < 190) at Site 
1 during pre-monsoon season, while during post-monsoon 
season, values of potential ecological risk factor ranged from 
13.48 at Site 2 and 93.105 at Site 3 (low potential ecological 
risk; Ri < 95).

Trace Metal Concentrations in Fish Muscles 
of Baraila Lake

Heavy metal concentration in the muscles of fish from 
Baraila Lake is presented in Table 3. The identification of 
fishes based on feeding habits is based on Hora and Pil-
lay [57], Day [58], Jayaram [59], and Talwar et al. [60]. 
Among the studied fish, the highest concentration of lead 
was observed in carnivore fish in both seasons. However, 
the highest concentration of mercury was observed in car-
nivores followed by herbivores and omnivores during the 
pre-monsoon season, while during the post-monsoon period, 
higher concentration was observed in omnivores followed by 

Table 3   Mean (± SD) heavy metals concentration (µg/g) in fish samples of Baraila Lake during the pre-monsoon and post-monsoon period in 
2022

Fish species Length (cm) Weight (gm) Feeding habitat Lead (µg/g) Mercury (µg/g)

Range Mean Range Mean

Pre-monsoon 2022
Surface feeder
  Pethia phutunio 2.5 ± 0.05 1.5 ± 0.05 Herbivore 6.86–7.02 6.94 ± 0.11 0.0777–0.0788 0.0783 ± 0.0007
  Xenentodon cancila 21.2 ± 0.30 9.5 ± 0.21 Carnivore 0.5–1.54 1.02 ± 0.73 0.5011–0.6041 0.5526 ± 0.072
  Trichogaster fasciata 4.5 ± 0.3 2 ± 0.28 Omnivore 3.82–4 3.91 ± 0.12 0.0551–0.0556 0.0553 ± 0.0003

Column feeder
  Labeo bata 20 ± 0.11 35 ± 1.41 Herbivore 0.7–1.76 1.23 ± 0.74 0.0551–0.0556 0.0553 ± 0.0003

Bottom columnar feeder
  Channa punctatus 15.53 ± 0.30 24 ± 0.11 Carnivore 22.04–22.7 22.37 ± 0.46 0.0299–0.0349 0.0324 ± 0.003

Bottom feeder
  Cabdio morar 7.5 ± 0.3 20.2 ± 0.56 Herbivore 0.5–1.34 0.92 ± 0.59 NIL NIL

Surface-column-bottom feeder
  Esomus danrica 5 ± 0.2 2.2 ± 0.14 Omnivore 3.88–4.24 4.06 ± 0.25 0.019–0.029 0.024 ± 0.006

Post-monsoon 2022
Surface feeder
  Labeo catla 55 ± 2.12 1500 ± 7.07 Herbivore 0.7–0.72 0.71 ± 0.01 0.025–0.032 0.028 ± 0.004

Bottom columnar feeder
  Channa punctatus 12 ± 0.2 22.3 ± 0.21 Carnivore 2.21–2.212 2.21 ± 0.001 0.039–0.045 0.042 ± 0.004
  Puntius sophore 10 ± 0.28 15.3 ± 0.21 Omnivore 2.1–2.18 2.14 ± 0.05 0.022–0.032 0.027 ± 0.006

Bottom feeder
  Heteropneustes fossilis 15 ± 0.67 36.5 ± 0.20 Carnivore 0.92–1 0.96 ± 0.05 0.027–0.034 0.031 ± 0.004
  Cirrhinus mrigala 45 ± 1.06 1200 ± 7.07 Omnivore 0.86–0.94 0.9 ± 0.05 0.018–0.024 0.021 ± 0.003
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carnivores and herbivores during the post-monsoon period. 
The concentration of heavy metals in the muscles of fish 
was as follows: herbivore fish (lead, 0.5 to 7.02 µg/g; mer-
cury, 0.05511 to 0.07885 µg/g) during pre-monsoon season 
and (lead, 0.7 to 0.72 µg/g; mercury, 0.0255 to 0.032 µg/g) 
during post-monsoon season; in carnivore fish (lead, 0.5 to 
22.7 µg/g; mercury, 0.0299 to 0.60416 µg/g) during pre-
monsoon season and (lead, 0.92 to 2.212 µg/g; mercury, 
0.02776 to 0.04592 µg/g) during post-monsoon period; and 
in omnivore fish (lead, 3.82 to 4.24 µg/g; mercury 0.01989 
to 0.05562 µg/g) during the pre-monsoon period and (lead, 
0.86 to 2.18 mg/kg; mercury, 0.0187 to 0.03458 µg/g) during 
post-monsoon period. The concentration of lead and mer-
cury in the muscle tissue of different fish species of Baraila 
Lake did not vary significantly as the observed p value for 
the one-way ANOVA was above 0.05.

The mean heavy metal concentration in fish samples of 
Baraila Lake was found in the following order of Pb > Hg 
during both seasons, i.e., pre-monsoon and post-monsoon 
period (Table  3). The highest lead concentration was 
observed in Channa punctatus during the pre-monsoon 

period (22.37 µg/g) and the post-monsoon period (2.21 µg/g) 
which belong to the carnivore bottom-columnar species, 
while highest mercury concentration (0.5526 µg/g) was 
observed in Xenentodon cancila belonging to carnivore 
surface-feeder species during the pre-monsoon period 
(0.0425 µg/g) and in Channa punctatus belonging to the 
carnivore bottom-columnar species during the post-monsoon 
period. This shows a clear role of feeding behavior on the 
accumulation of lead and mercury in the muscle tissue of 
fish species of Baraila Lake. The levels of Pb in the muscles 
of fish samples exceeded the limit of 0.5 µg/g prescribed 
by FAO and WHO [61, 62] in all fish muscles during both 
seasons, while the concentration of mercury in fish muscles 
exceeded the limit of 0.5 µg/g as prescribed by Commission 
Regulation (EC) [63] in Xenentodon cancila during pre-
monsoon season (Fig. 1).

Fig. 1   Sampling location of Baraila Lake
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Values of Estimated Daily Intake and Target 
Hazard Quotient (THQ)

The estimated daily intake values of lead (Pb) and mer-
cury (Hg) for herbivore, carnivore, and omnivore fish were 
found to be below the guideline reference doses of 0.035 
and 0.0003 as per the guidelines set by the USEPA [46, 48] 
except for EDI value of lead in carnivore fish (4.561 × 10–3) 
observed during pre-monsoon season (Table 4). In this case, 
the observed lead value exceeded the guideline reference 
dose of 0.035, signaling a potential concern for health risks 
associated with the consumption of carnivore fish during 
this specific season. The target hazard quotient (THQ) values 
suggest that the risk associated with lead (Pb) is higher than 
that for mercury (Hg) (Fig. 2). Specifically, in the present 

study, a higher THQ value of 1.303 was observed in carni-
vore fish during the pre-monsoon season, indicating a signif-
icant potential hazard for human populations that consume 
these fish.

The hazard index (HI) or total THQ (TTHQ) value of lead 
was recorded in the following sequence: carnivore > omni-
vore > herbivore during both seasons. The hazard index 
for mercury was in the following order: carnivore > her-
bivore > omnivore during both seasons. This implies that 
carnivore fish, regardless of the season, tend to have higher 
cumulative health risks compared with herbivores and 
omnivores.

Table 4   Values of estimated dietary intake (EDI), target hazard quotient (THQ), and hazard index (HI) values of heavy metal in human beings 
after consuming contaminated fish of Baraila Lake

Season Heavy metals Feeding habitat Mean concentra-
tion (µg/g)

EDI × 10–3 Target hazard quo-
tient (THQ)

Hazard index (HI)

Pre-monsoon Pb Herbivore 3.03 1.181 × 10–3 0.337 0.393 (herbivore)
1.683 (carnivore)
0.494 (omnivore)

Carnivore 11.695 4.561 × 10–3 1.303
Omnivore 3.985 1.554 × 10–3 0.444

Hg Herbivore 0.0445 0.017 × 10–3 0.056
Carnivore 0.2925 0.114 × 10–3 0.38
Omnivore 0.0400 0.015 × 10–3 0.05

Post-monsoon Pb Herbivore 0.71 0.276 × 10–3 0.078 0.114 (herbivore)
0.222 (carnivore)
0.199 (omnivore)

Carnivore 1.585 0.618 × 10–3 0.176
Omnivore 1.52 0.592 × 10–3 0.169

Hg Herbivore 0.0287 0.011 × 10–3 0.036
Carnivore 0.0368 0.014 × 10–3 0.046
Omnivore 0.0244 0.009 × 10–3 0.03

Fig. 2   Target hazard quotient (THQ) of lead and mercury observed during pre-monsoon and post-monsoon season
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Values of Bioaccumulation Factor (BAF) 
for Different Metals (Lead and Mercury)

The bioaccumulation factors (BAF) for lead (Pb) and 
mercury (Hg) were investigated in sediments and aquatic 
organisms during the pre-monsoon and post-monsoon 
periods (Fig. 3), revealing distinct patterns across trophic 
levels. In sediment, BAF values for Pb ranged from 0.53 at 
Site 3 to 0.708 at Site 1 during pre-monsoon season while 
0.48 at Site 1 to 1.63 at Site 4 during post-monsoon sea-
son. However, BAF values for mercury in sediment ranged 
from 6.11 at Site 3 to 53.28 at Site 1 during pre-monsoon 
season, while 5.29 at Site 2 to 78.99 at Site 3 during post-
monsoon season.

Values of BAF (Pb) for fish samples (Fig. 4) ranged 
from 0.94 (herbivore) to 3.65 (carnivore), and BAF values 
for mercury in fish samples ranged from 2.4 (omnivore) 
to 17.51 (carnivore) during pre-monsoon. However, dur-
ing the post-monsoon period, BAF values for Pb ranged 

from 0.23 (herbivore) to 0.52 (carnivore) and BAF values 
for Hg ranged from 1.78 (omnivore) to 2.68 (carnivore). 
The bioaccumulation of Hg in sediments and fish muscles 
surpassed that of Pb during both seasons, emphasizing the 
differential behavior of these heavy metals.

Discussion

The study has assessed the current levels of lead and mer-
cury in both the biotic and abiotic components of Baraila 
wetland. Mercury was present in all water samples of Baraila 
Lake which might be due to domestic waste discharging in 
wetland [64]. However, the concentration of mercury was 
within the permissible limit, and there was no significant 
variation during pre-monsoon and post-monsoon seasons. 
Lead levels surpassed permissible limits at all sites through-
out both pre-monsoon and post-monsoon periods. Although 
lead concentrations in water samples showed no significant 

Fig. 3   Bioaccumulation factor (BAF) for different metals (lead and mercury) in sediment collected from Baraila Lake during the pre-monsoon 
and post-monsoon period of the year 2022

Fig. 4   Bioaccumulation factor (BAF) for different metals (lead and mercury) in muscles of fish collected from Baraila Lake during the pre-mon-
soon and post-monsoon period of the year 2022
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variation, the pronounced lead levels at Sites 3 and 4 dur-
ing the pre-monsoon season suggest a potential influence 
of meteorological conditions. Specifically, the intensified 
vaporization and reduced rainfall characteristic of the pre-
monsoon season may have contributed to the elevated lead 
concentrations, whereas contrasting trends during the wet 
season could be attributed to dilution effects from rainfall 
[65]. These findings align with previous studies conducted 
by Salem et al. [66], Rajeshkumar et al. [67], Farsani et al. 
[68], and Manikandan et al. [69].

Elevated concentrations of lead and mercury stem from 
both natural and human-induced sources. Geological pro-
cesses, influencing silicate composition, contribute to natu-
ral lead levels, typically below 50 mg/kg in the Earth’s crust 
[70]. Lead is subsequently removed from the atmosphere 
through rainfall, binding strongly with soil particles before 
entering water bodies, thereby perpetuating a continuous 
cycle [71]. Likewise, atmospheric inputs, particularly asso-
ciated with rainfall, constitute the primary source of mercury 
in aquatic ecosystems [72]. Atmospheric deposition intro-
duces various mercury forms, predominantly inorganic mer-
cury [73, 74], while soil-bound mercury can be washed into 
surface waters during precipitation events. Human activities, 
such as the discharge of municipal wastes, application of 
fertilizers and pesticides, and runoff into lakes, can further 
elevate their levels [75, 76]. Poultry farms are another poten-
tial source, as they often utilize feed additives containing 
toxic metals like lead and mercury [77]. Mercury emissions, 
including burning waste, fossil fuel usage, and the use of 
fungicides, are additional anthropogenic sources [78–80]. 
Pollutants entering Baraila Lake from the Noon and Baya 
Rivers may also contribute to heavy metal contamination.

Significantly higher concentrations of lead were observed 
in sediment samples during the post-monsoon season, with 
a statistically significant difference (p = 0.002) between 
sampling sites using one-way ANOVA, and also differing 
significantly between seasons (p = 0.046) using t-test. The 
elevated concentrations, particularly at Sites 3 and 4, are pri-
marily attributed to agricultural activities. Numerous studies 
have noted increased levels of heavy metals during the post-
monsoon season, often linked to sediment accumulation [47, 
67, 68, 81, 82]. Conversely, the highest concentrations of 
mercury in sediment samples were found during the pre-
monsoon season, consistent with findings by Kwokal et al. 
[83, 84] and Ramasamy et al. [85]. Kwokal et al. [83] sug-
gested that the highest mercury concentration observed at 
the surface/subsurface layers during the pre-monsoon sea-
son is due to post-depositional diagenetic processes, which 
mobilize the metal from deeper sediments and cause upward 
migration in the sediment column [86]. Sulphides also play a 
role as potential binding constituents involved in the cycling 
of mercury in sediments [87]. Additionally, bioturbation 
activities of macro zoobenthos in the mudflat of wetlands 

can induce physicochemical changes in the substrate, con-
tributing to the remobilization of mercury from the bottom 
to the superficial sediments and into the water column [88].

The sediment in Baraila Lake indicated low to moder-
ately contaminated levels (geo-accumulation index) of lead 
during both pre-monsoon and post-monsoon seasons, fall-
ing within the 0–1 range. Pradit et al. [89] found similar 
results in the Khuan Khi Sian Wetland of Thailand, where 
the average Igeo values for lead were less than 1. In con-
trast, mercury showed varying contamination levels, ranging 
from uncontaminated to extremely contaminated, indicating 
a more diverse pollution profile for this metal. Zhang et al. 
[90] also observed pollution in fish ponds in the West Lake 
of Hengshui Lake, with Pb and Hg showing moderate con-
tamination due to population density and increased human 
social activities.

Contamination factor (CF) values, according to Hakan-
son’s [42] classification, indicate low contamination for lead, 
suggesting that the sediments were not significantly polluted 
by lead. Esmaeilzadeh et al. [91] found similarly low CF 
values for lead in the Siahkesheem Area of the Anzali Wet-
land, Iran. However, mercury exhibited low to considerable 
contamination at various sites, signifying a higher suscepti-
bility to mercury pollution in certain areas of the lake. The 
high CF and Igeo values of Hg in the sediment suggested 
potential anthropogenic input and accumulation, consistent 
with previous studies indicating that high Hg concentra-
tion in sediment may originate from anthropogenic activ-
ity [92–96]. While the contamination degree (Cd) values 
indicated a low degree of contamination for both lead and 
mercury across all sites in Baraila Lake.

In Baraila Lake, low potential ecological risk for lead at 
all sites was observed. However, the potential ecological risk 
associated with mercury varied, with some sites showing 
low to moderate ecological risk levels, particularly during 
the pre-monsoon season. Similar findings were reported by 
Ben et al. [97], El Zrelli et al. [98], and Vahidipour [99].

Non-essential metals, such as lead and mercury, are not 
known to play any metabolic function; however, their bio-
accumulation in fish can be toxic for humans, even at very 
low concentrations [100]. In Baraila Lake, fish have been 
found to accumulate heavy metals from runoff water, with 
lead concentrations in the muscles of various fish samples 
exceeding the limits set by FAO and WHO [61, 62]. Rashed 
[101] observed elevated lead concentrations in fish from 
freshwater ecosystems affected by activities like agriculture 
and poultry farming. However, mercury concentrations in 
all fish muscles remained within permissible limits, except 
for Xenentodon cancila during the pre-monsoon period. 
The heightened concentration of mercury in Xenentodon 
cancila, a carnivorous fish, during the pre-monsoon season 
may be attributed to factors such as trophic level, age, and 
size. Xenentodon cancila was measured at 21.2 ± 0.30 cm in 
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length and 9.5 ± 0.21 gm in weight during the pre-monsoon 
season. Typically, older and larger fish tend to accumulate 
higher levels of mercury over time [102–104]. Moreover, 
fish at the top of the food chain often exhibit elevated mer-
cury concentrations due to biomagnification [105, 106].

The concentrations of heavy metals in fish can vary sig-
nificantly depending on the species and the specific aquatic 
environments they inhabit [107]. The increased metal 
accumulation in fish during pre-monsoon could be attrib-
uted to heightened biological activity, breathing rates, and 
metabolic rates due to elevated water temperatures. Similar 
seasonal patterns were reported in studies by Rajeshkumar 
and Li [16], Rajeshkumar et al. [67], Kumar et al. [82], and 
Kalita et al. [108].

The target hazard quotient (THQ) values reveal a height-
ened risk associated with lead (Pb) compared with mercury 
(Hg). Notably, during the pre-monsoon season, carnivore 
fish displays a significantly higher THQ value of 1.303, 
signaling a substantial hazard for human populations con-
suming these fish. This elevated THQ, particularly for lead 
in carnivore fish, underscores concern regarding potential 
health hazards. Prolonged exposure to elevated levels of 
lead can lead to various health issues [109, 110], including 
neurological and developmental problems. Despite its low 
absorption rates, chronic exposure to lead can accumulate 
in the human body, resulting in lead poisoning or toxic-
ity. Lead’s neurotoxic effects, which include interference 
with neurotransmitter release, underscore its detrimental 
impact on cognitive functions and synaptic communication 
within the brain. Additionally, lead exposure is associated 
with adverse effects on the cardiovascular system, generat-
ing reactive oxygen species (ROS) and causing oxidative 
stress, leading to conditions such as cardiovascular disease 
and cancer [111]. Mercury (Hg), a neurotoxin that accumu-
lates in the environment from both natural and human activi-
ties, raises significant concerns due to its broad spectrum of 
toxicological effects on various bodily systems, including 
cellular, cardiovascular, hematological, pulmonary, renal, 
immunological, neurological, endocrine, reproductive, and 
embryonic pathways [112–118]. It is well-documented as a 
neurotoxic agent capable of profoundly impacting the devel-
opment and function of the human central nervous system 
(CNS), and it is widely distributed in the environment [116]. 
Renu et al. [115] indicated that mercury can induce apop-
tosis in the liver and, through epigenetic mechanisms, lead 
to DNA methylation and disruption of post-transcriptional 
modifications. Hence, addressing and managing the health 
risks associated with consuming carnivore fish, particularly 
during the pre-monsoon season when THQ values peak, is 
crucial.

The bioaccumulation factor (BAF) of heavy metal ions 
from water and sediment to fish tissues is depicted in 
Figs. 3 and 4. Notably, BAFs from water were found to be 

significantly higher than those from sediment, consistently 
exceeding 1 for mercury at all sites during both seasons. 
The study’s BAFs revealed that the concentration of meas-
ured metal ions in fish tissues followed the order of Hg > Pb. 
The diverse range of BAF values for both Hg and Pb across 
trophic levels indicates the intricate dynamics of metal accu-
mulation in aquatic organisms, reflecting variations in feed-
ing habits and habitat preferences. These findings suggest 
the potential for biomagnification, highlighting the ecologi-
cal significance of understanding metal dynamics in aquatic 
ecosystems.

The presence of heavy metal pollution in Baraila Lake has 
implications not only for its immediate surroundings but also 
for similar water bodies globally. To effectively address this 
issue, a multifaceted approach is necessary, encompassing 
enhanced monitoring, enforcement of regulations, and the 
expansion of conservation efforts. Integration of phytore-
mediation techniques into environmental policies, alongside 
research into ecosystem-based solutions and technological 
innovations for pollution control, is crucial. Collaborative 
partnerships, capacity-building initiatives, and public aware-
ness campaigns are essential for sustainable management 
practices and community engagement. Ultimately, these 
measures aim to preserve ecosystem integrity and support 
the well-being of local communities dependent on the lake, 
highlighting its broader significance in the context of envi-
ronmental conservation.

Conclusion

The comprehensive assessment of water, sediment, and fish 
samples from Baraila Lake underscores significant find-
ings regarding heavy metal contamination and potential 
ecological and health risks. The consistent exceedance of 
the WHO permissible limit for lead concentrations in water 
samples from Baraila Lake during both pre-monsoon and 
post-monsoon periods raises concerns about water quality. 
On the other hand, mercury concentrations in Baraila Lake 
water generally adhered to WHO limits. Sediment analysis 
demonstrated that lead concentrations consistently remained 
below the threshold effect concentrations (TECs), affirm-
ing the absence of lead pollution in the lake sediments. 
Conversely, mercury concentrations exceeded the TECs 
in sediment samples across all sites during both seasons, 
with specific exceptions. Geo-accumulation index values 
classified the sediments as uncontaminated to moderately 
contaminated for lead and exhibited a range from low to 
extremely contaminated for mercury. Contamination factor 
(CF) and contamination degree (Cd) values were employed 
to evaluate pollution levels, revealing consistently low con-
tamination for lead across all sites. In contrast, mercury dis-
played varying degrees of contamination at different sites 
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and seasons. The potential ecological risk index (Ri) method 
underscored that lead posed a low potential ecological risk, 
while mercury presented a considerable to moderate ecologi-
cal risk, exhibiting diverse levels across sites and seasons. 
Analysis of heavy metal concentrations in fish muscles iden-
tified carnivore fish as consistently displaying the highest 
lead concentrations, while mercury concentrations varied 
across trophic levels and seasons. Channa punctata emerged 
as the species accumulating the highest lead concentration, 
whereas Xenentodon cancila exhibited the highest mercury 
concentration in fish muscles. Notably, lead concentrations 
in fish muscles surpassed the limits stipulated by FAO and 
WHO, while mercury concentrations exceeded regulatory 
thresholds in Xenentodon cancila during the pre-monsoon 
season. The bioaccumulation factors (BAF) revealed distinc-
tive patterns across trophic levels, emphasizing the differen-
tial behavior of lead and mercury in sediments and aquatic 
organisms. Thus, the findings emphasize the necessity for 
ongoing monitoring efforts and proactive mitigation meas-
ures, including improved waste management practices, to 
address contamination sources and safeguard both the envi-
ronment and human health.
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