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Concentration of trace elements (CTEs) is a significant environmental concern
worldwide. This study assessed CTE levels in the Lower Indus River (LIR) by
analyzing CTEs in water, sediments, tissues of fish (Cirrhinus mrigala), and
macrophytes using electrothermal atomic absorption spectrometry (ETAAS)
and flame atomic absorption spectrometry (FAAS). The study shows that CTE
range—arsenic (As, 58.7-112.1 ug/L), lead (Pb, 59.9-95.6 ug/L), cadmium (Cd,
3.8-8.1 ug/L), nickel (Ni, 40.9-63.4 ug/L), and zinc (Zn, 590.7-847.6 ug/L)—and
water parameters (temperature, pH, COD, BOD, turbidity, and alkalinity)
exceeded WHO (World Health Organization) acceptable limits. The CTEs (mg/
kg dried basis) were analyzed in fish tissues, and As, Cd, Cr, Cu, Hg, Ni, and Zn
have the following accumulation order: liver > gill > muscle. In contrast, Ag and
Pb were present in higher amounts in gills than in the liver (gill > liver > muscle).
Prediction of bioavailability of CTEs, with the extraction of sediment load with
EDTA, revealed that As, Cd, and Zn were among the most bioavailable elements
in the LIR. Health risk assessment indicated that the presence of CTEs in the fish
could pose potential adverse health effects on humans. The study emphasizes
significant ecological and health concerns due to fish consumption in the
affected region, noting high risks of non-carcinogenic effects. These insights
are essential for policymakers and stakeholders in Sindh Province to manage and
reduce trace element pollution.

KEYWORDS

trace element concentration, Cirrhinus mrigala, bioavailability, health risk assessment,
Lower Indus River

01 frontiersin.org


https://www.frontiersin.org/articles/10.3389/fmars.2024.1449589/full
https://www.frontiersin.org/articles/10.3389/fmars.2024.1449589/full
https://www.frontiersin.org/articles/10.3389/fmars.2024.1449589/full
https://www.frontiersin.org/articles/10.3389/fmars.2024.1449589/full
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org
http://crossmark.crossref.org/dialog/?doi=10.3389/fmars.2024.1449589&domain=pdf&date_stamp=2024-12-17
mailto:xiahm@vip.henu.edu.cn
mailto:qinyc@henu.edu.cn
https://doi.org/10.3389/fmars.2024.1449589
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/marine-science#editorial-board
https://www.frontiersin.org/marine-science#editorial-board
https://doi.org/10.3389/fmars.2024.1449589
https://www.frontiersin.org/journals/marine-science

Boota et al.

Highlights

* Elevated trace elements in the Lower Indus River exceed
WHO limits, posing health risks.

* High bioaccumulation of As, Cd, and Zn in fish liver and
gills raises safety concerns.

+ Shannon and Simpson indices revealed substantial seasonal
fish diversity and abundance variations.

* Results revealed that people face substantial health hazards
(THQ > 1).

* Comprehensive evaluation highlights urgent need for
environmental remediation efforts.

1 Introduction

The accelerated industrial and agricultural evolution has led to
rising concentrations of trace elements, posing a serious threat to
both fish and human health (Stankovic et al., 2014; Cao et al., 2019).
Several trace elements are introduced into water bodies, which can
accumulate along flows, sediment load, and seafood chain, causing
subtle harm or mortality in native fish species (Maurya and Malik,
2018; Rani et al, 2021). Suspended sediment load adsorbs the
contaminants from the flowing water, consequently reducing their
level in the water column. Trace elements are abeyant in sediments
and considered latent contaminants, though they are discharged
into the flowing water in response to specific disruptions, posing
detrimental effects on ecological systems (Bazrafshan et al., 2016;
He et al.,, 2019). The bedload also supplies both sustenance and
habitats for aquatic fauna. Accordingly, trace elements could be
directly or indirectly hazardous to aquatic fauna, and their effects
can be identified on land through their accumulation and
concentration in food chains (El-Kady and Abdel-Wahhab, 2018).

Moreover, analyzing the concentration of trace elements
(CTEs) in sediment loads associated with populated regions can
reveal human impacts on habitats (Paul et al, 2021) and aid in
assessing the risks posed by sewage discharge into water bodies.
Very few studies have comprehensively examined the CTEs and
evaluated the toxicity and pollution levels in the Lower Indus River
(LIR). This study points to the CTEs in the LIR, the primary
freshwater resource in the southern region of Sindh Province.
Rapid development has resulted in deteriorating water quality,

Abbreviations: BAFs, Bioaccumulation factors; BWAF, Biota-water
accumulation factor; BSAF, Biota-sediment accumulation factor; BDL, Below
the detection limit; BOD, Biological oxygen demand; COD, Chemical oxygen
demand; CTEs, Concentration of trace elements; CIF, Control impact factor;
ETAAS, Electrothermal atomic absorption spectrometry; FIAS, Flow injection
appraisal system; HF, High flow; LOD, Limit of detection; LIR, Lower Indus
River; PTFE, Polytetrafluoroethylene tubes; RB, Right bank; THQ, Target hazard
quotient; TTHQ, Total THQ; WHO, World Health Organization; As, Arsenic;
Ag, Silver; Cd, Cadmium; Cr, Chromium; Cu, Copper; Ni, Nickel; Pb, Lead; Hg,
Mercury; Zn, Zinc; D/S, Downstream.
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increased water pollution, and heightened vulnerability of the
aquatic environment in this region (Azizullah et al.,, 2021; Noor
et al, 2023; Boota et al., 2024). Numerous investigations have
examined the contamination of trace elements in different water
bodies of Chenab and Indus Rivers (Nawab et al., 2018; Bhat et al.,
2021), but the majority of the research was solely focused on the
chemical analysis, consequent risk appraisal, and its impact in the
muscle of certain fish species.

Cirrhinus mrigala (Cyprinidae family) holds considerable
economic value in the river basin (Chatha et al., 2023) and is the
sole species in the LIR that is still sought for commercial fisheries.
This species was chosen as the sample based on its frequency of
occurrence, notable local economic importance in the LIR basin,
considerable capacity for accumulating trace elements, and function
as a biomarker for assessing environmental contamination.
Nevertheless, inadequately regulated fishery, channel regulation,
and contamination have collectively led to a significant decrease in
both species in the basin (Sarker et al., 2021). This species is highly
susceptible to the bioaccumulation of persisting contaminants,
primarily due to their high lipid content, long lifespan, and diet
predominantly composed of bottom-dwelling organisms (Maurya
etal, 2019; Shi et al., 2024). C. mrigala is considered to accumulate
great amounts of trace elements (Sanyal et al., 2015; Raman et al.,
2022). Although contamination has been acknowledged as a
significant threat to the survival of C. mrigala and Clupisoma
naziri, its specific impact on C. mrigala still needs to be
adequately investigated. Several recent studies attempt to
demonstrate a correlation between water bodies pollution and
histological changes in C. mrigala. However, further studies are
needed to explore these issues in greater depth.

This research aims to assess the fish assemblage and evaluate
trace element contamination in sediments, fish tissues, and aquatic
macrophytes’ downstream of the hydraulic structure. Presently,
there are limited data on contamination in water, sediment loads,
and this common fish species in the basin, as well as the extent of
human contact and associated health impacts. Hence, it is
imperative to obtain comprehensive data to ascertain the health
hazards related to the mostly consumed fish species.

2 Materials and methods

2.1 Study area

The Indus River is the largest river in southern Asia and a vital
lifeline for the country’s growing economy and cultural heritage.
Indus River is the 12th biggest transboundary drainage watershed,
~912,000 km? (Ali and De Boer, 2007), and almost 80% of agriculture
depends on this river (Ijaz et al., 2020). The Indus River originated
from the Himalayas in the Tibetan region with a total length of 2,880
km extending across portions of India, China, Afghanistan, and
Pakistan (Ali and De Boer, 2007). The Indus River System (IRS)
serves as the principal waterway network in Pakistan, encompassing
the primary Indus River along with its affiliated eastern tributaries,
such as Soan, Chenab, and Ravi Rivers, as well as the western
tributaries, including Kabul and Swat Rivers (Boota et al., 2022).
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These rivers traverse a significant portion of the country’s densely
populated industrial and agricultural areas. The river’s water quality
is continuously tainted by trace elements’ contamination and
associated compounds downstream (D/S) of the industrial states in
Peshawar, Amangarh, and Nowshera, as well as by small-scale
industrial facilities such as sugar, ghee, fabric, tanneries, newspaper,
medicinal, and plastic industries, resulting in a detrimental impact on
the ecosystem’s health. Swat River, situated in the northern area of
Khyber Pakhtunkhwa, is a sub-tributary of the Kabul River. It
stretches for approximately 240 km, covering a basin area of
approximately 14,000 km”. This river serves as a source of potable
water for household consumption and facilitates the irrigation of
extensive territories in District Swat, Malakand, and the lower
Peshawar Valley.

Furthermore, it plays a crucial role in replenishing the nearby
aquifers and natural springs (Raman et al, 2022). The primary
eastern tributaries of the Indus River include the Soan River,
Chenab River, and Ravi River. The Soan River, originating from
the springs in Bun village near Murree, is a significant watercourse
in the northern Panjab. The Soan River flows for approximately 250
km through the Pothohar region before joining the Indus River at
Pirpiyahi near Kalabagh. The increasing discharge of chemical
substances from the Sihala Industrial Estate, as well as effluents
from urban and wastewater treatment facilities in Rawalpindi and
Islamabad, is causing a decline in the quality of the freshwater
ecosystem within this river (Zakaullah, 2020). The Chenab River,
serving as the principal eastern tributary of the Indus River, has its
source in the Lahaul and Spiti districts of Himachal Pradesh, India.
The Chenab River is significantly contaminated by the major
urbanized industrial zones in Sialkot, Gujarat, Gujranwala,
Faisalabad, Jhang, and Multan (Kumar et al, 2023). The Ravi

68°43'20"E

10.3389/fmars.2024.1449589

River serves as a transboundary watercourse delineating the
borders of India and Pakistan, spanning approximately 725 km.
Reports indicate that the river is experiencing a significant level of
pollution, primarily attributed to the negligent discharge of
substantial quantities of industrial waste, urban and agricultural
runoff, and sewage from drainage systems in the region (Haider and
Ali, 2013). The cumulative human activities within the Indus Basin
are leading to significant pollution of both the riverine water and the
surrounding atmosphere with heavy metals (HMs) and other
associated compounds. This contamination has the potential to
have lasting impacts on the wellbeing of aquatic organisms and the
region’s inhabitants in the foreseeable future. The research was
conducted in the LIR downstream of the concrete diversion
between Guddu and Sukkur Barrage (GSB) in Sindh Province. All
the standard methods recommended by fish biologists and
limnologists were applied during the field expeditions to assess
the impacts of SB on the D/S aquatic ecosystem. The present study
was conducted in 2022, in which the 670-km talweg length of LIR
located at D/S of the GSB was studied for the ecological impact
assessment (Boota et al., 2021). Figure 1 and Table 1 depict the
orographic record of the LIR, and a total of nine sites with
coordinates (longitudes and latitudes) were labeled.

2.2 Sample collection

Water, sediment, and fish samples were collected at the D/S of
the SB for the three seasons, such as the pre-monsoon (PRS), post-
monsoon (POS), and monsoonal (MSS) season, of the LIR. Water
samples were taken manually at 0.5 m depth using polyethylene-
terephthalate bottles (0.5 L capacity), previously soaked in 10%
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FIGURE 1
Geographical location and sampling sites in the LIR.
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TABLE 1 Sample locations for fish “C. mrigala” with coordinates.

Locations Sampling site name Latitude Longitude
S1 Goth Motia 69.7023° 28.4050°
S2 Near Massuwali Village 69.6432° 28.3522°
S3 Goth Nahran 69.4925° 28.2767°
S4 Near Sundrani Village 69.3720° 28.1790°
S5 Near Qadirpur Village 69.3101° 28.1024°
S6 Near Tori Village 69.2238° 28.0771°
S7 Near Karampur Village 69.0593° 28.0564°
S8 Near Pano Agqil Village 69.0018° 27.9115°
S9 Near Old Sukkur 68.9299° 27.7517°

HNO3; for 24 h and then rinsed three to four times with local water.
To represent the catch areas, surface sediment load (0.15 m depth)
was obtained from four to six spots of the same station by using a
disposable plastic tube (acid washed with 0.1 m inner diameter and
0.15 m depth), and samples were kept in 0.5 L of polyethylene-
terephthalate canisters. Surficial sediments, obtained at a depth of 5
cm with 30 samples distributed across nine channel sections, were
acquired at marginal locations utilizing a polypropylene collector
during both dry (n = 18) and wet (n = 14) seasons. The specimens
were preserved in a polyethylene container and placed in a freezer at
—-20°C. Before the commencement of analytical processes, the
specimens underwent a thawing process, were sifted through a
sieve with a mesh size of less than 74 pum using ultrapure water
(Milli—Q®—Mi11ipore/Merck, Darmstadt, Germany), and
subsequently dehydrated in an oven set at a temperature of 40°C.
The commonly consumed fish samples of C. mrigala (100 cm
maximum size), with more than 40 individual samples, were
collected using trammel nets, killed with percussive stunning
(Van der Oost et al,, 2003), and kept at 4°C until processing
and analysis.

2.3 Analytical procedure of trace elements
in water, sediment, and fish

Water samples from each site were filtered through 0.45-pum
cellulose acetate filter paper, acidified with 0.2% (v/v) HNO;5 (Merck
Pro-appraisal), and stored at 4°C until the time of analysis (Rice
et al., 2012). Every set of 40 specimens underwent processing
alongside three analytical control samples that were subjected to
identical treatment as the specimens. The average concentration
of the control samples was deducted from the specimens. The
sediment samples were dried out at 40°C until a consistent weight
is achieved, sieved with a mesh size (100 pm), and processed using a
recoverable (environment accessible) approach. A sample of
sediment weighing 200 mg was collected and treated with 6 mL of
HNO; (sub-boiling grade) and 2 mL of chloridic acid (sub-boiling
grade), with the microwave oven (speedwave Berghof, Germany) in
polytetrafluoroethylene (PTFE) tubes (Arain et al, 2008). The C.
mrigala muscle, gills, and liver samples (cut from the area adjacent to
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the dorsal fin) were extracted, washed with 10% HNOs3, and rinsed
with water. The biological samples were ground and blended with a
vibrational agate ball mill for 5 min. Then, 100 mg of each sample was
taken (several organs), and 1 mL of 30% hydrogen oxide (ultrapure)
was subjected to drying in an oven at a temperature of 60°C for 48 h in
PTFE tubes (Arain et al., 2008). Detailed discussion of physiochemical
parameters determined in the laboratory is not explained here but it is
provided (Association, 1995).

2.4 Ecological indices

For the aim of the current research, H (Shannon, 1948) and four
pertinent indices were measured to describe the fish ecological/
aquatic study (Washington, 1984). These indices are essential tools
for explaining populations and community structures by ecologists
(Thilakarathne et al., 2024). Diversity indices provide important
information about the abundance and distribution of fish species in
a community and are an important tool for understanding
community structure (Ullah et al., 2023). Shannon index (H) and
Simpson index (D) were used to calculate fish species diversity
(Shannon, 1948; Simpson, 1949). The indices were formulated as

follows:
o n;
H= _2; x In . Shannon (1)
N2
D=1->(p)", Simpson (2)
-1
N, =S, Richness (3)
E = H/In(S), Evenness (4)

where 7 is the total number of individuals in a sample, n; is the
number of individual species i in the sample, S is the number of
species in a sample/population, and p; is the important probability
in element i (element i relativized by row total).

2.5 Bioaccumulation factors and human
health risk appraisal

Bioaccumulation factors (BAFs) such as biota-water
accumulation factor (BWAF) and biota-sediment accumulation
factor (BSAF) were used to assess the accumulation of trace
elements in response to environmental factors (La Colla et al., 2021).

BAF = )
Cra

where Cy, represents the CTEs in the fish tissues (biotic) and C,
represents the CTEs in abiotic systems (BWAF and BSAF). In this
research, BAFs were computed for each tissue and expressed as
mean across sampling sites. Fish tissue classification is based on the
BSAF (Tu et al,, 2022), namely, microconcentrator (1 < BSAF < 2),
deconcentrator (BSAF < 1), and macroconcentrator (BSAF > 2).
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In addition, the target hazard quotient (THQ) was computed to
estimate the non-carcinogenic human health appraisal of fish
consumption (Varol and Siinbiil, 2018), as well as for general
population and fishermen (a sensitive group), based on the
equations below:

Ef x Eg x F; x C
Oy X BW,,, x MT,, x 1073

THQ = (6)

where E; represents the exposure frequency (1 day/year—
general population and 10 day/year—fisherman), E4 is the
exposure period (70 years, average lifetime), F;, is the food
ingestion rate (g”' person/day), C. mrigala consumption rate was
about 400 g in this manuscript, C is the CTEs in fish muscle (mg/kg,
dry weight), O,q is the oral reference dose (mg/kg/day), BW,, is the
mean adult’s body weight (60 kg), and MT,, is the mean exposure
period for non-carcinogens (365 days/year, supposed to be 70
years). Based on Avigliano et al. (2019), only elements that
exceeded the limit of detection (LOD) in more than 50% of
samples. When THQ < 1, then it indicates that the exposure level
is lower than the oral reference dose, indicating no risk to health
(Barone et al., 2015). Total THQ (TTHQ) was computed as the sum
of the individual THQ trace element values (Tabezar et al., 2023).

TTHQ = THQ(toxicant 1) + THQ(toxicant 2) + .......
+ THQ (toxicant n) (7)

There are no particular fish consumption data for Pakistan;
therefore, we used the values presented in Eqani et al. (2013) where
general inhabitants consume 10 g/day and fishermen consume 100 g/
day based on the survey conducted along the Chenab River, Pakistan.

2.6 Analytical procedure of macrophytes

The extraction of trace elements in leaf samples—As (0.2 g dry
wt), Hg (0.5 g dry wt.), and other elements (1.0 g dry wt)—followed
similar protocols for fish samples (Kassaye et al., 2016). Total As was
determined by electro-thermal atomic absorption spectrometry
(ETAAS), using a spectrometer using Zeeman-effect background
correction, and Pd(NOs), as a chemical modifier (Mazej and
Germ, 2009). Total mercury was determined using cold vapor
atomic absorbed spectrometry (FIMS 400 Perkin-Elmer), with a
flow injection appraisal system (FIAS) and auto-sampler (AS90)
operated by the Winlab-Perkin-Elmer software (Sedak et al., 2022).
The other trace elements were measured by using flame atomic
absorption spectrometry (FAAS), using a Varian spectrometer
(AAS240FS, Santa Clara) equipped with deuterium background
correction (Lino et al, 2019). Adopted approach accuracy with
certificate reference material is not provided here but is explained
(Association, 1995; Lino et al., 2016). In addition, control impact
factor (CIF) was employed in order to normalize the fluctuation in
levels of concentration observed in samples taken from both U/S and
D/S of the barrage location. The CIF was applied to standardize the
CTEs changes in the study reach (Puche et al., 2020).
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CIF Cdown ( 8)

- (Cdown + Cup)

where Cgown and C, are the average concentration of each
element in D/S and U/S samples. The CIF ranges 0-1 (depicts a
significant increase or decreasing CTEs in the impacted area), and
CIF having a 0.5 value represents no change.

2.7 Statistical analysis

All statistical analyses were performed using OriginPro 2019
and IBM SPSS Statistics 26.0 (IBM Corp., Armonk, NY, USA).
Descriptive statistics, including mean and standard deviation, were
calculated for the CTEs in water, sediment, and fish tissues. A one-
way analysis of variance (ANOVA) was performed to evaluate
significant variations in trace elements across different sampling
locations and time periods. Post-hoc comparisons were performed
using Tukey’s HSD test. Pearson’s correlation coefficients were
computed to assess the relationships between CTEs in fish tissues
and those in water and sediment samples. A significance level of
P < 0.05 was applied to all analyses.

3 Results
3.1 Fish assemblage

A total of 42 fish species belonging to 10 families were collected
during PRS, POS, and MSS. Eleven fish species (C. mrigala, Labeo
rohita, Cyprinus carpio, Tor putitora, C. naziri, Labeo dyocheilus,
Schizothorax plagiostomus, Oreochromis niloticus, Channa punctate,
and Macrognathus armatus) are commercially and economically
important in the study region. Lowest fish individual’s species (62)
were observed at S3 (Table 2), and the number of fish species in the
right bank (RB) was higher than the number offish species found in the
left bank in sampling sites. Fish assemblage exhibited high spatial
variation (distribution extent), and fish abundance/distribution is
highly dependent on habitat conditions (water flow condition) and
habitat destruction. Fish species were disturbed (water level
fluctuations) during the MSS. However, a few species (Crossocheilus
diplochilius, Xenentodon cancila, Puntius sophore, and Puntius sarana)
were equally distributed from more than half of the sampling sites
during PRS, POS, and MSS.

Fish species (Amblypharyngodon mola, Schizothorax esocinus,
and Colisia lalius) were only found in POS, and L. dyocheilus was
completely absent during POS. Few species were present during MSS
and POS, but none of the following species were found in PRS:
Hypophthalmichthys molitrix, Puntius ticto, Acanthocobitis botia, and
Gagata cenia. The average size was observed for non-commercial
(20.07 + 12.97 cm) and commercial fishes (92.65 + 79.5 cm). It is
essential to mention that most captured fishes were non-commercial
(smaller size). In contrast, limited commercial fishes were observed in
the study region, indicating the impacts of low river flow, intensive
fishing, and natural and seasonal variations.
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TABLE 2 Fish diversity, presence (+)/absence data collected, total individuals (T1), relative abundance (RA), trends of four simulated indices (S, E, H, and D) computed and present status in the study area.

Species

Present
status

Bagridae Mystus bleekri 23 8 5 0.82 133 0.70 173 C
Chandidae Channa punctata 44 7 11 0.96 229 0.89 338 A
Channa gachua 11 3 4 0.95 131 0.72 0.79 LC
Chanda nama 41 11 10 091 2.08 0.85 3.15 A
Cichilidae Oreochromis niloticus 105 27 10 091 209 | 085 818 F
Oreochromis mossambicus 3 1 2 1.00 0.69 0.50 0.16 R
Cyprinidae Amblypharyngodon mola 18 6 5 0.87 1.40 0.73 134 C
Aspidoparia morar 46 12 8 0.94 1.96 0.84 3.54 A
Barilus pakistanicus 33 11 7 0.88 1.71 0.79 268 C
Barilius vagra 25 10 7 0.84 1.64 0.76 2.05 C
Barilius modesta 3 1 2 1.00 0.69 0.50 0.16 R
Carassius auratus 6 3 2 0.97 0.67 0.48 0.39 R
Hypophthalmichthys molitrix 4 3 1 0.00 | 000 | 0.00 | 024 R
Chela conchonius 72 17 10 0.88 2.02 0.84 551 A
Cirrhinus mrigala 4 2 2 0.92 0.64 0.44 0.24 F
Crossocheilus diplochilius 135 21 12 0.97 2.40 0.90 10.6 F
Crossocheilus latius 7 4 2 0.92 0.64 0.44 047 LC
Cyprinus carpio 59 11 9 0.96 211 0.87 4.56 C
Gara gotyla 14 4 6 093 1.67 0.79 1.02 C
Labeo dyocheilus 20 8 5 0.84 1.35 0.70 1.49 C
Labeo rohita 16 6 5 0.93 1.49 0.75 118 C
Megarasbora elanga 15 5 5 0.89 143 0.73 L10 C
Puntius conchonus 63 13 10 091 2.10 0.86 4.88 A
Puntius ticto 30 7 8 0.94 1.96 0.85 228 C
Puntius sarana 88 12 12 0.95 236 0.90 7.00 F
Puntius sophore 39 9 9 0.90 197 0.84 299 C
Salmophasia bacaila 36 8 9 0.91 2.00 0.85 291 C
Schizothorax plagiostomus 35 10 9 0.87 191 0.83 2.83 C
Schizothorax esocinus 6 2 3 0.96 1.06 0.64 039 R
Tor putitora 13 6 4 0.87 120 0.65 0.94 LC
(Continued)
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LC

0.31
3.30
252

1.89

1.89

1.42

0.71

1.02

4.01

0.55

1.57

2.68

0.38
0.75
0.79

0.56
171
1.78

0.82

179

0.86

2.11

0.69

123

0.49

0.85

0.60

1.09

0.82

179

0.69

1.28

0.82

1.79

0.79

1.70

0.81
0.82
0.86

3
19
1

0.92

0.92

10

0.89

0.77

0.79

0.92

12

0.92

0.92

0.87

23

23

17

12

52

35

Colisia lalius
Glossogobius giuris
Macrognathus armatus

Schistura alepidota

Schistura afasciata

Schistura spp.

Acanthocobitis botia

Clupisoma naziri

Glyptothorax cavia

Glyptothorax gracilis

Gagata cenia

Xenentodon cancila

Osphronemidae
Gobiidae
Mastacembelidae

TABLE 2 Continued
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Nemacheilidae

Schilbidae

Sisoridae

C, common; A, abundant; LC, less common; F, frequent; R, rare are the fish species present status in the study region.
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3.2 Diversity indices

Among the detected fishes (1,168 individuals belonging to 42
various species), C. diplochilius (9.54%), Chela conchonius (6.51%), C.
mrigala (7.18%), P. sarana (7.00%), Puntius conchonus (5.88%) C.
carpio (5.56%), and Glyptothorax cavia (3.01%) were the most
frequent species. Abundant captured species included Aspidoparia
morar (2.54%), Glossogobius giuris (4.30%), Chanda nama (2.15%),
P. sophore (3.99%), Salmophasia bacaila (3.91%), S. plagiostomus
(2.03%), Barilus pakistanicus (2.08%), X. cancila (2.98%), M. armatus
(2.12%), P. ticto (2.68%), and Barilius vagra (2.05%). Rarely captured
species included S. esocinus (0.39%), Carassius auratus (0.39%), C.
lalius (0.31%), H. molitrix (0.24%), Oreochromis mossambicus
(0.16%), and Barilius modesta (0.16%) (Table 2).

The maximum number of fish individuals was encountered on
S6 (159), while the minimum was found on S3 (79). Regarding
species richness, 27 species were identified, and only 7 species
(minimum) were found to be present on S3. Comprehensive details
for relative abundance, fish catch, species richness, and indices are
illustrated in Figure 2.

3.3 Distribution of trace elements in water
and sediments

3.3.1 Appraisal of water quality

The physio-chemical water analysis shows that most of the
parameters (EC, TDS, TSS, DO, SAR, K*, Na*, Ca**, Mg**, HCOy,
S0,%, and salinity) are within the World Health Organization
(WHO) standards (World Health Organization, 2002). In
contrast, different parameters such as temperature (maximum at
$9, 26.4°C), pH (maximum at S4, 8.85), alkalinity (maximum at S4,
125 mg/L), COD (maximum at S3, 75 mg/L), BOD (maximum at
S3, 59 mg/L), and turbidity (maximum at S2, 45.8 NTU) deviate
from the WHO standard values, as shown in Figure 3. Ten CTEs in
both water and sediment in the LIR are summarized in Table 3.
Arsenic concentration in water (58.7-112.1 ug/L) was observed,
which is 7-10 times higher than the permissible limit in drinking
water (10 ug/L). High concentration of Pb (59.9-95.6 1g/L) was
observed, which is >5.9-9.5 times than the permissible limit in
water. Levels of Ag and Hg ranged between the LOD, and Cu (18.9-
24.4 pg/L) and Cr (0.20-9.4 pg/L) lie within the permissible limits.
The CTEs of Cd (3.8-8.1 ug/L), Ni (40.9-63.4 ug/L), and Zn
(590.7-847.6 ug/L) also exceeded the recommended values,
reflecting that agro-industrial activities may be the primary cause
in LIR pollution.

3.3.2 Assessment of sediment

The pH values in sediment samples were observed to be 8.00 and
8.32, and CTEs in sediment are significantly higher than in water,
aligning with the earlier research studies (An and Kampbell, 2003).
It is evident that As, Cd, Cr, Cu, Co, Ni, Pb, and Zn continually
exceeded the LODs, ranging from 5.0 to 969.6 mg/kg dry weight,
while Ag and Hg were within the LOD. The correlation between
water and sediment was analyzed using Pearson’s correlation
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coefficient, which revealed a strong positive correlation between Cr (r
~ 0.944) and Cu (r ~ 0.972) in water, with statistically significant p-
values supporting the strength of these relationships. In addition, Ag
showed relatively lower concentrations within the sampling sites,
while a strong correlation was observed in the sediment between Cd
(r ~ 0.915) and Ni (r ~ 0.90) in the LIR, with statistically significant
p-values (Figure 4).

3.4 Extractable (bioavailable)
trace elements

Figure 5 shows the percentage of bioavailable elements extracted
by ethylenediaminetetraacetic acid (EDTA) from the overall trace
elements in the sediment load of the LIR. It was observed that there is
no apparent correlation between overall and bioavailable CTEs; given
that trace element distributions are linked to solubility, accessible
CTEs might be similar to bioavailable CTEs. The range values (mg/kg
dried basis) for EDTA-extracted elements were observed as follows:
As (0.23-0.46), Ag (0.225-0.425), Cd (0.21-0.39), Cr (0.07-0.12), Cu
(0.2-0.29), Co (0.09-0.27), Hg (0.514-0.908), Ni (0.28-0.47), Pb
(0.07-0.36), and Zn (1.8-3.16). The ranking of EDTA-extracted
CTEs is not similar to the ranking of total CTEs. The range values
for the percentage of extracted values were observed as follows: As
(1.72-2.59), Ag (2.715-3.565), Cd (3.55-4.65), Cr (0.39-0.62), Cu
(0.7-1.35), Co (2.23-5.34), Hg (1.16-1.672), Ni (1.56-2.18), Pb (0.35—
1.58), and Zn (1.65-4.05), respectively.

3.5 CTEs in fish samples

C. mrigala, locally called Mrigal, Mori, or Morakhi, is frequently
consumed by inhabitants of different regions in Pakistan and is
utilized as a bioassay indicator to assess channel pollution caused by

Sampling sites
wn 195} 92} 195] 192] 192} 1953 wn
N W B W o)} ~ o O

w»
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hazardous substances. Nine trace elements (in mg/kg dried basis)
were analyzed in fish muscle, liver, and gills (Figure 6A), and As,
Cd, Cr, Cu, Hg, Ni, and Zn had the accumulation order of liver > gill
> muscle, respectively. In contrast, Ag and Pb were present in
higher amounts in the gills than in the liver. Mean accumulation
trend in muscle was observed as follows: Zn > As > Pb > Cu > Ni >
Cr > Cd > Hg > Ag; mean accumulation order in the liver was as
follows: Zn > Cu > Cd > P > As > Ni > Cr > Hg > Ag; and mean
accumulation order in the gills was as follows: Zn > Pb > As > Cu >
Ni > Cd > Cr > Hg > Ag, respectively.

The coefficient of correlation for trace elements in C. mrigala
muscle with dissolved components in water and EDTA-extracted
components from sediment is also depicted in Figure 6B. Owing to
the low correlation between trace element pairs, the p-values and
Spearman coefficient of correlation are not provided (-0.27 < r <
0.43, 0.059 < p < 0.89). Lead has a moderate coefficient of
correlation, with 7 = 0.60 between liver and sediment and r =
0.59 (p < 0.001) between gills and sediment, respectively (not
illustrated here). The standard length was not correlated with the
trace element composition, as there was no significant co-variation
between this parameter and element concentrations (analysis of co-
variance and Spearman coefficient of correlation, p > 0.049).

4 Discussion
4.1 Bioaccumulation factors

The impact of anthropogenic activity on natural aquatic
systems results in concerning amounts of trace elements and
metalloids in various environmental components (such as water,
sediment load, and biota) worldwide. Notably, the LIR has been
significantly influenced by human activities due to agricultural
practices and the development of urban regions. Table 4 shows

FIGURE 2
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Comprehensive details for the total number of fish specimens, species richness, and four indices computed for nine sampling sites.
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Water quality concentration parameters for WHO standards as: (A) EC, TDS, TSS and Alkalinity concentration; (B) Concentration of Temperature, pH,
DO, COD, BOD and Turbidity; (C) SAR, K+, Salinity and Sulfate ion concentration; and (D) Concentration of Na+, Ca, Mg, and Bicarbonate

the fish tissues’ BAFs (BWCF and BSCF), with BWCF values > 1 for
all tissues. The BWCF values were higher in the liver than in the
muscle and gills (muscle presented the lowest values). In particular,
the maximum BWCF values were observed in the liver (up to
11,719), and BWCEF values in gills were as follows: As (9.2), Cr
(210), Cu (305), Ni (240), Pb (1,160), and Zn (2,140), respectively.
In contrast, BWCEF values were higher in gills (up to 2,140) and
lowest in the muscles. Concentrations of Cr, Cu, Ni, Hg, and
Zn (values above LOD) in muscle were accounted for to estimate
the non-carcinogenic population health risk linked to fish
consumption. The CTEs in fish from the present study and other
academic works are documented in Table 4. Data obtained
from publicly available sources revealed that CTEs in fish
tissues exhibited considerable variability, influenced by factors
such as geographical location and species of the specimens
captured (Table 4).

4.2 Impact of barrage on aquatic biota

Figure 7 illustrates the conceptual diagram of the hydraulic
structure’s impact on the fish fauna. The establishment of barrages
and dams along river courses exerts notable effects on the aquatic
organisms inhabiting downstream regions, including fish and
macrophytes. During periods of reduced flow, such as the low-
flow season, the water level decreases either gradually or until it
reaches the minimum downstream level of the river. This scenario
leads to disastrous circumstances for the aquatic resources, causing
disruptions in the fish migration patterns for reproductive
purposes. Throughout the investigation, it was determined that
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the preservation of the minimum ecological water flow was lacking,
leading to disruptions in ecological coherence and the abundance of
fisheries resources.

Fish communities exhibit a high level of responsiveness to the
river system’s geomorphological attributes and hydrological
conditions. From the perspective of fish diversity and the
management of fisheries resources, a river habitat must provide
an appropriate environment for the growth, spawning, and shelter
of fish, as well as ensure a stable food supply. Before the
establishment of the GSB barrage, species such as Tor putitora,
Schizothorax plagiostomus, Labeo rohita, Cyprinus carpio, and
Cirrhinus mrigala were frequently observed in this particular
section of the river. After a span of 25 years, the populations of
the aforementioned four indigenous species have dwindled to a
minimum level, whereas C. carpio, an alien species, has not only
acclimated to this particular habitat but has also emerged as a
prevalent species due to its versatile behavior and significant
reproductive capacity. The fishermen community documented
that Tor putitora and Schizothorax plagiostomus were notably
more prevalent in previous years. However, their numbers have
currently experienced a substantial decline due to habitat
fragmentation and diminished water flow.

It is evident that no significant measures have been taken to
develop the fisheries resources D/S of the barrage. This stretch of the
river has been severely degraded due to the extremely low flow from
the GSB. Even the population of fishermen affected by the
construction is currently deprived of fishing rights from the pond
area. In this regard, a survey of local fishermen and fish retailers
living and working on the LIR near the GSB was conducted to know
the fisheries’ resources and their economic status. Before the
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TABLE 3 Average ( + SD) of CTEs in water and sediment along the LIR.

10.3389/fmars.2024.1449589

Water (ug/L)

S5

As 90.5 + 7.7 58.7 + 6.3 70.6 + 6.9 1121 + 8.5 70.4 + 6.8 66.8 + 5.9 62.3 + 5.0 86.8 + 7.5 88.9 + 8.0
Ag <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD
cd 4.0 + 029 3.8 +0.29 <LOD 8.1+ 0.70 5.1+ 0.31 7.8 + 0.59 44+ 034 4.8+ 029 6.9 + 0.38
Cr <LOD 2.73 +0.20 0.20 + 0.04 5.9 +0.48 8.60 + 0.61 9.4 + 0.80 7.3 + 0.49 10.5 + 0.90 5.8 + 0.38
Cu 189+ 18 22,66 + 040 | 2220+ 1.90 244 +13 23.5+ 1.2 229+ 13 240+ 1.9 19.6 + 2.1 19.8 +22
Co 320 £29 351 + 3.4 379 35 30.8 + 3.0 34.8 +3.3 39.1 + 3.6 432 +3.0 36.7 3.9 29.7 +2.0
Hg <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD
Ni 59.8 + 0.89 42.7 + 35 63.1 + 0.98 40.9 + 2.5 63.4 + 0.98 60.1 = 0.90 49.9 + 4.0 55.8 + 4.8 62.9 + 0.95
Pb 79.9 7.0 69.5 + 6.0 777 + 69 80.4 + 7.2 59.9 + 4.0 80.2 + 8.1 89.1 + 8.7 92.1 9.0 95.6 +9.2
Zn 811.5+76.7 | 6243 +521  8302+79.1  642.8+527  847.6+79.9 | 8098+762 | 5907 +482 | 79424602 | 821.4+778

Sediment (mg/kg dw dried basis)
As 20.4 + 091 19.8 + 0.89 182 +0.83 21.1 + 092 20.1 + 0.89 19.1 + 0.87 18.6 + 0.87 20.8 + 0.92 18.7 + 0.79
Ag <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD
cd 7.5 + 0.61 7.4 + 0.60 5.0 + 0.36 5.7 + 0.39 6.0 + 0.41 55+ 0.34 8.3 + 0.69 7.8 +0.63 6.8 + 0.42
Cr 8.16 + 0.59 6.2+ 0.54 8.62 + 0.60 6.3 + 0.56 8.18 + 0.60 7.12 +0.59 8.81 + 0.60 10.0 + 0.86 7.09 + 0.57
Cu 184+ 1.8 173 + 1.4 223+ 19 20.7 + 1.81 26.2 +2.3 242 + 13 217+ 1.9 19.6 + 1.9 158 +2.3
Co 34.0 3.0 454 + 4.1 326 +2.8 39.6 +3.3 375+33 479 + 4.8 339427 442 + 40 411 +37
Hg <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD
Ni 39.8 + 3.4 30.8 +2.8 387 32 30.0 +2.7 349 +3.0 374 +35 382+ 3.1 315 +3.0 30.2 +2.75
Pb 95.1 + 8.0 92.6 + 7.9 71.6 £ 5.9 72.8 + 6.0 79.6 £ 7.9 92.1 %82 98.6 + 8.5 80.2 + 8.3 97.4 + 8.4
Zn 859.9+79.5 | 950.8+152 7243 +623  662.8+329  5659+413 | 9166+ 142 7427+ 629  969.6 +156 | 702.6 + 613

construction of GSB, the total annual catch was approximately 32
tons and this pattern has been adversely affected by the reduction in
flows during the winter season. This situation has created some
severe concerns within the local community. Most of the
professional fishermen and their next generation have changed
professions due to low fish catch. Fishermen community along the
affected river stretch depends on fish twice or thrice a month
for food.

Winter days are better for catching and selling fish because the
fishermen do not require refrigeration or cooling system storage.
Moreover, the local community prefers to eat fish during the winter
season. Sometimes, when they find a good fish catch, they sell it in
the local market. Most of the commercial fishermen who were
interviewed were members of joint families, where some family
members attended to the main occupation while others were
fishing. All fishing is done with nylon gillnets, angling, and
electric current. Most fishing is done in a daily basis during the
fall and winter seasons, and generally, fishing is prohibited during
the monsoon season. The fishermen prefer to fish in shallow and
slow-moving water. They begin fishing in the late afternoon and
continue through the night. The following day, fishermen take the
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fish to the nearest markets in different cities. Thus, the health risks
from consuming the fish (THQ and TTHQ of CTEs for the general
population vs. fishermen) were elucidated.

4.3 Human health assessment

Table 4 illustrates a notable disparity in the BSAF for muscle
tissue compared to the concentrations documented in the Ganga
River, India. For instance, the muscle tissue of C. mrigala displayed
a Cr level of 0.35 mg/kg (Maurya et al, 2019), implying a
heightened degree of Cr accumulation within the geographical
scope of our research. Our study also indicates elevated levels of
Cu in liver samples compared to muscle samples collected from the
Ganga River (Maurya et al., 2019) and the 0.15 mg/kg detected in
C. carpio muscle samples from Kunhar, Pakistan (Shi et al., 2024).
This suggests a possible increased environmental occurrence or
accessibility of Cu within the geographical scope of our research.
The muscle tissue in our study exhibited higher BWCF than the
C. carpio from the Yangtze River, China (Yi et al, 2011). This
indicates significant Zn accumulation in the indigenous fish
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0.076 to 0.078 depicts water (p-value), and the line from 0.093 to 0.073 represents the sediment (p-value).

population. The BWCF and BSCF values in our investigation
exhibit elevated levels for numerous trace elements compared to
other geographical areas. Specifically, the BWCF for Zn in liver
tissue surpasses all previously documented literature, suggesting a
notably increased rate of accumulation in our locality. The
distribution of trace elements among various tissues, such as
muscle, liver, and gill, enhances our understanding of the
bioaccumulation and retention mechanisms in fish. Notably, liver
tissue exhibits notably elevated concentrations of Cu and Zn,
highlighting its significance as a pivotal organ involved in the
detoxification and sequestration.

Table 4 aligns with the assessment of THQ for each trace
element and the consequent TTHQ arising from the consumption
of fish among the broader population and fishermen living in
proximity to the LIR. The current study examined the THQs of
CTE:s resulting from the intake of LIR fish, following the order As >
Hg > Cd > Co > Pb > Cu > Ni > Ag > Zn > Cr for the general
population, while for fishermen, it was As > Hg > Cd > Co > Pb >
Cu > Ni > Ag > Zn > Cr, respectively. The mean THQs of As, Ag,

Cd, Cr, Cu, Co, Hg, Ni, Pb, and Zn were 2.99 x 107", 1.93 x 1072,
3.98x107',2.61x107%,1.06x 107,543 x 107',3.90 x 107", 1.89 x
107, 7.47 x 1072, and 6.47 x 10~* for the general population, and
2.99 x 10% 1.93 x 107%,3.98 x 10°, 2.61 x 107%, 1.06 x 107, 5.43 x
10°, 3.90 x 10° 1.89 x 107% 7.47 x 107', and 6.47 x 1077,
respectively, for fishermen. The THQ values for As, Hg, and Cd
for fishermen, resulting from fish consumption from the LIR, are >
1, indicating a significant health risk due to the intake of these
elements. When considering overall fish consumption, As presents
the highest THQ risk, followed by Hg and Cd, across the entire
study reach. This implies that there is no evidence of an
unacceptable non-carcinogenic hazard to the general population
from consuming fish sourced from the LIR. The TTHQ of CTEs
through the ingestion of fish sourced from the LIR was 1.22 x 10~
(within the safety limit) and 1.22 x 10° (exceeding the safety limit)
for the general population and fishermen, respectively.

Table 4 also provides a comparative analysis of trace elements
found in various fish species from different rivers across Pakistan,
India, and China. In the LIR, C. mrigala shows significant trace
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FIGURE 5

(A) Box plots of EDTA—extractable trace elements from sediment samples and (B) percentage of extracted trace elements with total CTEs in the LIR,
with the fittings of normal distributions and box values showing the mean values of metal concentrations.

Frontiers in Marine Science

11

frontiersin.org


https://doi.org/10.3389/fmars.2024.1449589
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org

Boota et al.

[- As (mg/kg) [ Ag (mg/ke) B Cd (mg/ke) [ Cr (mg/ke) I Cu (mg/ke)

10.3389/fmars.2024.1449589

Hg (mg/kg)

Ni (mg/kg) B Pb (mg/ke) M Zn (mg/ke)

353
372
371

402
401 4 (a)
3321 l
§§% |
191
189

186 |
13 5

b

Amount of Metals (mg/kg)

ML |G[M|L|G|M|L|G

M

M|L |G

L M|L |G

> & < &>

l

|
G

)

Y
S

< =3

Sample site number

1)

Range

Dhosnodhososooooo o

" 2 EEM with muscles

DMW with muscles

P

T
EEM

FIGURE 6

DMW

(A) CTEs in M—muscles, L—liver, and G—gills (mg/kg dry wt), (B) appraisal of bar graph—% in muscles (EEM and DMW) with the best-fit kernel
smooth distributions. The solid black line represents the error bars, and the red dotted line represents the median lines.

element accumulation, with liver tissues exhibiting the highest
concentrations, particularly for elements such as Cr, Ni, and Zn.
The gills also show elevated levels, although generally lower than
those in the liver. In the Ganga River, C. mrigala displays similar
patterns, with trace elements like Cr, Ni, and Zn most concentrated in
the liver tissues. This suggests a consistent trend of bioaccumulation
in fish liver across different regions (Maurya et al,, 2019). Fish from
the Xiang River, such as C. auratus and Squaliobarbus curriculus, also
exhibit varying trace element concentrations. S. curriculus, in
particular, shows higher levels of Zn, indicating significant
environmental exposure (Jia et al., 2018). In contrast, species from
the Yangtze River, including Mylopharyngodon piceus and C. carpio,
generally display lower trace element concentrations across all tissues,
suggesting relatively lower pollution levels in this region (Yi et al.,
2011). Overall, the data highlight significant regional differences in
trace element contamination, with fish from the LIR and Ganga
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Rivers showing higher levels of accumulation compared to those from
the Xiang and Yangtze Rivers.

Cr can exist in multiple oxidation states, with hexavalent Cr
being particularly notable for its pronounced toxicity and
carcinogenic properties. Prolonged exposure to hexavalent Cr
may result in respiratory complications, compromised immune
function, and damage to the kidneys and liver. It is a carcinogenic
agent associated with the development of lung cancer. Cu, a crucial
trace element necessary for a variety of physiological processes, can
have detrimental effects if consumed in excess. Acute Cu toxicity
manifests gastrointestinal disturbances, hepatic and renal
impairment, and hemolysis. Long-term exposure to Cu can result
in hepatic injury, renal insufficiency, and disorders in the nervous
system. Prolonged exposure to elevated Zn concentrations may lead
to Cu deficiency, compromised immune response, and changes in
lipid profiles, consequently elevating the susceptibility to
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TABLE 4 Bioaccumulation factors (BWCF and BSCF), THQ, and TTHQ via consumption of fish and fish tissue comparative analysis between this study and previous studies.

As Ag Cd Cr Cu Co Hg Ni Pb Zn
Muscle
BWCF - - - 109 80.3 - - 30.3 - 598 This research
BSCE - - - 0.00 0.01 - 0.39 0.00 0.00 0.03 This research
Liver
BWCF 590 - - 40.7 11,719 - - 159 641 4,819 This research
BSCF 0.07 1.10 - 0.00 1.38 - 4.07 0.01 0.03 0.61 This research
Gill
BWCF 9.2 - - 210 305 - - 240 1,160 2,140 This research
BSCE 0.01 - - 0.01 0.03 - 0.00 0.02 0.02 0.69 This research
THQ TTHQ
General population 299x 1070 193x 107 398x1070 | 261x10° | 1.06x107° | 543x10° | 230x10"' | 1.89x10° | 747x1072 | 647 x 10"  1.06 x 10°
Fishermen 2.99 x 10° 193x 107 398x10° | 261x10* | 1.06x 107 | 543x107" | 230 x 10° 1.89x 107 747 x 107" | 647 x10°  1.06 x 10'
Study area Fish species (tissues) Concentration of trace elements (mg/kg) References
LIR, Pakistan C. mrigala (muscle) 327 0.95 1.23 2.03 2.72 ND 1.16 2.62 2.82 189.3 This research
LIR, Pakistan C. mrigala (liver) 6.20 1.03 9.80 2.90 9.2 <LOD 1.32 417 8.9 380.7 This research
LIR, Pakistan C. mrigala (gill) 5.01 1.02 2.55 2.02 5.03 <LOD 1.25 3.64 11.6 372.9 This research
Kunhar, Pakistan Cyprinus carpio (muscle) NA NA NA NA 0.15 NA NA NA 1.45 16 (Shi et al,, 2024)
Ganga River, India C. mrigala (muscle) NA NA 1.32 0.35 321 NA NA NA 2.37 11.25 (Maurya et al,, 2019)
Ganga River, India C. mrigala (liver) NA NA 2.64 0.55 6.57 NA NA NA 2.54 25.08 (Maurya et al,, 2019)
Ganga River, India C. mrigala (gill) NA NA 1.85 0.39 8.94 NA NA NA 2.29 17.54 (Maurya et al,, 2019)
Xiang River, China Carassius auratus (muscle) 0.875 NA 0.070 1.63 5.08 0.041 NA 0.147 1.08 134 (Jia et al., 2018)
Xiang River, China Squaliobarbus 3.64 NA 0.120 2.238 440 0.182 NA 0.826 0.653 414 (Jia et al., 2018)
curriculus (muscle)
Xiang River, China Pelteobagrus 3.58 NA 0.086 8.47 1.52 0.112 NA 0.686 1.26 47.4 (Jia et al., 2018)
fulvidraco (muscle)
Xiang River, China Silurus asotus (muscle) 1.48 NA 0.135 6.18 3.29 0.087 NA 0.493 0.559 42.0 (Jia et al., 2018)
Yangtze River, China = Mylopharyngodon piceus 0.022 NA 0.075 0.15 1.19 NA 0.02 NA 0.29 7.6 (Yi et al,, 2011)

(Continued)
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cardiovascular disorders. Prolonged Cd exposure can induce renal
impairment, depletion of bone minerals resulting in osteoporosis
and fractures, and respiratory complications like emphysema. In
children, Pb exposure can result in developmental delays, reduced
intelligence quotient (IQ), attention deficits, and disturbances in

(Yi et al,, 2011)
(Yi et al,, 2011)
(Yi et al,, 2011)

behavior. Ni exposure can induce allergic responses, such as

(%)
(V]
(Y]
c
(V]
=
(<
u“—
(V]
o

dermatitis, asthma, and various respiratory ailments. Ag exhibits
restricted toxicity; however, extended contact with elevated
concentrations may result in argyria, characterized by the skin

42
447
7.39

turning a blue-gray hue due to Ag accumulation (Shi et al., 2024).
The comparative study highlights the distinctive toxicological
characteristics of our study region, providing significant data to

w el = enhance the global understanding of fish pollution and associated
bl Ml health hazards. This can guide future comparative investigations
and meta-analyses. Our research offers novel perspectives on the
bioaccumulation and potential health implications of trace elements
s 2 2 in fish sourced from the LIR, Pakistan, while also drawing attention

to notable variations in comparison to other geographical areas.
This emphasizes the necessity for ongoing surveillance and
implementation of strategies aimed at mitigating the effects of

0.02
0.02
0.02

trace element pollution in aquatic environments.

4.3.1 Potential mitigation strategies for
trace elements
To address and mitigate the issue of trace element pollution in

NA
NA
NA

the LIR and its impact on aquatic ecosystems and human health,
several approaches may be considered: (1) Integration of advanced

0.87
0.86
1.04

wastewater treatment facilities in industrial and agricultural areas
can significantly reduce the release of trace elements into rivers.

°

= Techniques such as membrane filtration, ion exchange, and

3 o 8 B advanced oxidation processes have demonstrated their efficacy in

o I eliminating pollutants from wastewater before it is discharged into

c . . . .

9] the environment. (2) Enhancing environmental regulations and

S . o .

ol _ enforcement mechanisms can help minimize the discharge of

- o

g g § E harmful substances into the river. Regular monitoring of water

§ quality and sediment characteristics at different locations along the

%’ river can facilitate the detection of sources and patterns of

c contamination, allowing for prompt intervention. (3) Enhancing

O IR 1 . . .

=g~ Z the resilience of the ecosystem is achievable through the restoration

*E and protection of natural habitats along the river. Riparian buffer

8 zones, wetlands, and vegetated areas can function as inherent

<

8 3 E a8 filtration systems, capturing and decomposing contaminants prior
(=} (=} (=}

to their entrance into the primary water source. (4) Encouraging the
adoption of sustainable agricultural practices can help reduce the
runoft of trace elements into the river. This encompasses the use of
natural fertilizers, precise application of pest control substances,
and the establishment of buffer zones adjacent to riverbanks to
absorb pollutants before they enter the aquatic ecosystem. (5)
Educating local communities and stakeholders on the origins and

Fish species (tissues)
Ctenopharyngodon idellus
Hypophthalmichthys molitrix

Cyprinus carpio

consequences of trace element pollution is of paramount
importance. Educational initiatives can raise awareness among the
general population regarding the significance of sustainable
methodologies and the potential health hazards linked to the
consumption of polluted fish. (6) Implementing fishery
management strategies that include regular assessment of fish

Yangtze River, China
Yangtze River, China
Yangtze River, China

Study area

TABLE 4 Continued

health and population trends is crucial for maintaining
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FIGURE 7

(A—H) Conceptual model describes the hydraulic structure impact by summarizing the anthropogenic (dotted lines) and natural factors (solid lines)

on the aquatic fish fauna.

sustainable fish populations. Enforcing fishing restrictions during
key breeding periods and regulating fish size can effectively prevent
overfishing and support the recovery of fish populations. (7)
Controlling sediment levels by employing dredging techniques
and implementing appropriate disposal methods may lead to a
decrease in accumulation of trace elements within the riverbed. This
approach helps prevent the re-suspension of pollutants amidst
periods of increased flow, thereby mitigating their impact on
aquatic ecosystems.

By implementing these strategies, it is possible to significantly
reduce trace element contamination in the LIR, thereby protecting
aquatic ecosystems and improving public health outcomes.

~=ki— Pre-Monsoon —@-— Monsoon
|=—%— Post-Monsoon

FIGURE 8

4.4 Distribution and trace elements
in macrophytes

A total of 18 species of macrophytes were identified during PRS
and POS. Sampling during MSS was not carried out because of high
water flow, and most of the macrophyte habitats were either flooded
or disturbed. The identified aquatic plants were categorized into
four groups: (i) Free-floating hydrophytes (Pistia stratiotes,
Eichhornia crassipes, and Lemna minor), (ii) Rooted-submerged
hydrophytes (Vallisneria spiralis, Myriophyllum spicatum,
Potamogeton crispus, and Hydrilla verticillate), (iii) Submerged
floating hydrophytes (Spirogyra maxima and Chara globularis),

S6

S5

—™— Pre-Monsoon
—@— Post-Monsoon

Seasonal and spatial variations in nine sites: (A) algal diversity and (B) macrophyte diversity.
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TABLE 5 Macrophyte seasonal presence (+)/absence diversity status in the LIR.

Family

Scientific name

Common name

Plant category

Present status

Araceae Pistia stratiotes Water lettuce Free-floating hydrophytes + C
Brassicaceae Rorippa nasturtium Water cress Amphibious hydrophytes + + C
Hydrocharitaceae Vallisneria spiralis Tape grass Rooted-submerged hydrophytes + F
Pontederiaceae Eichhornia crassipes Water hyacinth Free floating hydrophytes R
Hal eae Myriophyll Eurasian Rooted-submerged hydrophytes F
spicatum ‘Watermilfoil
P F crispus Curly-leaf pondweed Rooted-submerged hydrophytes + LC
Zygnematophyceae | Spirogyra maxima il algae b d + + + + + A
floating hydrophytes
Polygonaceae Persicaria barbata Knotweed Amphibious hydrophytes + + R
Hydrocharitaceae Hydrilla verticillata Wthyme Rooted-submerged hydrophytes + LC
Polygonaceae Persicaria glabra Dense k d Amphib p F
Cyperaceae Cyperus Finger flatsedge Amphibious hydrophytes + + + C
digitatus Roxb.
Poaceac Brachiaria mutica Buffalo grass Amphibious hydrophytes + + + A
Juncaceae Juncus articulates Jointed-rush Amphibious hydrophytes + + R
Characae Chara globularis Muskgrass Submerged + LC
floating hydrophytes
Ranunculaceae Ranunculus scleratus Celery leaf buttercup Amphibious hydrophytes + R
Lemnaceae Lemna minor Duckweed Free-floating hydrophytes + + + + + A
Typhaceae Typha latifolia L. Broad leaf Cattail Amphibious hydrophytes + + R
Poaceae Phragmites australis Common reed Amphibious hydrophytes + + C

C, common; A, abundant; LC, less common; F, frequent; R, rare are the macrophyte seasonal present

status in the study region.
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and (iv) Amphibious hydrophytes (Rorippa nasturtium-aquaticum,
Persicaria barbata, Persicaria glabra, Cyperus digitatus, Juncus
articulates, Ranunculus scleratus, Typha latifolia, Phragmites
australis, and Brachiaria mutica).

Submerged macrophytes are the primary food source for fish.
Seasonal and spatial variations of algal and macrophytes are
represented in Figure 8. Two species of macrophytes, namely, S.
maxima and L. minor L., were present at all the sampling sites
during PRS. However, their spatial distribution was disturbed during
MSS, and afterward, they were only found at some sampling sites
(Table 5). The results also revealed that macrophytes richness and
abundance were much higher at the RB sampling sites than at the left-
side sampling sites. The highest macrophyte diversity was observed at
the confluence of nullahs and streams with the LIR, whereas the lowest
diversity was observed at the fast-flowing segments of the river. The
highest macrophyte richness was observed along the RB of the LIR.
Except for the S5 and S6 sites, macrophyte diversity was higher in PRS
than in POS. This indicates that most macrophyte habitats are
disturbed during high-flow MSS, and it takes time for them to regain
their original diversity.

Aquatic macrophytes have been commonly used to determine
the state of aquatic ecosystems due to their fast growth, significant
bioaccumulation ability, and resilience to trace elements (Ankit
et al,, 2021). The median CTEs (mg/kg dry wt) were observed as
follows: As value for PRS and MSS: 0.70 (U: + 0.13), 1.23 (U: +
0.20); Hg value for PRS and MSS: 0.045 (U: £ 0.02), 0.07 (U: £ 0.03);
and Cd value for PRS and MSS: 0.33 (U: + 0.09), 0.34 (U: + 0.09) in
the study reach. It was observed that the Cd median remained
constant during the PRS and MSS. In the PRS, As, Hg, and Cd levels
were low, with higher medians found below the S6 site (As: 0.69, U:
+ 0.13) mg/kg dry wt. In the MSS, the median value of Pb content
increased from 2.14 to 4.98 (U: + 0.22 to +0.50), respectively.

10.3389/fmars.2024.1449589

The CIF for the PRS and MSS for various CTEs in macrophyte
samples is shown in Figure 9.

5 Conclusions

The present findings improved our understanding of the CTEs
in water, sediment, macrophyte, and fish tissues in the LIR. Despite
this, the research has shed light on the need for future studies,
emphasizing the importance of increasing the sampling quantity and
continuity to gain a better understanding of geochemical aspects in the
study region. This research found that water and sediment samples are
contaminated, exceeding the WHO guidelines, primarily due to the
contribution of industrial sewage and wastewater contributing nullahs.
Correlation analysis between water and sediment illustrates a strong
positive correlation for Cr p-value (0.944) and Cu p-value (~0.972) in
water, and Ag has relatively lower values and strong correlation in
sediment in Cd (p-value ~0.915) and Ni (p-value ~0.90) in the study
reach. Higher CTEs were typically associated with fish tissues such as
the liver and gills, while concentration in edible muscles was lower than
the permissible limits of hazardous elements for local inhabitants.
Furthermore, no correlation was observed between fish size and CTEs,
and no direct correlation between tissue components and sampling
sites was found, probably due to the high migration rate of species. The
higher accumulation of trace elements, especially As, was found in the
consumable part of fish samples. Historically, a strong correlation has
existed between the river species and climate change, needing the
assessment and restoration of the natural environment to prevent
channel deterioration. It is, therefore, necessary to focus on CTEs
within the framework of climatic change to further investigate the
threats they pose to marine organisms. Future studies should prioritize
expanding the scope and consistency of sampling, employing

0.7200

I~ 0.6420

CIF

I~ 0.5640

0.4860

0.4080

0.3300

FIGURE 9

Control impact factor (CIF) of trace elements in macrophyte samples from PRS and MSS.
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advanced analytical techniques to enhance the detection of trace
elements, and conducting long-term investigations to observe
variations over time. Additionally, research should scrutinize the
impacts of climate change on the mobilization of trace elements,
perform meticulous concentration evaluations, and carry out
assessments of human health risks, particularly focusing on
vulnerable communities. Moreover, investigating and enhancing
efficient mitigation and remediation strategies, such as
phytoremediation and advanced wastewater treatment, will play a
pivotal role in minimizing trace element pollution in the LIR. This is
essential for safeguarding both the ecosystem and human health.
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