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Abstract

Freshwater ecosystems are increasingly exposed to metal contamination arising from natu-
ral and anthropogenic activities, potentially affecting fish physiology and ecosystem health.
However, limited information is available regarding metal accumulation and associated
biological responses in fish populations from Dukan Lake, northern Iraq. Therefore, this
study investigated metal concentrations in water and tissues of common carp (Cyprinus
carpio) and evaluated their relationships with selected fish health indicators. Water and fish
samples were collected monthly from Dukan Lake, and a total of 60 fish were classified into
three length groups (20-29 cm, 30-39 cm, and 4049 cm). Metal concentrations in water,
liver, and gonad tissues were analyzed using ICP-OES, while condition factor (CF), gonado-
somatic index (GSI), and hepatosomatic index (HSI) were used to assess fish physiological
condition. Sodium (Na), magnesium (Mg), potassium (K), iron (Fe), zinc (Zn), and barium
(Ba) were detected in both water and fish tissues, with concentrations in water ranging
from 50 to 7069 pg/L. In contrast, chromium (Cr), manganese (Mn), nickel (Ni), selenium
(Se), silver (Ag), cadmium (Cd), antimony (Sb), lead (Pb), copper (Cu), and arsenic (As)
were below detection limits. Biometric analysis revealed significant differences (p < 0.05)
in the gonadosomatic index (GSI) among fish length groups, indicating size-dependent
reproductive development. However, no significant relationship was observed between
fish length and either the CF or HSI, suggesting relatively stable somatic condition or liver
status across size classes. Correlation analysis showed no significant associations between
water metal concentrations and CF or GSI. A significant positive correlation was identified
between Zn concentration and HSI in the 30-39 cm length group, indicating a possible
link between Zn exposure and hepatic physiological response. The findings indicate that
essential elements dominate the metal profile in Dukan Lake, with limited evidence of toxic
metal contamination. No major adverse effects on the general condition of the fish were
observed. These results contribute to understanding metal bioaccumulation patterns and
their implications for fish health in freshwater ecosystems.
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1. Introduction

Metals are naturally occurring elements that enter aquatic ecosystems through both
natural processes and anthropogenic activities [1,2]. Essential elements such as sodium (Na),
magnesium (Mg), potassium (K), iron (Fe), and zinc (Zn) are required for normal biological
functions; however, excessive concentrations may disrupt physiological and biochemical
processes in aquatic organisms. In contrast, non-essential metals such as cadmium (Cd),
lead (Pb), arsenic (As), and chromium (Cr) may exert toxic effects even at relatively low
concentrations due to their persistence, bioaccumulation potential, and ability to induce
oxidative stress, enzymatic dysfunction, and tissue damage in fish and other aquatic
organisms [3]. Major sources of metal contamination in freshwater ecosystems include
agricultural runoff, domestic wastewater discharge, industrial effluents, mining activities,
and natural geological weathering processes [4]. In the Dukan Lake region, increasing
agricultural activity, urban expansion, tourism, and watershed runoff may contribute
to changes in water quality and metal distribution within the aquatic environment [5].
Previous studies conducted in Iraqgi freshwater systems have reported variable levels of
metal accumulation in water, sediments, and fish tissues, indicating growing environmental
concern regarding metal pollution and its ecological consequences. However, information
regarding metal accumulation and associated physiological responses in fish populations
from Dukan Lake remains limited [6].

Several studies from Iraqi aquatic ecosystems, including the Tigris River, Dar-
bandikhan Lake, and Little Zab River, have documented the occurrence of metals in
water and fish tissues, with evidence of bioaccumulation in liver, gill, and muscle tissues
of freshwater fish species [7,8]. These studies suggest that environmental contamination
may vary depending on hydrological conditions, surrounding land use, and anthropogenic
pressure [8]. Nevertheless, comprehensive assessments linking metal exposure to fish
physiological health indicators in Dukan Lake remain scarce.

Dukan Lake was selected because it is one of the largest freshwater reservoirs in the
Kurdistan Region and serves as an important source of fisheries production, irrigation
water, recreation, and domestic water supply. Increasing agricultural and human activities
in the surrounding watershed raise concerns regarding contaminant inputs and potential
ecological impacts [9]. However, increasing anthropogenic activities, including agricultural
runoff, domestic discharges, and recreational activities, may introduce metal contaminants
into aquatic environments [8].

The common carp (Cyprinus carpio) is a widely distributed freshwater fish species that
occupies an important ecological role in benthic food webs. Due to its bottom-feeding
behavior, tolerance to environmental variation, and capacity to accumulate contaminants,
it is frequently used as a bioindicator species in ecotoxicological studies [10,11].

The bioaccumulation of heavy metals in fish poses significant concerns due to its
implications for both ecosystem health and human consumption [12]. The degree of metal
uptake and accumulation in fish is influenced by various environmental factors, including
water temperature, pH, hardness, salinity, and the concentration and bioavailability of
metals within the aquatic system [13]. Once accumulated, heavy metals can elicit a range
of physiological and biochemical alterations, including disruptions in enzymatic activity,
histological damage, and impairment of detoxification processes [14].

Among fish organs, the liver holds significant importance in the metabolism of met-
als, serving as a primary site for uptake, storage, and detoxification [15,16]. It fulfills a
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protective function by sequestering metals and regulating their distribution within the
organism [17]. Variations in liver size relative to body weight are typically evaluated
through the hepatosomatic index (HSI), which acts as an indicator of metabolic activity and
physiological stress [18].

Furthermore, heavy metals can adversely impact fish reproduction by disrupting
gonadal development and function. The accumulation of toxic elements in reproductive
tissues has been correlated with diminished gamete quality, impaired fertilization success,
and reduced offspring survival rates [19,20]. Chronic exposure to metals, such as chromium
(Cr), has been demonstrated to significantly decrease spawning success and negatively
influence reproductive parameters, including the gonadosomatic index (GSI), fecundity,
and the abundance of mature gametes [21,22].

Assessing the impact of heavy metals on fish health requires integrating contaminant
data with biological indices. The condition factor (CF) is widely used as an indicator of fish
health, reflecting overall well-being through length—-weight relationships. Deviations in
CF may signify environmental stress, including exposure to pollutants [23]. Furthermore,
CF is subject to variation due to seasonal changes and food availability [24-26]. The gona-
dosomatic index (GSI), defined as the ratio of gonad weight to body weight, is commonly
employed to evaluate reproductive status and seasonal breeding patterns [27,28]. However,
both CF and GSI are influenced by a multitude of environmental and physiological factors,
encompassing pollution, seasonal fluctuations, and nutritional conditions [29].

Despite the ecological importance of Dukan Lake, limited information is available
regarding metal accumulation and its potential physiological effects on resident fish popu-
lations. Therefore, the present study aimed to (i) determine the concentrations of selected
metals in water and tissues of wild common carp (Cyprinus carpio) from Dukan Lake and
(ii) evaluate relationships between metal exposure and fish health indicators, including
condition factor (CF), gonadosomatic index (GSI), and hepatosomatic index (HSI), to better
understand potential ecological impacts in this freshwater ecosystem. The detected metal
concentrations suggest limited contamination in Dukan Lake during the sampling period;
however, further studies, including analyses of edible muscle tissue and a comprehensive
human health risk assessment, are recommended.

2. Materials and Methods
2.1. Study Area

The lake is close to Ranya District (8.5 km) and to the west-north of Sulaymaniyah
Governorate (84 km) at 36°08' N 44°55’ E, Kurdistan region, northern Iraq (Figure 1). Itis a
reservoir on the Little Zap River, with a volume of 6.8 billion cubic meters and a surface
area of about 270 km? at the high level and 48 km? at the low level. The drainage area
covers about 11,690 km?, of which 1080 km? is located within the Qala-Diza and Raniya
plains [30].

2.2. Materials

Nitric acid (HNO3) (30%), multi-element standard solution 1 for ICP (TraceCERT®, in
2% nitric acid), polyethylene (PE) plastic bottle, and filter paper (Whatman® Quantitative-
Grade 5, diameter: 9 cm, pore size: 11 pm) were purchased from Fisher Scientific (Dubai,
United Arab Emirates). Deionized water (resistivity 18.2 Mohm x cm, TOC less than
1 ug/L) was purified by ELGAVeolia LabWater (High Wycombe, UK).
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Figure 1. The map and location of the Dukan Lake study area. The lake is in the northwestern part of
Sulaymaniyah Governorate (84 km) at 36°08’ N 44°55’ E, Kurdistan region, northern Iraq.

2.3. Sample Collection

Fish and water samples were collected monthly during three sampling campaigns
conducted in February, June, and October 2024 from Dukan Lake throughout the study
period. Sampling was conducted midway through each month to minimize temporal
inconsistencies among sampling events. A monthly sampling strategy was selected to
capture potential seasonal and temporal variations in metal concentrations, fish physi-
ological condition, and reproductive development. This approach enabled evaluation
of possible fluctuations associated with environmental changes, biological activity, and
pollutant dynamics within the lake ecosystem.

Fish samples were collected based on a predefined monthly schedule in Dukan Lake.
Sampling was scheduled for one sample per month. Water samples were collected at a
depth of 30 cm. Polyethylene bottles (1 L) were used, and the bottles were pre-rinsed
three times with distilled water. The water samples were transported to the laboratory
in cooler boxes. The water samples were preserved in 2% (v/v) (HNO3) until used to
prevent the precipitation of metals [31]. The samples were stored in a refrigerator (5 °C)
until further analysis.

Fish samples were collected using gill nets operated by local fishermen; a total of
60 fish were collected. Fish samples were stored in airtight plastic bags immediately after
sampling and then transferred to the laboratory using an ice box on the same day. To
minimize the difference in metal accumulation, the total fish length was between 20 cm
and 49 cm. The lengths and fresh weights of fish samples were recorded upon arrival at
the laboratory. Fish specimens were grouped into three size classes based on length: small
(2029 cm), medium (30-39 cm), and large (40-49 cm).
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2.4. Sample Processing

Water samples were filtered using Whatman Grade 5 qualitative filter paper. Then,
9 mL of water was added to a Falcon tube, followed by 1 mL of HNOj3 (2%, v/v), and
the mixture was agitated for 1 h on the table shaker. The samples were analyzed using
inductively coupled plasma—optical emission spectrometry (ICP-OES).

All fish were euthanized at the conclusion of the experimental period and anesthetized
using clove powder [32]. The fish specimens were dissected to separate organs (gonads
and the entire liver) according to the Food and Agriculture Organization of the United
Nations [33] and stored at —20 °C until used. For extracting heavy metals from fish
tissues, approximately 1 g of liver tissue and 1 g of gonadal tissue from each fish were
processed separately for metal analysis. The tissues were not pooled prior to digestion,
and the fish organs were dried at 105 °C in crucible tubes in an oven (Memmert drying
oven UM 200-800, MEMMERT company, 91126 Schwabach, Germany) until a constant
weight was achieved. Afterward, the dried organs were burned at 550 °C in crucible tubes
in a muffle furnace (Elite Thermal Systems BCF12/45, Elite Company, Schwabach, UK).
The samples were cooled down in a desiccator; the weight was recorded on a four-point
sensitive balance. The ash samples were placed in test tubes and then treated with 10 mL of
concentrated HNOj3 (69%). The solutions were digested for 2 h in a dark fume hood, then
stirred slowly to accelerate the digestion. After that, the solutions were diluted to 50 mL
with deionized water and then filtered through Whatman Grade 5 qualitative filter paper.
The extracts were agitated for 1 h on the table shaker and analyzed by ICP-OES.

2.5. Biological Parameters

Fish samples were euthanized for analysis, and the abdominal cavity was opened to
remove the gonads and liver. The organs were weighed. GSI, HSI indices, and CF were
calculated using the formula of [34].

Liver W.
HSI = Feh W x 100
Gonads W.
CF = M x 100
(Fish L)’

Here, CF is the condition factor, HSI is the hepatosomatic index, and GSI is the
gonadosomatic index.

2.6. Heavy Metals Analysis

An ICP-OES (Spectro Acros) multi-element system was used to analyze heavy metal
concentrations using external standard stock solutions. The samples were analyzed by the
method reported before, with some modifications [35]. The external standard solutions
were prepared from multi-element standard solution 1 for ICP (TraceCERT®, in 2% nitric
acid) in the 1-100 pg/L range. The calibration curves for all heavy metals were obtained
by plotting measured standard peak areas against corresponding standard concentrations.
Linear regression was performed for each curve. HNOj; (2%) was used in all standard
solutions and samples to minimize interferences and matrix effects. The limit of detection
(LOD) and limit of quantification (LOQ) of the method were calculated using 7 injections
of a 25 pg/L standard solution. LOD and LOQ were calculated as 3 and 10 times the
standard deviations of the peak areas, respectively, and then divided by the slope of the
calibration curves. Method linearity was evaluated by analyzing other standard solutions

https://doi.org/10.3390 /hydrobiology5030021


https://doi.org/10.3390/hydrobiology5030021

Hydrobiology 2026, 5, 21

60f17

outside the calibration curves, for example, 500, 1000, and 5000 pg/L. Samples were diluted
when their concentrations after analysis fell outside of the method linearity range. An
analytical standard solution of (25 mg/L) was analyzed with every 20 injections to check the
instrumental response and drift of ICP-OES, and a blank sample was analyzed with every
20 injections to check cross-contamination during analysis. The details of the analytical
method are listed in Table 1.

Table 1. Analytical parameters of the method used for analyzing heavy metals in this study.

Metals Correlation Sensitivity ~ Fish Tissue Water Wavelength
etals  Coefficient (R)  (Slope) LOD (ug/kg) LOQ (ug/kg) LOQ LOD (nm)
Na 0.996 y = 37x 1.9 5.6 25 7.1 589
Mg 0.993 y =11x 5.8 16 6.4 18. 285
K 0.998 y = 23x 7.1 20 2.6 53 766
Cr 0.999 y =21x 0.7 2.0 0.9 3.1 357
Mn 0.999 y = 86x 2.1 6.0 1.2 29 279
Fe 0.997 y = 102x 1.2 3.5 2.6 6.1 248
Ni 0.995 y = 56x 1.7 49 1.2 3.9 232
/n 0.992 y = 32x 1.6 4.7 3.2 7.0 213
Se 0.999 y = 40x 0.7 2.2 0.9 4.1 196
Ag 0.993 y = 41x 1.4 4.1 0.7 3.2 328
Cd 0.997 y = 74x 0.5 1.5 1.2 51 228
Sb 0.997 v = 63x 18 5.3 12 5.3 217
Ba 0.994 y = 10x 1.0 29 5.8 9.1 455
Pb 0.991 y = 24x 1.5 4.3 3.2 8.7 217
Cu 0.991 y = 51x 54 15.3 1.8 4.7 324
As 0.997 y =41x 1.8 51 1.5 3.2 193

2.7. Statistical Methods

Several methods were used to determine whether the concentration of heavy metals
was significantly different between the fish length groups. When significant differences
(p < 0.05) were found, the Duncan test [36] was used to calculate the group means. To
display the relationships among the parameters, a Pearson correlation (r) matrix was
constructed. All measurements are reported as mean + standard deviation, based on
3 replicates. The statistical analysis was done with XLSTAT Pro 7.5. Calculations were
performed using Microsoft Excel (Microsoft Corp., Redmond, WA, USA).

3. Results
3.1. Heavy Metal Concentrations in Water

Fish specimens were classified into three length groups: Group 1 (20-29 cm) (Table S1),
Group 2 (30-39 cm) (Table S2), and Group 3 (4049 cm) (Table S3). To provide an overview
of the findings and facilitate interpretation of the results, a summary of all observed trends,
statistical comparisons, and significant relationships among these groups is presented in
Table S4. The table highlights the observed variations among length groups and summa-
rizes the statistically significant findings identified throughout the study.

Common carp and water samples were collected from Dukan Lake and analyzed
for heavy metal concentrations. The concentrations of heavy metals in water samples are
summarized in Figure 2. Six out of sixteen metals were detected in water, while the others
fell below the limit of detection. Magnesium (Mg) exhibited the highest concentration
(7069 ng/L), followed by sodium (Na; 3449 pg/L) and potassium (K; 1077 ng/L). Zinc
(Zn) and barium (Ba) were detected at intermediate levels (818.8 ug/L and 49.5 ug/L,
respectively), whereas iron (Fe) showed the lowest concentration (7.04 pg/L). Cr, man-
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Concentrations of heavy metals in water (ug/L)
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ganese (Mn), nickel (Ni), selenium (Se), silver (Ag), cadmium (Cd), antimony (Sb), lead
(Pb), copper (Cu), and arsenic (As) were below detection limits in water samples.

a

Na

Ba

Heavy metals in water

Figure 2. Mean concentrations (ug/L) of heavy metals in water samples collected in Dukan Lake,
Kurdistan region, northern Iraq. Bars represent the average value =+ the standard deviation (1 = 3).
Different letters indicate a statistical difference from one-way ANOVA followed by post hoc analysis
at a 95% confidence interval. The Y-axis is on a logarithmic scale.

3.2. Heavy Metal Accumulation in the Liver

Mean concentrations of heavy metals in liver tissue (ug/g dry weight 4= SD) are shown
in Figure 3. K exhibited the highest accumulation across all length groups, followed by Na
and Mg. Zn and Fe were detected at moderate concentrations, while Ba, Cr, Mn, Ni, Cd,
Sb, Pb, and Cu were present at comparatively lower levels. Metal accumulation generally
increased with fish size, with Group 3 (40-49 cm) exhibiting higher concentrations for
several elements, particularly Na, Mg, K, Mn, and Cu. Se, Ag, and As were below detection
limits in liver samples.

3.3. Heavy Metal Accumulation in Gonad

Heavy metal concentrations in gonad tissue (ug/g dry weight 4= SD) are presented in
Figure 4. Similar to the liver, K, Na, and Mg were the dominant elements across all length
groups. Zinc showed relatively higher concentrations in Group 1 (20-29 cm) compared to
larger fish. Copper concentrations increased with fish size, peaking in Group 3 (4049 cm).
Ba, Cr, Mn, and Ni were detected at lower concentrations. The concentrations of Se, Ag,
Cd, Sb, and As were below detection limits in gonad tissue.
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Figure 3. Mean concentration (ug/kg) of heavy metals in liver samples of common carp collected in
Dukan Lake, Kurdistan region, northern Iraq. Bars represent average value + standard deviation
(n = 3). Different letters indicate a statistical difference from one-way ANOVA followed by post hoc
analysis at a 95% confidence interval. The Y-axis is on a logarithmic scale. Fish were classified into
three length groups: Group 1 (2029 cm; orange bars), Group 2 (30-39 cm; green bars), and Group 3
(4049 cm; grey bars).

3.4. Biometric Indices

The biometric indices for the three length groups are summarized in Figure 5. The
condition factor (CF) values were 1.36, 1.41, and 1.38 for Groups 1, 2, and 3, respectively
(SD =0.09), with no significant differences among groups (p > 0.05). The gonadosomatic
index (GSI) increased progressively with fish size, with mean values of 6.18 (Group 1),
9.90 (Group 2), and 16.58 (Group 3) (SD = 0.50). Differences among length groups were
statistically significant (p < 0.05). The hepatosomatic index (HSI) showed minimal variation
among groups, with mean values of 1.78, 1.75, and 1.72 for Groups 1, 2, and 3, respectively
(SD = 0.24), and no statistically significant differences were observed (p > 0.05).
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Figure 4. Mean concentration (ug/kg) of heavy metals in gonad samples of common carp collected
in Dukan Lake, Kurdistan region, northern Iraq. Bars represent average value + standard deviation
(n = 3). Different letters indicate a statistical difference from one-way ANOVA followed by post hoc
analysis at a 95% confidence interval. The Y-axis is on a logarithmic scale. Fish were classified into
three length groups: Group 1 (2029 cm; orange bars), Group 2 (30-39 cm; green bars), and Group 3
(40-49 cm; grey bars).

3.5. Correlation Between Water Metal Concentrations and Biometric Indices

Pearson’s correlation analysis (XLSTAT) was performed to evaluate the relationships
between heavy metal concentrations in water and biometric indices.

3.5.1. Condition Factor (CF)

Correlation coefficients between CF and water metal concentrations were generally
weak across all length groups (Ir| < 0.60). In Group 3, Fe showed the highest positive
correlation (r = 0.564), while Na and Mg exhibited weak negative associations. However,
none of the correlations were statistically significant (p > 0.05), as clarified in Table 2.

Table 2. Pearson correlation coefficients between water metal (g /L) concentrations and condition
factor (CF) in three length groups of common carp (Cyprinus carpio) collected from Dukan Lake.

Heavy Metals Group 1 (20-29) Group 2 (30-39) Group 3 (40-49) SD
Na —0.008 0.175 —0.107 0.33
Mg —0.005 0.154 —0.103 0.11
K —0.043 0.191 —0.065 0.25
Fe —0.259 —0.168 0.564 0.45
Zn —0.048 0.111 0.345 0.04
Ba —0.195 —0.219 0.163 0.10

Correlation is significant at the 0.05 level (2-tailed). SD: standard deviation.
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Figure 5. Health parameters: CF, GSI, and HSI of the common carp groups in Dukan Lake, Kurdistan
region, northern Iraq. Bars represent average value + standard deviation (n = 3). Different letters
indicate a statistical difference from one-way ANOVA followed by post hoc analysis at a 95%
confidence interval. Fish were classified into three length groups: Group 1 (20-29 cm; orange bars),
Group 2 (30-39 cm; green bars), and Group 3 (40-49 cm; grey bars).
3.5.2. Gonadosomatic Index (GSI)
The correlation coefficient between the heavy metal concentrations in the water sam-
ples and the GSI was not significant, as presented in Table 3. In Group 2, Zn showed a
moderate negative correlation (r = —0.601). However, this relationship was not statistically
significant (p > 0.05). No statistically significant correlations were detected between water
metal concentrations and GSI.
Table 3. Pearson correlation coefficients between water metal (1g/L) concentrations and gonadoso-
matic index (GSI) in three length groups of common carp (Cyprinus carpio) collected from Dukan Lake.
Heavy Metals Group 1 (20-29) Group 2 (30-39) Group 3 (40-49) SD
Na 0.262 0.110 —0.166 0.33
Mg 0.290 0.090 —0.198 0.11
K 0.252 0.131 —0.148 0.25
Fe 0.198 0.063 0.148 0.45
Zn 0.244 —0.601 0.080 0.04
Ba —0.422 —0.093 —0.303 0.10

Correlation is significant at the 0.05 level (2-tailed). SD: standard deviation.
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3.5.3. Hepatosomatic Index (HSI)

The correlation between the HSI and heavy metal concentrations (Na, Mg, K, Fe, Zn,
and Ba) in the water is summarized in Table 4. Correlation analysis revealed varying
relationships between HSI and water metals across size groups. A strong positive and
statistically significant correlation was observed between Zn concentration and HSI in
Group 2 (30-39 cm) (r = 0.761, p < 0.05). No other significant correlations were observed
between water metal concentrations and HSL

Table 4. Pearson correlation coefficients between water metal (ug/L) concentrations and hep-
atosomatic index (HSI) in three length groups of common carp (Cyprinus carpio) collected from
Dukan Lake.

Heavy Metals Group 1 (20-29) Group 2 (30-39) Group 3 (40-49) SD
Na 0.351 0.415 —0.437 0.33
Mg 0.337 0.418 —0.441 0.11
K 0.365 0.423 —-0.411 0.25
Fe —0.225 —-0.173 0.532 0.45
Zn —0.275 0.761* —0.253 0.04
Ba —0.143 —0.334 0.507 0.1

Correlation is significant at the 0.05 level (2-tailed). SD: standard deviation.

4. Discussion

The predominance of Na, Mg, and K in water samples likely reflects the natural
geological composition of the Dukan Lake watershed rather than anthropogenic contamina-
tion [37,38]. The surrounding carbonate-rich geological formations and mineral weathering
processes may contribute substantially to the elevated concentrations of these elements.
In contrast, the absence of detectable concentrations of Cd, Pb, and As suggests relatively
limited industrial contamination in the study area during the sampling period [7,39].

The relatively stable CF and HSI values across fish size groups suggest that the
detected metal concentrations were insufficient to induce severe physiological stress in the
studied population [40,41]. This may indicate that the current environmental condition of
Dukan Lake remains capable of supporting normal metabolic and reproductive functions
in common carp [42].

Although toxic metals were largely absent, continued environmental monitoring
remains important because freshwater ecosystems are sensitive to increasing anthropogenic
pressure, including agricultural intensification, tourism activities, and urban expansion
around the lake basin [3,43]. Even low-level chronic exposure to metals may alter trophic
interactions, reproductive success, and long-term ecosystem stability [44].

4.1. Heavy Metal Occurrence in Water

The dominance of Mg, Na, and K in Dukan Lake water reflects their natural geochem-
ical origin and their classification as major ions commonly found in freshwater systems.
These elements are typically derived from the weathering of surrounding geological forma-
tions and are generally not considered toxic at environmentally relevant concentrations [45].

The low Fe level relative to other major elements further supports a highly oxygenated,
healthy water column. Under the well-aerated conditions typical of Dukan Lake’s active
hydrodynamic mixing, dissolved ferrous iron undergoes oxidative precipitation, forming
insoluble ferric oxides that rapidly settle into the benthic sediment layer [45].

The complete absence of detectable concentrations of highly toxic, non-essential heavy
metals (Cd, Pb, As, and Cr) indicates that Dukan Lake has not yet suffered acute industrial
degradation. This contrasts sharply with heavily contaminated industrial freshwater bodies,
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where Cr routinely exceeds safe environmental thresholds due to petrochemical runoff [46],
or sections of the Tigris and Euphrates rivers where industrial effluents trigger high ambient
Pb and Cd loads [47,48]. However, detection limits should be considered when interpreting
“below detection” results, as chronic low-level exposure may still occur [49]. The authors
of [50] reported that the Zn concentration in carp was 477 ug/kg wet weight, which is
higher than that found in our study.

4.2. Tissue-Specific Bioaccumulation Patterns

Liver tissues accumulated higher concentrations of Na, Mg, K, Mn, and Cu compared
with gonadal tissues (Figures 3 and 4), reflecting the central role of the liver in metal
metabolism, detoxification, and storage [13]. The elevated hepatic accumulation observed
in this study likely indicates active physiological regulation of essential elements rather
than severe toxic exposure, particularly because highly toxic metals such as Cd, Pb, and As
were below detection limits.

The distinct compartmentalization of metals between tissues, where the liver accu-
mulated significantly higher concentrations of Na, Mg, K, Mn, and Cu than the gonads,
highlights the targeted physiological role of hepatic tissue in teleost fish. The fish liver
functions as the primary metabolic crossroads for element storage, active regulation, and
detoxification via metallothionein binding [13]. Because toxic xenobiotic metals (Cd, Pb,
and As) were absent, the elevated hepatic concentrations of Zn and Cu recorded here repre-
sent homeostatic maintenance rather than a toxicological defense response. Fish actively
homeostatize Zn in the liver because it serves as a critical cofactor for structural proteins,
DNA polymerases, antioxidant enzymes, and protein synthesis [51]. This metabolic drive
explains why heavy metal accumulation in fish livers typically expands significantly over
time and exposure duration [52], and this is aligned with our findings. Therefore, elevated
hepatic Zn concentrations may reflect physiological regulation rather than toxic overload.

The authors of [47,48] found high concentrations of some heavy metals, such as Pb,
Fe, and Cd, in both water samples (>0.03 for both metals) and different organs, including
kidneys, gills, livers, and muscles of the selected fish. In contrast, the gonad generally
showed lower metal concentrations. Reproductive tissues are often protected through
selective metal regulation to safeguard gamete integrity [13]. However, the presence of low
but detectable levels of essential trace metals, Cu and Zn, in gonadal tissue suggests that
these metals are still transferred, potentially influencing reproductive processes.

4.3. Size-Dependent Bioaccumulation

The clear size-dependent bioaccumulation pathway observed in this study, where
Group 3 fish (40—49 cm) exhibited the highest concentrations of hepatic metals, particularly
Na, Mg, K, Mn, and Cu (Figure 3), can be attributed to a combination of cumulative
exposure duration, shifting feeding habits, and trophic positioning. As wild common carp
(Cyprinus carpio) grow, their dietary intake intensifies, and their benthic foraging behavior
deepens [52]. Larger individuals root more deeply in the bottom sediments, thereby
increasing their direct ingestion of sediment-associated particulates and contaminated
benthic macroinvertebrates [53]. These findings indicate that fish size may influence metal
storage capacity and metabolic regulation in common carp populations from Dukan Lake.
Larger fish often experience longer exposure periods, allowing gradual accumulation of
both essential and non-essential metals. Interestingly, Zn concentrations in gonadal tissue
were relatively higher in smaller fish (20-29 cm), suggesting potential ontogenetic variation
in metal regulation.
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4.4. Biometric Indices and Metal Relationships

Physical and chemical alterations in the environment cause stress in aquatic organisms,
leading to metabolic, physiologic, biochemical, and behavioral changes that may negatively
affect growth, development, and reproduction [54]. Ref. [55] reported that CF, HSI, and
GSI were significantly decreased in arsenic-exposed fish; however, in the current study, As
concentration was not detected in either liver or gonad tissue.

In this study, the stability of CF values across all length groups confirms that the
ambient metal concentrations within Dukan Lake are well below the threshold required to
induce severe physical stress or impair growth efficiency. Unlike populations of Abramis
brama and C. carpio in highly industrialized European or regional rivers, which show
sharp negative correlations between body condition and tissue metal (Cd, Cu, Pb, and Zn)
burdens [56,57], the wild carp population in Dukan Lake exhibits a stable nutritional and
physiological status. Further, ref. [58] reported a negative correlation between CF and Cr
levels in Carassius carassius.

Similarly, the progressive, linear increase in GSI with fish length tracks normal, un-
inhibited gonadal maturation and reproductive investment [59]. This lack of statistical
correlation between water chemistry and GSI confirms that the lake’s current chemical
profile does not impede spawning success, which contrasts sharply with other regional
studies where high exposure to heavy metals like Pb and Cr caused direct gonadal degra-
dation [57,60,61] and significantly depressed GSI values [62,63]. Interestingly, a previous
study [34] demonstrated that the correlations between GSI and heavy metals (Pb, Zn, and
Cr) were highly significant. Variation in the analytical system, study location, environmen-
tal conditions, and specimens was the main reason for the variation among the studies.

The most compelling physiological interaction discovered in our data is the strong
positive correlation between ambient water Zn concentrations and the HSI observed specif-
ically within the medium-sized (30-39 cm) cohort (r = 0.761, p < 0.05). While extensive
heavy metal exposure typically triggers severe structural liver damage [54] and subsequent
organ shrinkage (lowering HSI) [64,65], a sub-lethal, moderate availability of an essential
element like Zn stimulates hepatic hyper-functioning [66—68].

Because Zn is the primary element triggering the production of metallothioneins and
antioxidant enzymes to mitigate cellular oxidation, the liver increases its metabolic tissue
mass to process the ambient element influx [51]. Elevated hepatic activity in response to
Zn availability may contribute to increased liver mass, thereby explaining the positive
association between Zn and HSI. However, excessive Zn accumulation may also induce
oxidative stress and cellular alterations if the regulatory capacity is exceeded [13].

4.5. Ecotoxicological Perspective

Although essential metals such as Zn and Fe are necessary for metabolic function, ex-
cessive intake may disrupt physiological processes if concentrations exceed recommended
limits [51]. However, based on the present findings, metal concentrations appear within
ranges typically observed in freshwater fish from non-industrially contaminated sys-
tems [13]. The absence of detectable Cd, Pb, and As is particularly important from a
public health standpoint, as these metals are commonly associated with chronic toxicity,
nephrotoxicity, and carcinogenicity [69].

5. Conclusions

Heavy metals were analyzed in water and in organs of common carp (liver and gonad)
collected from Dukan Lake, Kurdistan region, northern Iraq (n = 3). This study is the first to
investigate heavy metals and correlate their concentrations with fish health in Dukan Lake.
The water and fish samples were acid-digested to extract heavy metals, and the extracts
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were subsequently analyzed by ICP-OES. For some of the detected heavy metals in both
water and fish organs, a strong correlation was observed, indicating that water was a source
of these metals and their bioaccumulation in the fish organs. Fortunately, the concentrations
of heavy metals in both water and fish organs were below the recommended thresholds;
thus, the water and fish can be consumed continuously. However, the concentration levels
we found warrant attention and suggest either preventing further contamination of the
water and fish or a plan for future water purification.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390 /hydrobiology5030021/s1, Table S1: Fish samples collected in
Group 1 (2029 cm length class); Table S2: samples collected in Group 2 (30-39 cm length class); Table
S3: Fish samples collected in Group 3 (40-49 cm length class); Table S4: Summary of key findings
related to metal occurrence, bioaccumulation patterns, and biological responses in common carp
from Dukan Lake.
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