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Abstract
Issues regarding biomagnification ofmercury (Hg) due to its persistence, bioaccumulation, and toxicity in freshwater lakes have gained
much attention in the last two decades especially in remote regions of the world where anthropogenic inputs are considered as
negligible. In this study, spatial distribution of total mercury (THg), interspecific accumulation patterns, trophic transfer, and associated
health risks in fish of freshwater lakes (357–3107 masl) in Azad Kashmir, Pakistan, were investigated. THg concentrations in the
regions were 0.20 ± 0.08 μg g−1 in glacial, 0.54 ± 0.21 μg g−1 in rural, and 1.35 ± 0.46 μg g−1 in urban region. Omnivorous,
herbivorous, and carnivorous fish showed THg concentrations of 0.94, 0.85, and 0.49μg g−1. Regional, lake, trophic level, and specie-
specific differences of THg accumulation were found significant in the study. Among growth parameters, length and age varied
significantly among species, trophic levels, and lakes, whereas weight showed significant variation among lakes as well. Condition
factor (K) showed significant differences within species, lakes, and trophic levels. Biomagnification was observed in all lakes with the
trophic magnification slopes (TMS) ranging from 0.03 to 0.20 with an average of 0.094 ± 0.07. Isotopic values of nitrogen (δ15N) and
condition factor were found to dominate THg accumulation trends; however, no significant health risks were found in the study.
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Abbreviation
ASTDR Agency for Toxic Substances and Disease

Registry
Hg Mercury

LRAT Long-range atmospheric transport
SPL Substance Priority List
THg Total mercury
TMF Trophic magnification factor
TMS Trophic magnification slope

Introduction

Mercury is a widespread, semi-volatile, [1] ubiquitous, and persis-
tent [2] environmental pollutant due to its highly mobile nature in
the environmental matrices and food webs [3, 4]. It is released
from variety of natural and anthropogenic sources including vol-
canic eruptions, re-emissions, fossil fuel and biomass burning,
industrial processes andwaste incineration, etc. [5, 6]. Greater than
90% of mercury in the atmosphere consists of elemental mercury,
which is highly volatile with an atmospheric residence time of
0.5–2 years. It undergoes long-range atmospheric transport
(LRAT) which allows it to travel long distances and making it a
transboundary pollutant. This peculiar nature of Hg has gained it
special attention, making it a potential threat to the aquatic ecosys-
tems in regions having no point sources of mercury pollution [5].
Possessing the characteristics of persistence, bioaccumulation,
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biomagnification, and toxicity, it affects human and ecosystem
health [5, 6] and causing deleterious effects on the immune sys-
tem, kidneys, neurological system, and cardiovascular system of
humans and wildlife [7]. Owing to the neurotoxic effects of meth-
yl mercury, the International Program of Chemical Safety (IPCS)
has listed it as one of the six most dangerous chemicals [8]. The
Agency for Toxic Substances and Disease Registry has listed Hg
on third place among the toxic substances in the Substance
Priority List (SPL) [9]. In addition, it is regarded as “one of the
top ten chemicals or groups of chemicals of major public health
concern” [10].

Humans are exposed to toxic metals like mercury and seleni-
um through eating fish contaminated with these metals. It is
widely recognized that 90% of human health risk occurs by
the consumption of metal-contaminated fish [11], making hu-
man health risk assessments via dietary exposure of mercury
important. Fish accumulate and biomagnify Hg to dangerous
levels for human consumption, and lakes, among other aquatic
systems, are their essential habitats which act as sentinels and
integrators of environmental variations in and beyond their wa-
tersheds and airshed [12, 13].

Fish is a suitable bioindicator for tracing metal pollution as
they occupy a range of trophic levels and usually positioned at
the top of the food web in aquatic ecosystems. They contain
highest mercury concentrations as compared with baseline pro-
ducers and other consumers having the ability to bioconcentrate
mercury which is further biomagnified in the food chain [14].
Assimilation of Hg in fish takes place by ingestion of suspended
matter, dietary uptake, and exchange via lipophilic membranes,
i.e., gills, and through absorption on tissues and membranes
[14]. Water-borne mercury is up taken by fish through skin
and gills. However, dietary uptake is the most dominant path-
way of Hg in fish, and 80–90% of MeHg and 32–92% of
inorganic mercury comes from diet [15]. Trophic dynamics
(community composition and feeding relationships) have been
identified as important drivers of methylmercury (MeHg) bio-
accumulation in lakes and reservoirs [16]. The relative contri-
bution of benthic and pelagic pathways in energy transfer in
lake food webs has implications in Hg distribution and should
be quantified to understand and predict the patterns of Hg ac-
cumulation in top predator fish in lakes [17]. Disagreements
exist between benthic [18, 19] and pelagic feeding pathways
[20, 21] being the most efficient for trophic transfer of THg
and MeHg to higher trophic level consumers. Studies have
shown higher concentrations of THg observed in benthic pred-
atory fish as compared with the pelagic ones [16]. However,
higher levels of Hg have also been reported in pelagic fish. [22].
The physiological characteristics of fish (growth rate, length,
age, weight) explain the discrepancies and variability of Hg
concentrations and biomagnification [16, 23]. Growth factors
such as size and age of fish, increase in trophic levels, and food
web complexity have been positively related to Hg concentra-
tions of organisms in various studies [24, 25].

Accumulation of Hg in fish depends upon the species of
mercury available for uptake, species, and physiological charac-
teristics of fish (size, age, weight, feeding habits, and mobility)
[26]. Upon entering the biological systems, Hg (> 95% in mus-
cles) tends to bind with selenium- and sulfur-containing com-
pounds, and cysteine is the major thiol-containing peptide in fish
muscles that make complexes with Hg [15]. After the dietary
exposure, Hg accumulates in the gut and is then transferred to
other tissues at a slower rate. It bioaccumulates and biomagnifies
from the base line consumers to the highest of the predators, i.e.,
piscivorous fish in the aquatic ecosystems [15, 27]. The organic
form of mercury is excreted slowly in aquatic organisms (2.8
times) as compared with inorganic mercury, which results in
the elevated Hg concentrations in fish which are old and at the
top of aquatic food webs. In addition, larger organisms living in
colder environments also have lower elimination rate and thus
accumulatemoreHgwith time. Similarly, predatory fish contains
highest levels of mercury as the concentrations of mercury in-
creases with trophic levels with Hg increasing more readily [16].

Levels of Hg in fish and its biomagnification along the food
chain depend, among other factors, on the inherent ecosystem
characteristics [28, 29]. Altitude is considered as an important
factor when reporting fish Hg concentrations. Greater deposi-
tion and retention of mercury in high altitude lakes resulted in
high fish Hg levels [29]; however, in the opposite case, the
characteristics of lake watersheds play an important role in
explaining the trends of fish Hg concentrations [30]. The var-
iability of Hg levels in fish populations are related, in part, to
the nature of ecosystems [31, 32], such as a forested landcover
shows positive relationships with fish mercury concentrations
at a landscape scale. [33, 34]. Temperature is another factor that
can influence the methylation rates of mercury and its level in
fish. As at high altitudes, temperatures are low all year around,
and this could result in lower methylation rates than in temper-
ate environments, thus contributing to low mercury and meth-
ylmercury concentrations observed in fish populations [30].

Alpine regions show rapid changes in climatic, biological,
and environmental characteristics with altitude, e.g., high surface
roughness along the altitudinal gradient led to increased atmo-
spheric deposition, increased precipitation, and lower soil emis-
sions due to low temperatures. [35]. Due to the weak capabilities
of self-purification and self-recovery, these high-altitude water
systems such as rivers, and lakes are considered as pristine re-
gions but are more susceptible toward environmental changes.
Such remote water systems are considered as early warning sites
for environmental change [36]. Studies have shown that envi-
ronments in these regions are critically sensitive to the atmo-
spheric Hg deposition through LRAT, condensation, and enrich-
ment of transported pollutants [37, 38]. More importantly, forest
regions with unprotected surface waters have high concentra-
tions of Hg in the biota, thus being sensitive to Hg deposition
[36]. Following LRAT and passing through a series of chemical
reactions in the atmosphere, it gets deposited in the remote and
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high mountainous areas of the world [5]. The majority of atmo-
spheric mercury (~ 40%) from the local and regional anthropo-
genic sources deposits to the aquatic waterbodies. In addition,
surface runoffs, precipitation, glacial melt, and flooding also car-
ry mercury in the aquatic systems [39]. Once mercury gets into
the aquatic system, it converts into methyl mercury by the
sulfate- and iron-reducing bacteria (SRBs and FeRBs) most pre-
dominantly at the sediment water interface and becomes avail-
able for uptake and biomagnification in the food chains particu-
larly in fish [40, 41]. The decreased capacity of fragile ecosys-
tems to dilute contaminants like Hg led to a concern regarding
risk posed by the contaminant to humans [42].

Asia has a major contribution in anthropogenic Hg emis-
sions where the largest share of Hg emissions comes from
fossil fuel combustion and biomass burning [43–45]. In recent
decades, efforts have been made to reveal consistent co-
variation of background Hg levels in lakes and changes in fish
Hg in response to regional and global depositions of Hg in
remote and mountainous regions [46]. However, comparative
studies of Hg accumulation and biomagnification along a
range of altitudinal gradients incorporating regional differ-
ences are needed to be conducted. The lesser Himalayan re-
gion in Pakistan consists of a range of high-altitude glaciated
freshwater lakes to the remote rural lakes with forested water-
shed. Down the altitudinal gradient is the highly impacted
urban reservoir [47]. The study area gives access to the three
kinds of lakes needed for a comparative study, making it pos-
sible to evaluate the dynamics of mercury in regions with
different source attribution. This study was designed to eval-
uate the spatial distribution of Hg in fish; evaluate interspecific
accumulation patterns related to feeding habits and growth
parameters; analyze trophic transfer; and finally assess the risk
to human health imposed by the consumption of these fish in
the selected glacial, rural, and urban freshwater lakes of Azad
Kashmir, Pakistan. The lakes were categorized according to
the geography, land use, demographics, and the sources of
mercury pollution (Table 1). The least populated area with
glacial watershed having no point sources of mercury pollu-
tion defines the glacial lake, whereas sparsely populated areas
with forested watershed having inputs from biomass burning
were characterized as the rural ones, and the densely populat-
ed areas with forested and non-forested urban watershed hav-
ing industrial and domestic pollution sources comprised the
urban lakes.

Materials and Methods

Study Area

Freshwater lakes selected for the study lie in the lesser
Himalayan region in the states of Azad Jammu and Kashmir
at longitude 73–75° and latitude 33–36°. The GIS constructed

map of study area is depicted in Fig. 1. Five lakes were select-
ed for sampling along the attitudinal range of 357–3107 masl,
including one reservoir (Mangla Dam) based on their water-
sheds, i.e., glacial/forested. The study area was divided into
three types of lakes, i.e., glacial (Shounter (3107 masl)), rural
(Banjosa (1792 masl) and Chikar, 1325 masl)), and urban
(Mangla (357 masl) and Subri (742 masl)) depending upon
the water inflows and surrounding areas. Lakes directly fed
with the glaciers are termed as glacial lakes; those fed by
snowmelt or precipitation with surrounding rural areas (for-
ests/dispersed population) are here referred to as the rural
lakes, and the lakes fed by either river or precipitation present
in an urban area are termed as urban lakes. Glacial lake in-
cluding Lake Shounter is present in the watershed of river
Jhelum, whereas Chikar and Banjosa were categorized as rural
lakes. Lake Chikar lies in the watershed of river Jhelum also.
Lake Banjosa is fed by River Kunhar and outflows into the
watershed of Mangla ultimately flowing in river Jhelum. The
man-made Mangla dam fed by both perennial (Jhelum and
Poonch) and non-perennial rivers (Kanshi and Khad) and out-
flows in river Jhelum, covering a total area of 26,500 ha [47],
was also selected to investigate the impact of anthropogenic
sources along with Subri, which is fed by River Neelum and
empties finally into river Jhelum, and both were categorized as
urban lakes (Table 1). Higher-altitude glacial fed lakes are
expected to be mainly under the influence of LRAT of pollut-
ants along with the rural sources of biomass burning with no
industrial source. The rural region with lakes consisted of
forested or mountainous watersheds with pollutant inputs di-
rectly from the atmosphere and nearby sources of biomass
burning and tourism. The urban region consisted of Mangla
dam and Subri was under the influence of pollutant inputs
from anthropogenic sources on a greater scale as compared
with the other regions.

Sample Collection, Processing, and Analysis

Gill nets with varying mesh sizes (10–100 mm) were used to
capture fish from lakes, and samples were stored in plastic
zipper bags, brought to the laboratory in an icebox, and stored
in a freezer until further processing. The specimen was iden-
tified by fish taxonomist with the help of local names, photo-
graphs, and morphological characteristics obtained from
Fishbase.org. The collected fish specimen belonged to the
following seven species: Labeo rohita, Oreochromis aureus,
Hypophthalmichthys molitrix, Sperata seenghala, Tor
putitora, Channa marulius, and Monopterus cuchia. The
study was approved by the Bioethics Committee of Quaid-i-
Azam University, Islamabad, Pakistan. All the adopted proce-
dures were in compliance with ethical guidelines. Additional
details about the sampling sites and fish characteristics are
given in Tables 1 and 2, respectively.
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Fish Sample Processing and Tissue Preparation

In the laboratory, fish were thawed, and their lengths and
weights were measured. Fish scales were collected for deter-
mining age at ×10 resolution from a LEDmicroscope. The age
was determined based on scales, and the measurements were
confirmed by a fisheries expert [48]. Afterwards, dissection
was performed using stainless steel dissection tools, rinsed
with 50% solution of 65% nitric acid and distilled water be-
tween each dissection. Muscles were obtained between the
pectoral fin and vent of fish, packed in zippers, and stored at
4 °C until analysis.

Analysis of Mercury in Fish Muscle Tissues

a. Sample preparation and analysis

To prepare the samples for analysis, acid digestion was
performed. Pyrex-made glassware was used in the process of
digestion. The glassware was soaked in 10% nitric acid
(Merck, Germany) overnight followed by rinsing with dis-
tilled water and left for air-drying. Fish muscles were digested
following the protocol described by Lomonte et al. [49].
Briefly, 0.5 g ofmuscle was weighed to the nearest millimeter,
soaked in 10 ml of 65% HNO3, and left for overnight

Fig. 1 Map of study area indicating studied glacial, rural, and urban lakes

Table 1 Geographic description and origin of selected lakes and reservoirs

Sr. no. Lakes Latitude Longitude Elevation (masl) Type Features District

1 Shounter 34.973534° 74.513186° 3107 Alpine glacial Glacial watershed; no population; inputs from
glacial melt water

Neelum

2 Banjosa 33.809940° 73.816359° 1792 Alpine glacial Forested watershed, scattered population,
inputs from atmosphere, runoff, biomass
combustion

Poonch

3 Chikar 34.132177° 73.716450° 1325 Alpine non-glacial Forested/urban watershed, densely populated,
inputs through runoffs, precipitation,
hydropower plants, domestic wastes

Hattian

4 Subri 34.324000° 73.520000° 742 Alpine non-glacial Muzaffarabad

5 Mangla Dam 33.150449° 73.659972° 357 Reservoir Mirpur
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digestion at room temperature. Afterwards, samples were
digested on hotplate at 95–100 °C for 2 h. One millimeter of
35% H2O2 was added before turning off the hot plate until the
effervescence stopped. Digestate were filtered with Whatman
filter paper no. 41, diluted, and analyzed with atomic absorp-
tion spectroscopy.

b. Quality assurance and quality control (QA/QC)

The procedures for QA and QC were followed accordingly
during the analysis to ensure the viability of results obtained.
Blanks, duplicates, and certified reference material (CRM)
were used to ensure quality control of the method.
Throughout each sampling session, duplicates and blanks
were taken regularly in each batch of 10 samples. The instru-
ment was calibrated each time by obtaining a calibration curve
from the standards of 10, 30, 50, 75, and 100 ug l−1. The
relative standard deviation for duplicate sample analysis was
less than 10% for THg. CRMDORM-2 with analytical recov-
ery of 84.4% (mean ± SD 3.917 ± 0.121 mg kg−1) was used.
The detection limit was 0.006 mg kg−1. All the glassware used
in the sample preparation until analysis were made of Pyrex
and was washed properly with nitric acid and distilled water.
Chemicals used in the experimental process were of analytical
grade and purchased from Merck (Germany).

Stable Isotopic Analysis of Nitrogen

The subset of fish muscle samples was selected for stable
isotope analysis to identify the natural abundance of N15.
The samples were analyzed at the Pakistan Institute of
Nuclear Science and Technology (PINSTECH). The samples

were oven dried at 60 °C for 48–72 h, grounded to fine pow-
der, and analyzed. For the determination of N15, steam distil-
lation process was used. Ammonium, nitrate, and nitrite were
measured in the alkali labile organic nitrogen compounds (fish
muscles). In the process, sulfamic acid was used for the de-
struction of nitrite followed by the reduction of nitrate and
nitrate by Devarda’s alloy, and at the end, magnesium oxide
was used in the distillation of ammonium. Forms of nitrogen
under analysis are converted to and determined as ammonium
which is readily oxidized to nitrogen gas for mass spectrom-
eter assay of 15N [50]. The stable isotopic values are expressed
in δ notation as parts per mill deviation from a standard refer-
ence.

δ15N ¼ ½ ð R sampleð Þ=R standardð Þ−1 � � 1000 ð1Þ
where R is 15N/14N.

Calculation of Fulton’s Condition Factor

The fish condition was calculated by following the calcula-
tions given by [51]

FCF Kð Þ ¼ 100�W=L3 ð2Þ
whereW = total body weight of fish (g) and L = total length of
fish (cm) [52].

Health Risk Estimation

Estimation of human health risk derived from fish consump-
tion was evaluated using EDI and THQ, respectively.

Table 2 Occurrence of fish species caught from selected lakes with
their origin indices (N native, I introduced, E endemic), habitat
preferences (column feeder, B bottom feeder, S surface feeder), feeding

behavior (H herbivore, C carnivore, O omnivore), and others (CIS
commercial interest species: Y yes; IUCN Red List Status: LC least
concerned, NT near threatened, EN endangered, NE not evaluated)

Family/species Common name Species
abbreviation

CIS Origin Habitat preference Feeding
behavior

Habitat IUCN Red
List Status

Bagridae

Sperata seenghala Seenghara/giant
river catfish

Spe see Y N Column feeder C Demersal LC

Cyprinidae

Hypophthalmichthys molitrix Silver carp Hyp mol Y I Surface feeder H Benthopelagic NT

Tor putitora Golden mahseer Tor put Y N Bottom feeder O Benthopelagic EN

Labeo rohita Rohu/dambri Lab roh Y N Column feeder O Benthopelagic LC

Synbranchidae

Monopterus cuchia Eel/cuchia Mon cuc Y N Bottom feeder C Demersal LC

Channidae

Channa marulius Saul/great snakehead Cha mar Y I Surface feeder C Benthopelagic LC

Cichlidae

Oreochromis aureus Blue tilapia Ore aur Y I Bottom feeder O Benthopelagic NE
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(a) Estimated daily intake
The estimated daily intake [26] of mercury by con-

sumption of fish was determined by the following
equation:

EDI ¼ EF� ED� FIR� C
BW� AT

� 10−3 ð3Þ

where EF is the exposure frequency (365 days year−1), ED is
the exposure duration (70 years) [53], FIR is the food/fish
ingestion rate (g day−1), and 2 kg annum−1 (5.4 g day−1 per-
son−1) [54].C is the metal concentration in fish (mg kg−1 orμg
g−1), RfD is the daily oral reference dose (μg g−1 day−1), BW
is the average body weight (60 kg for the Pakistani popula-
tion) [53, 55], and AT is the average exposure time for the
non-carcinogens (365 days year−1 × number of exposure years
(70 years). EDI were compared with the PTDI values as sug-
gested by the FAO/WHO Expert Committee on Food
Additives (JECFA); 0.23 μg kg−1 day−1 for THg, and with
RfD for MeHg established by US EPA, 0.1 μg kg−1 day−1

[56]

b Target hazard quotient

Target hazard quotient (THQ); the ratio between exposure
to the reference dose (RfD) is often used to assess the effects
of non-carcinogenic risks. THQ was calculated by adopting
the equation described by [57]:

THQ ¼ EDI

RfD
ð4Þ

THQ provides an indication of health hazards associated
when the exposure of a specific contaminant occurs. Previous
studies indicated that a contaminant’s ingestion dose is similar
to the dose which is adsorbed in the body and that cooking
procedures do not affect contaminant concentration.

Statistical Computation and Analysis

The statistical analysis of the data was carried out by usingMS
Excel 2016, SPSS (IBM 20), Minitab 18, and MVSP.
Kolmogorov-Smirnov test was applied to check the normality
of data, and tests for parametric stats were performed after-
wards. Mean, standard deviation, and minimum-maximum
were opted as measures of descriptive stats. One-way
ANOVA at p = 0.05 was used to identify differences between
fish morphometrics and metal concentration, and post hoc
Tukey’s test was performed to analyze the differences in var-
iables based on different grouping variables (region, lakes,
trophic levels, specie). Multiple statistical analyses (Pearson
correlation, regression, and principal component analysis

(PCA)) were performed to evaluate relationships between fish
morphometrics and THg concentrations. For PCA, Euclidean
biplots were generated using Pearson’s similarity matrix on
centered, standardized, and log ratio transformed data.

Results and Discussion

Spatial Distribution of THg

THg concentrations in the studied fish ranged from 0.02 to
1.89 μg g−1 with an average of 0.73 ± 0.54; 44% of fish were
well below the standards for mercury in fish permitted by
JECFA and EPA (0.5 μg g−1), whereas 56% of the fish
exceeded permissible levels of mercury. THg concentrations
in the three regions were glacial, 0.20 ± 0.08 < rural, 0.54 ±
0.21 < urban, 1.35 ± 0.46 μg g−1, respectively (Table 3; Fig.
2). Concentrations of THg varied significantly among the
three regions (glacial, rural, and urban regions) and among
sites (lakes) at p = 0.00 respectively (SI Table S3). Shounter
(glacial lake) showed lowest THg concentrations in fish, hav-
ing an average of 0.20 ± 0.08 ranging from 0.04 to 0.30 μg
g−1). In the rural region, fish THg concentrations ranged from
0.10 to 0.98, having an average of 0.54 ± 0.21 μg g−1; in
Chikar, 0.72 ± 0.13 (0.52–0.98) μg g−1; and Banjosa, 0.40 ±
0.15 (0.10–0.60) μg g−1, and followed by the urban region
having mean fish THg concentration of 1.04 ± 0.57 μg g−1

ranging from 0.02 to 1.89 μg g−1; Mangla, 1.35 ± 0.46 (0.21–
1.89) μg g−1; and Subri, 0.66 ± 0.47 (0.02–1.55) μg g−1.

Differences in climatological factors and source attribution
resulted in the decreasing trend of THg concentrations from
glacial to urban lakes [58]. The composition of watersheds,
i.e., glacial (Shounter) or forested (Banjosa), also explains
variations in THg [16]. Mercury concentrations in glacial re-
gion were comparable with similar high-altitude remote alpine
systems with glacial watersheds in the Tibetan Plateau
(0.21 μg g−1), Canada (La Ronge, 0.09 μg g−1; Wollaston,
0.08 μg g−1; and Reindeer, 0.12 μg g−1) [3, 17], Lake Crop
(0.21 μg g−1), and La Sagne 0.18μg g−1 from the French Alps
[30] and were lower as compared with glacial lakes in Norway
(0.66 μg g−1), Argentina (0.405 μg g−1), and Lake Meretta in
Canada (0.53 μg g−1), respectively [16, 19, 59].

The values in rural lakes were comparable with the studies
on similar rural systems (mountain originated) in Lego Menor
in Canada (0.53 μg g−1) and Lake Norsjø of southern Norway
(0.55 μg g−1), less as compared with Tinnsjø in Norway
(0.96 μg g−1) [59], and more than in Africa (George,
0.03 μg g−1) [60] and the French Alps (Poursollet, 0.10 μg
g−1) [30] due to differences in contamination sources, geo-
graphic location, and watersheds. Banjosa is surrounded by
lush green forest cover, a source of organic matter (absent in
the case of Shounter) on the surrounding mountains of the
valley, and receives heavy snowfall during the winter season,
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changing the chemistry of Hg cycling [61]; Chikar was affect-
ed by earthquake, and the construction activities near the lake
can result in mercury inputs in the lake [62].

The urban lake fish THg concentrations were comparable
with other similar systems, impacted by anthropogenic activi-
ties, such as Three Gorges Reservoir, China (1.09 μg g−1) [12],
Lake Norheim in Norway (1.68 μg g−1) [59], Tapajos River in
Brazil (0.03–1.51 μg g−1) [63]. Due to the geographic location
where the lakes are situated, forested watershed and population
density around Subri explains the mercury inputs in Mangla
and can be attributed to anthropogenic Hg inputs from the input
tributaries and its location in urban setting, [47].

Interspecific Accumulation Patterns

The trends of increasing THg concentrations in the lakes were
Shounter: Hyp mol < Lab roh < Spe see < Ore aur; Banjosa:
Tor put < Spe see < Lab roh =Ore aur; Chikar: Tor put <Ore
aur < Hyp mol < Spe see; Subri: Mon cuc < Cha mar < Hyp
mol < Spe see < Lab roh; and Mangla: Cha mar < Hyp mol <
Ore aur < Lab roh (Fig. 3; Table 3). Considering individual
species, the increasing order of THg concentration was as
follows; Mon cuc < Spe see < Cha mar < Tor put < Hyp
mol < Ore aur < Lab roh with mean concentrations of 0.04
± 0.02 < 0.31 ± 0.15 < 0.48 ± 0.32 < 0.82 ± 0.11 < 0.85 ± 0.52
< 0.86 ± 0.54 < 1.02 ± 0.6 μg g−1, respectively.

Feeding Modes

The glacial region showed highest THg (μg g−1) concentra-
tions in carnivores (0.22 ± 0.02) > omnivores (0.21 ± 0.09) >

herbivores (0.12 ± 0.08). In the rural and urban lakes, the
concentration followed the following trend: rural: herbivore
(0.74 ± 0.02) > carnivore (0.57 ± 0.29) > omnivore (0.49 ±
0.18); urban: omnivore (0.45 ± 0.25) > herbivore (1.13 ± 0.41)
> carnivore (0.38 ± 0.34), respectively. Significantly higher
concentrations between species at p = 0.004 and lakes at p =
0.00 (SI Table S3) were recorded in Lab roh, 0.30 μg g−1

(Shounter); Spe see, 0.60 μg g−1 (Banjosa) and 0.98 μg g−1

(Chikar); Lab roh, 1.55 μg g−1 (Subri); and Hyp mol, 1.89 μg
g−1 (Mangla) (Fig. 3; Table 3).

Taking into consideration the feeding modes of fish, higher
concentrations in Lab roh and Ore aur can be attributed to
their benthopelagic feeding and opportunistic feeding habits
(omnivorous trophic guild), where both fish feed mostly on
phytoplanktons, zooplanktons, insects, algae, and detritus
[16]. Concentrations of THg in Spe see (demersal; column
feeder ) were found comparable with the findings of Annual
et al. [64], where higher concentrations in demersal or benthic
living as compared with the pelagic fish species were found.
Lower concentrations of Hg in Cha mar can be attributed to
higher growth rate of this fish that leads to more elimination of
mercury. Also, Cha mar occupies a lower trophic position as
depicted by δ15N values (6.9 and 5.8) indicating that it oc-
cupies a lower position in the food web as compared with the
omnivorous species.Hyp mol is a filter-feeding herbivore and
is a benthopelagic fish, feeding from within the water column,
thus showing lower THg concentrations. The negative corre-
lation (r = − 0.69, p = 0.02) between THg and δ15N explains
the concentration trends for the species, wherein lower nitro-
gen content feed contributes to greater to THg concentrations;
thus, it is inferred that the higher proportion of inorganic
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mercury contributed to higher concentrations at the given time
as the species is a surface filter feeder. A similar trend was
reported in a study on mercury biogeochemical cycling in the
Wuchang bream, China, where highest THg was found in
herbivorous fish [65]. It has also been reported that the food
web is brief in high mountain lakes, and in these lakes, fish
feeds mainly on insects, and cannibalism is also observed.
Furthermore, lakes with a rocky watershed contain less dis-
solved organic carbon (DOC) which elevates Hg methylation
rates [30]. However, the biotic transfer efficiency of bottom
feeding fish can also be a reason of such lower levels of THg
and can be attributed to the opportunistic feeding preferences
(feeding on a variety of plant and animal matters) and bottom
feeding habitat [17].

High concentrations of Hg in carnivorous fish at a higher
trophic level as comparedwith the herbivorous and omnivorous
fish at lower trophic levels were reported, and also higher con-
centrations were found in demersal as compared with the pe-
lagic fish species [64]. A complex interaction of physiological
characteristics of fish and mercury cycling drives the accumu-
lation of mercury in an ecosystem. THg concentrations in
Baihua Reservoir, China, were found to be highest in
zooplankton-feeding big head carp than in the carnivorous fish
[65]. Higher THg concentrations in omnivorous fish were
found downstream to the Cabixi hydropower plant as well [66].

Growth Parameters

In the urban lakes, fish THg concentrations were inversely
associated with increasing length (r = 0.52, p = 0.00).
However, rural and glacial region showed negligible positive
effects on THg accumulation (Table 4). Length was found to
be negatively associated with THg in carnivorous and herbiv-
orous fish. Omnivorous species were found to show aminimal
positive association of length on THg accumulation. So THg

concentration in fish was explained by the dominating region-
al and site-specific influences. A similar positive correlation is
reported for B. intermedius in Lake Awasa [67]. A significant
negative correlation with the length of fish was found in all
lakes at p < 0.05. In addition, lower concentrations in carniv-
orous fish of urban lakes (Fig. 2) are explained by their
weight, length, and condition factor (Table 3; SI Fig S1; SI
Table S3), and they were older and heavier as compared with
the herbivorous and omnivorous species that can result in
lower assimilation of mercury, and also in older fish, the in-
crease in fish mass may also lead to the bio-dilution of metals
in muscles leading to lower concentrations despite being at
higher trophic levels [5].

The weight of fish slightly positively affected fish THg
concentrations in the rural lakes (r = 0.14, p = 0.09)
(Table 4). Age was found to have a significant positive rela-
tion with THg concentrations (r = 0.4 and p = 0.00) (Table 4)
in the urban region. Lab roh, Ore aur, and Tor put showed
significant positive associations of log THg with weight (r =
0.12, p = 0.00) and log THg and age (r = 0.53, p = 0.00) for the
carnivorous species respectively (Table 4), wherein age
showed positive association with weight (r = 0.54, p = 0.02)
and mercury (r = 0.61, p = 0.01), which describes an increase
in THg as the fish ages (r = 0.57, p = 0.01) (Table 4). Age,
however, showed a positive correlation with the condition
factor in the two urban lakes (r = 0.61 in Subri and r = 0.57
in Mangla at p < 0.05). In addition, significant specie-specific
variations in length, weight, condition factor (p = 0.00), and
THg accumulation (p = 0.004) were found. Also, significant
differences between the omnivorous, herbivorous, and carniv-
orous fish were found in the length, weight, condition factor (p
= 0.00), and THg accumulation (p = 0.005) (SI Table S3).

The decreasing trend of fish THg with length can be ex-
plained by differences in fish movements and metabolism. It
has been reported that smaller and younger fish can move to
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areas with higher contaminant concentrations as they show
more movement due to their large home ranges, especially
in lakes [66]. The ontogenetic dietary shifts of fish should also
be taken into consideration, wherein the consuming diet with
variable contaminant concentrations than the usual diet is ob-
served [68]. Non-linear trends of mercury accumulation with
fish length have been reported. A negative association of
mercury vs fish length (mostly salmonids) has been report-
ed in Lake Nahuel Huapi, Argentina, wherein the mercury
concentrations decreased with size until 300 mm (30 cm)
and then increased. [16]. A negative correlation (r = 0.64)
has been observed for Dourada in the Tapaios River,
which is related to fish diet, i.e., the specimen feed upon
uncontaminated or low contaminated diet. The variance
observed in the relationships between metal concentration
and fish size, as measured among different fish species, is
related to the differences in ecological needs, swimming
behaviors, and metabolic activity [69].

The age of fish is a valuable indicator to explain the differ-
ences in contaminant concentrations in the muscle tissues. In
this study, age is positively correlated with THg accumulation
in urban fish, which can be due to slow elimination rates (half-
life), leading to higher Hg concentrations as the fish ages [70].
The complexity of ecosystem behavior to the environmental
variables lead to adaptation of fish according to the prevailing
conditions, i.e., changing environmental variables that play a
certain role in ichthyofaunal mercury contamination [58].

Fulton’s condition factor (FCF) is an index used to illus-
trate growth rate and changes in nutritional condition of fish,
and it also indicates changes in fish condition in response to
environmental contaminants or stress [51, 71]. Regression

analysis revealed the significant positive effect of mercury
accumulation on fish condition in the urban fish (r = 0.50, p
= 0.00) (SI Fig S1; SI Table S1). Similar positive relationships
were found between the condition factor and mercury concen-
trations for catfish (p < 0.05) and yellowhead catfish (p < 0.05)
in the Yangtze River, China [69]. This implies that the fish
were in better condition, showing growth in the urban region,
being more tolerant toward contaminant concentrations, as
compared with the sophisticated systems in remote glacial
regions [72]. The moderate condition factor in younger and
heavier fish shows that these fish can effectively assimilate
mercury from their diet and are inefficient at its elimination
resulting in increased mercury load due to their slow growth
rate [73]. However, the fact that fish moves along different
concentration gradients in their lifetime can also be taken into
consideration here. Older fish do not show lower metabolic
activities and dilution of tissue metal concentrations if the
concentrations are higher in the surrounding water than the
capacity of these factors; thus, metals show continued accu-
mulation, showing positive relationships with fish condition
[69].

Trophic Transfer of Mercury

The trophic transfer of mercury was examined by using nitro-
gen stable isotopic data, which overall indicated an increase in
THg with increase in nitrogen content (r = 0.27; p = 0.02).
Nitrogen stable isotopic data indicated an increase in THg
with increase in nitrogen content (r = 0.27; p = 0.02). In
Shounter, omnivorous fish (Lab roh and Ore aur) showed
highest δN15 (11.56 ± 1.43 and 11.43 ± 0.95‰) closely

Table 4 Regional and trophic level–wise regression analysis of THg (μg g−1) in fish with respective length (cm), weight (g), and age (years). Slope and
intercepts of regression equations, regression coefficient (r2), and level of significance are listed

Glacial Rural Urban Omnivores Carnivores Herbivores

log 10 (THg) (μg g−1) vs length (cm) Slope 0.00 0.01 -0.04 0.03 -0.02 -0.01

Intercept − 0.90 − 0.50 1.14 − 0.95 0.38 0.01

r 0.01 0.04 0.52 0.01 0.18 0.01

p 0.77 0.4 0.00 0.13 0.07 0.85

log 10 (THg) (μg g−1) vs weight (g) Slope 0.00 0.00 − 0.00 0.00 0.00 0.00

Intercept − 0.82 − 0.47 − 0.00 − 0.62 − 662 − 34

r 0.01 0.14 0.02 0.12 0.00 0.01

p 0.83 0.09 0.40 0.00 0.62 0.76

log 10 (THg) (μg g−1) vs age (years) Slope 0.38 0.06 0.8 0.09 0.68 − 389

Intercept − 1.15 − 0.38 − 0.85 − 0.27 − 1.18 0.24

r 0.06 0.01 0.4 0.23 0.53 0.06

p 0.47 0.76 0.00 0.78 0.00 0.48

log 10 (THg) (μg g−1) vs δ15N (‰) Slope 0.21 0.07 0.10 0.05 0.10 − 0.13

Intercept − 3.10 − 1.01 − 1.02 − 0.73 − 1.42 0.85

r 0.52 0.47 0.37 0.08 0.38 0.46

p 0.01 0.00 0.00 0.09 0.00 0.03
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followed by carnivorous Spe see and herbivorous Hyp mol
(11.02 ± 0.94 and 10.99 ± 1.38‰). This can be explained by
the isotopic carryover from the previous years and presence of
recalcitrant material in time series that was not assimilated and
due to the small physiological differences in isotope fraction-
ation [67, 74]. The values show that the two omnivorous and
one carnivorous species all lie at somewhat the same trophic
level in Shounter. No relationship of δN15 was observed with
either of the length, weight, and age; it can be inferred that the
nitrogen content of the fish is primarily determined by the type

of diet the fish consumes; both content and pathways (pelagic/
benthic) should be considered. The omnivorous fish from
Banjosa showed lower δN15 as compared with that of
Shounter (10.24 ± 2.72 for Lab roh and 10.70 ± 1.04 for
Ore aur). These were followed by Spe see (9.81 ± 3.41‰)
and Tor put (6.01 ± 0.98‰). Lower δN15 values of Banjosa
can be related to the fact that nitrogen contents in glacial fed
lakes (dissolved inorganic nitrogen, DIN) are higher as com-
pared with those in snowmelt fed lakes [75]. The enrichment
of δN15 from Tor put to Spe see was found to be 3.8‰,

Fig. 4 Regression plots showing trophic magnification slopes (TMS) for each lake indicating biomagnification trends
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indicating that the two species lie at two different trophic
levels in this lake. However, the discrimination of δN15 from
Spe see to Lab roh was 0.43, indicating the possibility of no
intermediate trophic levels between these species. The aver-
age isotopic content of Chikar was found to be 10.64 ±
1.63‰, with order of increasing δN15 in fish as Tor put <
Hyp mol < Spe see < Ore aur. Hyp mol and Ore aur showed
similar mercury concentrations, yet the δN15 values indicates
that the two species are at different trophic levels with the
omnivorous species at a higher trophic level and the herbivore
at a lower trophic level. Although Spe see showed the highest
concentration of mercury in Chikar, it occupies a lower tro-
phic position to Ore aur at an enrichment of 0.55‰. These
differences in the trophic positions between omnivores and
carnivore indicate differences in the diet consumed. The order
of increasing δN15 in Subri fish was Mon cuc < Cha mar <
Hyp mol < Spe see < Lab roh. Concentrations of mercury
increased also in the same manner. A significant positive cor-
relation coefficient of 0.821 at p = 0.000 indicated an increase
in THg (ug g−1) and is followed by increasing δN15 values,
i.e., higher trophic–level organisms accumulate more mercu-
ry. In Mangla, the order of increasing δN15 in fish was Cha
mar < Hyp mol < Ore aur < Lab roh, and a similar order was

followed by THg concentrations. A positive correlation coef-
ficient of 0.586 at p = 0.011 indicated increase in THg with
increasing nitrogen content of the biota.

Regression analysis showed a positive regression slope with
significant regression slopes in glacial, rural, and urban regions
(Table 4; Fig. 4; SI Fig. S2). In this study, the phenomenon of
biomagnification was well observed in all the lakes with the
highest intensity in Subri. Shounter showing a TMS of 0.21 (p
= 0.00); similar to glacial lakes in Norway (0.20) [22], Banjosa
and Chikar showed TMS of 0.06 and 0.03 with p = 0.01 and
0.03, similar to the biomagnification factor for log MeHg vs
δ15N in Lake Nahuel Huapi, Patagonia, Argentina [16]. This is
attributed to the isotopic carryover from the previous years and
the presence of recalcitrant material in time series that was not
assimilated and due to the small physiological differences in
isotope fractionation. Lower δ15N values of lake Banjosa can
be related to the fact that nitrogen contents in glacial fed lakes
(dissolved inorganic nitrogen, DIN) is higher as compared with
those in snowmelt fed lakes [75]. Mangla showed TMS of 0.04
with p = 0.03, whereas Subri showed an insignificant positive
TMS (0.14), respectively, and a similar mean TMS of 0.14 ±
0.06 is reported in the aquatic ecosystem of New Brunswick,
Canada [73]. Our results were found similar to the TMS (0.06–

Fig. 5 Principal component analysis (PCA), Euclidian biplots representing relationship of THg (ug g−1), fish age, length, weight, and Fulton’s condition
factor (K) between a region, b lakes, c trophic levels, and d species
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0.20, p < 0.05) between log THg vs δ15N, reported in the
aquatic ecosystems of Canada [73], and were close to the global
TMS range of 0.1–0.3 as reported by Lavoie et al. [20]. The
TMS for our study was similar in range of 0.07–0.32 as report-
ed in the Canadian food web of St. Lawrence. The variability in
the TMS suggests that the trophodynamics of mercury is dif-
ferent at different sites [74]. Positive regression
biomagnification slopes are also reported for Canadian lakes
[19]. In this study, biomagnification of mercury in all selected
lakes was observed at significant levels.

Principal component analysis (PCA) was executed to ex-
amine the relative dominance of the selected variables defin-
ing trophic transfer in terms of nitrogen isotopic ratios. Axis 1
of the PCA explained 51.06% of the data; axis 2 explained
25.02%; and axis 3 explained 14.10% showing a cumulative
percentage of 90.15%, respectively. Axis 1 of the PCA biplots
was strongly dominated by length, weight, age, and THg.
δ15N was dominant on PC 2, and K, on PC 3, with variable
loadings of 0.74 and 0.72, respectively (Fig. 5; Table 5).
Species grouped based on trophic levels showed that the car-
nivorous species in our study consisted of greater length and
weight but exhibited lower condition factor, i.e., had lower
nutrition, so they were found to have the least THg concen-
tration which is gained by diet [51]. The herbivorous fish
showed least δ15N and were smaller and younger as compared
with carnivorous fish and showed more THg as they showed
strong association with condition factor as compared with the
carnivorous fish. The omnivorous fish were found to have
smaller lengths and ages and a higher condition factor, i.e.,
better nutrition resulting in higher dietary inputs of mercury
[5]. So it can be inferred that the smaller and younger fish
contained higher THg concentrations, due to the variety of
food they consume containing variable THg concentrations.
Among species, the ones also having generalist diet (Ore aur
and Lab roh) were smaller and younger, showed better

condition factor, and exhibited higher THg, whereas Hyp
mol; the herbivores were younger but heavier with higher
condition factor as compared with the carnivorous fish show-
ing higher THg concentration than Spe see and Cha mar
which were old and heavy and had least condition factor.
Among lakes, fish of Mangla and Chikar (urban lakes) were
mostly smaller and younger exhibiting more condition factor,
thus showing more THg as compared with the fish of rural
lakes, which showed lower THg concentrations.

Potential Human Health Risk Estimation

The distribution of mercury in fish based upon species and
lakes is provided in Table 3. Non-carcinogenic risks of mer-
cury exposure to human health were estimated by calculating
EDI and THQ. EDI values were compared to the toxic daily
intake (TDI) (RfD and TDIs established by EFSA, USEPA,
and JECFA) [56]. The TDI for mercury has been established
by European and American health advisories. The European
Food Safety Authority (EFSA) has established a PTWI of
1.3 μg kg−1 for MeHg (0.19 μg kg−1 day−1), lower than the
PTWI established by JECFA (1.6μg kg−1 week−1 and 0.23μg
kg−1 day−1) [76, 77]. The US EPA has established a reference
dose for chronic oral exposure to MeHg to be 0.1 μg kg−1

day−1, respectively [56].
These TDIs and RfDs are used to assess risks to humans

without posing a significant health implication to the human
body [26, 57]. Table 6 summarizes the estimated daily intakes
and target hazard quotients, respectively. Results indicate that
there exist no significant and appreciable health risk to humans
from mercury via fish consumption in our study area. This im-
plies that the study area contains no point sources of mercury
contamination at a larger scale, and the anthropogenic influence
is still under control. No EDI value crossed the established TDIs.
Although the detected mercury levels were below the RfD and
TDIs, the biomagnification of mercury in fish and accumulation
of mercury in different tissues of human body can lead to ad-
verse effects. In addition, the synergistic effects of different con-
taminants can also be taken into consideration in a situation
where exposure of more than one metal takes place [78].

Target hazard quotients (THQ) were calculated for the es-
timation of non-carcinogenic effects of mercury. A THQ < 1
indicates no risk, implying that the daily exposure of metal or
contaminant is lower as compared with the adopted oral ref-
erence dose and is not likely to cause any adverse health effect
to exposed population during lifetime [79, 80]. In our study,
the THQ values were less than 1, implying no significant
health risk to the human population who consumes these fish.
The results can provide a significant basis to concoct the pub-
lic health policies and safety protocols for mercury in fish
most importantly in those areas which do not possess any
point sources of mercury pollution.

Table 5 PCA statistics, eigenvalues, percentage contribution, and the
variable loadings

Axis 1 Axis 2 Axis 3

Eigenvalues 3.06 1.50 0.85

Percentage 51.03 25.02 14.10

Cum. percentage 51.03 76.04 90.15

PCA variable loadings

Length 0.51 0.05 − 0.26

Weight 0.46 − 0.40 0.24

Age 0.44 0.17 0.29

K − 0.32 0.36 0.72

THg − 0.48 − 0.36 − 0.30

δ15N 0.04 0.74 − 0.42
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Conclusions

The study presents the spatial distribution of THg, interspecif-
ic accumulation patterns with respect to feeding habits and
growth parameters, trophic transfer, and the associated health
risks in selected freshwater lakes of Azad Kashmir, Pakistan.
The spatial distribution was found to be in line with global
trends, i.e., glacial < rural < urban, with significant variation (p
= 0.00). Specie-specific accumulation, trophodynamics, and
growth parameters were found to affect the metal concentra-
tions in fish. The site-specific (p = 0.00), specie-specific (p =
0.004), and trophic level (p = 0.005) differences were found to
be significant in the study. All the lakes under consideration
showed biomagnification of THg with trophic magnification
slopes (TMS) varying between 0.03 and 0.20, revealing that
the trophic transfer of mercury is site specific with different
sites having different capacities and efficiencies to biomagnify
mercury along the food web. However, estimated health risk
showed no significant health risks; THQ values were less than
one, implying no significant health risk to the population.
Pakistan is a signatory to the Minamata Convention on mer-
cury, making it necessary to conduct studies related to the
distribution and dynamics of mercury in the remote and pris-
tine regions to help achieve global benchmarks. This study
can provide a significant baseline to carry out source-
attributed studies regarding contamination of aquatic bodies
at higher altitudes in remote and pristine environments and
also as a basis to concoct the public health policies and safety
protocols for mercury in fish, most importantly in areas with
no point sources of mercury pollution. Also, it will serve as an
initial baseline for comparison with future assessment and
biomagnification studies of mercury to global THg database.
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