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H I G H L I G H T S G R A P H I C A L  A B S T R A C T

• Mining activities have significantly 
impacted the aquatic ecosystem.

• Lake fish had higher liver levels of Cd, 
Ni, Co, and Cu, likely from mine run-off.

• However, metal levels found in water 
and fish meet legal safety standards.

• Biomonitoring of the pit lake must 
continue to assess the mining long-term 
impact.

A R T I C L E  I N F O

Handling editor: Petra Petra Krystek

A B S T R A C T

This study investigated the accumulation of toxic and essential elements in trout from a pit lake situated in the 
surroundings of the abandoned As Pontes de García Rodríguez lignite mine (NW Spain). The element concen
trations were compared with those measured in fish from upstream of the River Eume and from a local fish farm. 
Liver and muscle samples from fish captured in the lake (n = 16), river (n = 14) and fish farm (n = 10) captured 
in March–April 2022 were acid digested and analyzed by ICP-MS. The mining activity in As Pontes was found to 
have significantly impacted the aquatic ecosystem. Concentrations of Cd, Ni, Co, and Cu in the livers of the lake 
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fish were significantly higher than in the livers of the other groups of fish, probably due to run-off from the spoil 
heap reaching the lake. Similarly, higher concentrations of Al, Pb, and Hg were observed in the river trout, 
associated with coal combustion at a near thermal power plant. Despite these variations, toxic and essential 
elements in both the pit lake and river remained low, within water quality standards, and do not pose an im
mediate threat to aquatic life. Concentrations of the metals in the muscle of wild fish, although higher than in 
farmed fish, were within EU limits. The study findings highlight the value of fish as indicators of environmental 
exposure and emphasize the ongoing need to monitor the pit lake to assess the long-term impacts of mining 
activities on aquatic health. Examination of liver tissue proved to be particularly useful in the assessments, 
providing a precise reflection of metal exposure and serving as a valuable means of evaluating environmental 
contamination and ecosystem health.

1. Introduction

Open-cast mining is a particularly controversial anthropological ac
tivity owing to the strong environmental impact (leading to soil 
contamination, loss of biodiversity and environmental degradation) and 
to the social and economic impacts on local communities, including 
conflicts with other types of land use and the loss of cultural heritage 
(Gillespie and Bennett, 2012; European Parliament et al., 2022). Once 
the mining activity ends, the pits are often transformed into artificial 
lakes. However, if the areas are not properly managed, the pit lake water 
can become contaminated with heavy metals and other toxic compo
nents. Consequently, biological activity in these environments may be 
strongly limited, with the subsequent risk of toxic effects in both wildlife 
and human local communities (Lund and Blanchette, 2023).

In order to minimise the impact of such projects, adequate envi
ronmental restoration plans must be established for areas affected by the 
mining, even before exploitation of the resources begins (Otchere et al., 
2004; Young et al., 2022). One environmental remediation strategy used 
is the controlled formation of artificial lakes, which, if managed 
appropriately, can bring economic, aesthetic and welfare benefits to the 
population (Lund and Blanchette, 2023). The As Pontes pit lake, located 
in As Pontes de García Rodríguez (a town of approximately 10,000 in
habitants situated in the province of A Coruña, Galicia, NW Spain) was 
created as a result of the restoration and regeneration works of the 
open-cast mine that occupied the site, and from which lignite was 
extracted to supply the As Pontes thermal power station (1400 MW). The 
environmental restoration project was conducted by the owner of the 
power plant and the mine, the Empresa Nacional de Electricidad, S.A. 
(ENDESA) after closure of the site in 2008. The mine pit was filled by 
gravity with run-off water and water from the River Eume, and the work 
was completed in 2012. To guarantee the chemical quality of the water, 
several measures were taken, including sealing the outcropping mate
rials and installing biological filters. The lake is the largest artificial lake 
in Spain, with a volume of 547 hm3, a maximum depth of 205 m and a 
perimeter of 17.8 km. The inner and outer mine spoil dumps were 
covered with topsoil, fertilised and planted with native vegetation 
(Aréchaga et al., 2011).

For these remediation projects to be environmentally sustainable, it 
is essential that the restored areas establish a natural ecosystem that 
tends towards biological balance (Miller et al., 2013; Young et al., 
2022). According to data published by ENDESA, the process of coloni
sation of the lake by native flora and fauna has been developing natu
rally and there are currently three species of fish in the lake: trout, bream 
and stickleback (E.N.D.E.S.A, 2024). In these types of projects, con
ducting environmental monitoring studies is of utmost importance to 
determine any impact of the previous mining activity on the ecosystems. 
When any adverse effect is detected, remediation measures must be 
implemented. Assessment of the accumulation of toxic metals (such as 
mercury, cadmium, lead and arsenic, among others) within fish pop
ulations inhabiting these restored environments is particularly impor
tant. These elements have been shown to have detrimental effects on 
biological systems and may pose a public health risk (Balali-Mood et al., 
2021; Di Bella et al., 2024; Sable et al., 2024). In addition, elevated 

concentrations of essential elements such as iron, copper and zinc are 
frequently observed, fostering numerous organic-level interactions 
(Mazej et al., 2010). Consequently, fish serve as sentinel species for 
biomonitoring aquatic environments (Camizuli et al., 2014; Nava et al., 
2023).

Studies conducted in recent years have shown that the As Pontes pit 
lake is in good ecological condition (López-Rodríguez et al., 2016) and 
that the physico-chemical quality of the water makes it suitable for the 
development of natural life and for carrying out leisure activities, 
including bathing. However, there are currently no data regarding the 
accumulation of toxic metals or essential elements in the fish that 
inhabit this restored environment. This information is essential for 
biomonitoring the project and also for guaranteeing the safety of ac
tivities as sport fishing and for the possible establishment of fish farms in 
the area. The primary objective of this study was to analyze the accu
mulation of toxic and essential elements in trout captured in the artifi
cial lake, to contribute to the biomonitoring of the As Pontes pit lake. In 
addition, the element profiles were compared with those of trout 
collected from other sections of the River Eume and from a commercial 
fish farm in the same region, for comparative analysis.

2. Material and methods

2.1. Sample collection

Wild trout (Salmo trutta) were captured in the artificial pit lake at the 
As Pontes de García Rodríguez mine (n = 16) and upstream of the River 
Eume, at Muras (n = 14), in March–April 2022, as depicted in Fig. 1. 
Fishing in the lake is prohibited, and permission was therefore obtained 
from the environmental authorities of the Galician government (Con
sellería de Medio Ambiente, Territorio e Vivenda, Xunta de Galicia) to 
capture the fish. The capture procedure followed specialized fishing 
authorization protocols for various fish and invertebrate species in sport 
fishing. To mimic sport fishing conditions in the lake, fish were caught 
from the shore or using a “float tube” with light tackle or spinning with 
artificial lures. Water samples (n = 3) were also collected from the same 
locations. Upon capture, the weight and standard length of each trout 
were measured at the sampling sites with a digital balance (Smart Weigh 
GEM20) and measuring tape, respectively. The average size of individ
ual fish captured in the lake (length 41 ± 10 cm; weight 837 ± 606 g) 
exceeded that of the fish captured in the river (length 27 ± 5 cm; weight 
234 ± 101 g). The specimens were held under refrigerated conditions 
and transported immediately to the ImedA Research Group laboratory at 
the Facultade de Veterinaria, Campus Terra, Universidade de Santiago 
de Compostela, in Lugo. In the laboratory, all specimens underwent 
meticulous external and internal macroscopic examination for lesions; 
all animals were found to be healthy. Otolith analysis of the largest trout 
captured (length 60 cm, weight 2378 g) indicated that it was 5 years old. 
The fish were dissected to obtain samples of liver and muscle tissue 
(flesh) for analysis. Muscle tissue samples were extracted by making 
longitudinal incisions through the lateral line of the fish without skin 
and bones. Three subsamples of liver and muscle (1–5 g) from all 
sampled fish were stored in polyethylene vials at − 20 ◦C until analysis.
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Additionally, farmed rainbow trout (Oncorhynchus mykiss, n = 10) 
were obtained during the same period from a fish farm located in the 
River Rosende (Profand, Carballo, Fig. 1). Fish were sacrificed by 
administration of a lethal dose of anaesthetic. Similarly, the fish were 
measured (length 29 ± 7 cm) and weighed (weight 369 ± 198 g) and 
immediately transported to the laboratory under cold conditions, where 
they were processed using the same sample preparation protocol. The 
composition of the feed is described in Table S1. Water samples (n = 3) 
were also collected from the fish farm.

2.2. Analytical procedures

Liver and muscle samples (1 g) were subjected to a microwave- 
assisted acid digestion protocol (ultraWAVE Milestone, Sorisole, Italy) 
at 240 ◦C and 40–120 bar for 1 h prior to analysis. Briefly, 1 g of sample 
was mixed with 3 mL of nitric acid (69% TMA, Hiperpure, PanReac, 
Barcelona, Spain) and 1 mL of ultrapure water. The resulting digests 
were transferred to polypropylene tubes, and ultrapure water was added 
to a final volume of 50 mL. The water samples were filtered and acidified 
with nitric acid to a final concentration of 1% (v/v). The concentrations 
of fifteen toxic and essential elements were determined: Aluminum (Al), 
arsenic (As), cadmium (Cd), cobalt (Co), chromium (Cr), copper (Cu), 
iron (Fe), mercury (Hg), manganese (Mn), molybdenum (Mo), nickel 
(Ni), lead (Pb), sulphur (S), selenium (Se) and zinc (Zn). Analyses were 
carried out by inductively coupled plasma mass spectrometry (ICP-MS) 
(Agilent 7900 × ICP-MS system; Agilent Technologies, Tokyo, Japan). 
The sample introduction system consisted of an autosampler, a dual-step 
spray chamber with a Peltier system (Agilent Technologies, Tokyo, 
Japan), a concentric glass nebulizer (MicroMist, low flow, Glass 
Expansion, West Melbourne, Australia), and a quartz torch (Agilent 
Technologies, Tokyo, Japan). Elemental concentration quantification 
was performed using Agilent ICP-MS MassHunter 5.1 software (Version 
D.01.01, Agilent Technologies, Tokyo, Japan). Operational parameters 
were as follows: plasma flow at 15 L/min, nebulizer flow at 1.1 L/min, 
sample depth at 8, sample speed at 0.1 rpm, plasma RF power at 1550 W, 
and spray chamber temperature maintained at 2 ◦C. Helium (He) (4 L/ 

min) or hydrogen (H2) (4.2 L/min) gases were used to correct for in
terferences. In all cases the linear equation fits blanks, and the correla
tion coefficient was >0.999. The samples were analyzed in triplicate.

Stringent quality control measures were implemented throughout 
the analysis. Thus, the limit of detection (LOD), the limit of quantifi
cation (LOQ) (calculated as three and ten times the standard deviation of 
the blanks, respectively), and analytical blanks and certified reference 
material (DORM-3 fish protein) were included. The results obtained are 
summarized in Table 1. The LODs of the different toxic and essential 
elements obtained by this analytical method were sufficient to allow 
their determination at the concentrations present in the samples. For 
those elements not certified by the certified reference material (Al, Co, 
Mo, and S), spiked samples were used At concentrations producing 

Fig. 1. (A) Location of study zones (B ), As Pontes lake (As Pontes de García Rodríguez) (C ), River Eume (Muras) and (D ) fish farm located in the River Rosende 
(Profand, Carballo).

Table 1 
Analytical quality programme expressed as mean ± standard deviation used in 
the determination of trace elements in this study.

Element LOD 
(μg/L)

LOQ DORM-3

Level measured 
(mg/kg)

Certifieda level 
(mg/kg)

% of 
Recovery

Al 0.8 2.7 1.62 ± 0.23 – –
As 0.3 1.0 6.47 ± 0.48 6.88 ± 0.30 94.0
Cd 0.2 0.7 0.286 ± 0.021 0.290 ± 0.020 98.6
Cr 0.3 1.0 1.54 ± 0.51 1.89 ± 0.17 81.5
Ni 0.2 0.7 1.47 ± 0.35 1.28 ± 0.24 114.8
Hg 0.1 0.3 0.358 ± 0.074 0.382 ± 0.060 93.7
Pb 0.1 0.3 0.347 ± 0.066 0.395 ± 0.050 87.8
Co 0.2 0.7 0.200 ± 0.014 – –
Cu 3.3 11.0 15.0 ± 1.3 15.5 ± 0.63 96.8
Fe 8 26.7 325 ± 41 347 ± 20 93.7
Mn 1.1 3.7 3.06 ± 0.38 (4.6) 66.5
Mo 1.1 3.7 0.651 ± 0.014 – –
S 1.2 4.0 11156 ± 2045 – –
Se 0.9 3.0 3.81 ± 0.33 (3.3) 115.5
Zn 7 23.3 48.8 ± 1.8 51.3 ± 3.1 95.1

a Values that are only informative are shown in parenthesis. LOD: limit of 
detection; LOQ: limit of quantification.
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absorbance values up to 2–10 times the usual concentrations in the 
tissues. The analytical recovery of these elements ranged between 92 
and 106%. The results obtained for the reference material and the spiked 
samples indicated satisfactory levels of recovery, and therefore the ac
curacy of the determinations was acceptable.

2.3. Statistical and chemometric analyses

Statistical analysis was conducted to evaluate differences in metal 
concentrations between the three study groups (As Pontes lake, River 
Eume and fish farm). Analysis of variance (ANOVA) was used, with the 

type of habitat (lake, river and fish farm) included as the main factor; 
fish length was also included as a covariate to account for potential size- 
related variations. A post-hoc Tukey test was used to identify significant 
differences between specific groups (a significance level of 0.05 was 
used in all cases).

Multivariate chemometric display techniques, such as principal 
component analysis (PCA) and hierarchical cluster analysis (HCA), were 
used to study the latent structure of the data set composed of the con
centrations of fifteen elements in the forty trout samples (X40x15). PCA is 
a powerful statistical technique used for dimensionality reduction in 
datasets with many variables, as in the present case. The main goal of 

Fig. 2. Toxic element concentrations in liver and muscle of trout (expressed in mg/kg fresh weight) and water (μg/L) from the As Pontes lake, the River Eume and the 
fish farm. Different letters indicate statistically significant differences between groups.
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PCA is to transform the original set of correlated variables into a smaller 
set of uncorrelated variables called principal components. These com
ponents are linear combinations of the original variables and are or
dered by the amount of variance they capture from the data, with the 
first principal component captures the most variance, the second prin
cipal component the second most variance, and so on. By focusing on the 
principal components capturing the most variance, PCA effectively re
duces the complexity of the dataset while retaining most of its original 
information (Jolliffe, 2002). HCA is used to group a set of objects in such 
a way that objects in the same group (or cluster) are more similar to each 

other than to those in other groups. It is commonly used in data analysis 
to identify patterns and structures within a data set (Kaufman and 
Rousseeuw, 2005). The primary objective is to segregate data into 
clusters that exhibit high intra-cluster similarity and low inter-cluster 
similarity, which helps to simplify the dataset and reveal any underly
ing patterns. In the case at hand, similarity between samples was 
determined on the basis of the squared Euclidean distance between each. 
The Ward method was used for establishing clusters (Everitt et al., 
2011). Prior to the use of both PCA and HCA, the data were autoscaled to 
prevent the different size of variables affecting the outcome. Autoscaling 

Fig. 3. Essential trace element concentrations in liver and muscle of trout (expressed in mg/kg fresh weight) and water (μg/L, except for S where it is expressed as 
sulphates in mg/L) from the As Pontes lake, the River Eume and the fish farm. Different letters indicate statistically significant differences between groups.
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is a preprocessing technique used in chemometrics to standardize data 
by scaling each variable so that it has a mean of zero and a standard 
deviation of one. This procedure ensures that each variable contributes 
equally to the analysis. By transforming the data into a common scale, 
autoscaling improves the performance of multivariate statistical 
methods like PCA and HCA, leading to more accurate and interpretable 
results (Massart and Kaufman, 1983).

Statistical tests were performed with IBM SPSS for Windows ver. 
29.0.1.0 (IBM, International Business Machines Corporation, Armonk, 
NY, USA). Chemometric techniques such as PCA and HCA were carried 
out using Statgraphics Centurion XVIII v18.1.12 software package 
(Statgraphics Technologies, Inc., The Plains, VA, USA).

3. Results

The concentrations of toxic and essential trace elements in the liver 
and muscle of trout (expressed in mg/kg fresh weight) and also in the 
water samples (in μg/L) are presented in Figs. 2 and 3, respectively. 
Location emerged as a significant factor for most elements (except Cr), 
especially in the liver, although fish length also had a significant influ
ence on some elements (Table 2).

As anticipated, the concentrations of most toxic elements (except As 
and Hg) and essential elements (except S) were significantly higher in 
the liver than in the muscle. The most pronounced differences were 
between fish specimens collected from the lake and river relative to 
those from the fish farm. For most toxic elements (except Cr), there was 
a similar pattern of accumulation in the water and the residue levels in 
the liver. Cadmium and Ni concentrations were significantly higher in 
fish from the lake, while Al, Pb and Hg concentrations were higher in 
fish from the river. The As levels were much higher in the trout from the 
fish farm than in trout from the lake and river, although for the other 

elements, the levels of residues were always lower (for Ni and Pb the 
differences were only numerical) than in the other two groups. By 
contrast, for essential elements there was no close association between 
the concentrations of elements in the water and the liver. Except for Fe 
and Se, essential element concentrations were higher in the lake water, 
although the specimens captured there only accumulated significantly 
higher levels of Co and Cu. Hepatic Mn levels were lower in lake trout 
than in river trout, but the Mo and S levels were very similar in both 
groups. As observed for the toxic elements, the concentrations of 
essential elements were lower in trout from the fish farm than in the 
other groups of trout, especially those from the lake (for Mn, the dif
ference was only numerical).

In the muscle tissue, the pattern of accumulation of toxic elements 
closely mirrored that observed in the liver, with a strong correlation 
between both tissues for most elements (e.g. Pearson correlation coef
ficient for the concentration of As in liver and in muscle was r = 0.90 and 
for Hg, it was r = 0.92) (see the corplot presented in Fig. S1 providing a 
visual exploration on correlation matrix). The only exceptions for the 
toxic elements were Cd, and Pb, where residues were below the detec
tion limit in most samples (Cd only detected in 2 lake samples, Pb only in 
3 river samples), with no significant differences between locations. 
Chromium concentrations in this tissue did not differ significantly in the 
three locations. Considering the essential elements, the concentrations 
of Co, Cu, Fe, Se and S were significantly higher in fish captured in the 
river, although a clear association with the concentrations in the liver 
was only observed for Co (r = 0.87) and Ni (r = 0.75). In the cases of Mn 
and Zn, there were no differences between groups, whereas Mo con
centrations were only higher in the samples of fish from the river.

Fig. 4 illustrates the patterns of toxic and trace element accumulation 
in tissues relative to fish length for the elements for which this factor was 
significant. In the liver of fish captured from the lake and river, Cd, Co 
and Fe concentrations increased with fish length, while Mn concentra
tions decreased. However, these trends were not observed in trout from 
the fish farm. Both Mn and Zn concentrations in muscle tissue decreased 
with fish length across all groups.

A comprehensive chemometric analysis of the pattern of essential 
trace and toxic concentrations in fish by using PCA and HCA for the 
different tissues considered yielded interesting results. PCA was applied 
to the fifteen metals determined in the two tissues studied. The 3D- 
biplots of samples and variables for liver and muscle are shown in 
Fig. 5A and B respectively, in the space defined by the first three prin
cipal components (achieving for the 67.60% of total data variance in the 
first case of liver, and 56.76% in the case of muscle). The results were 
similar in both cases for both tissues, confirming the previous comment 
that location is a clear key for elemental profile. Samples of fish from fish 
farm, lake and river exhibited distinct patterns of metal accumulation. 
Fish farm samples constituted a homogeneous group in the 15-multidi
mensional space of the variables clearly separated from groups of lake 
and river samples. PCA revealed a strong association between As and the 
fish farm samples (see Fig. 5A and B); the association was evident in both 
tissues (although more pronounced in the liver than in the muscle) and 
can be attributed to the higher levels of As in the fish farm group, as 
previously noted. The fish from the lake and river were also different but 
not completely separate, with an evident overlap between them (more 
so in the muscle than in the liver). This result was corroborated by 
another chemometric display technique with different mathematical 
basis, i.e. cluster analysis. Application of HCA to the sets of 15 elements 
in both tissues yielded the dendrograms shown in Fig. 5C and D, for liver 
and muscle, respectively. As can be seen, the cluster profile obtained 
confirmed the previous result by PCA. Fish farm samples formed a clear 
separate and homogeneous cluster, distant from the samples in the other 
two groups. The homogeneity (high similarity between farm samples) 
can be explained by the fact that the trout in this group were all of the 
same age and they were also always fed under the same conditions. In 
other words, the factors length and origin were irrelevant in this group, 
while they were important in the fish from both the lake and the river. 

Table 2 
Summary of the statistical model used to evaluate the influence of the origin 
(lake, river and fish farms) as a main factor and fish length as a covariate on toxic 
and essential trace element accumulation in the liver and muscle of trout. Sta
tistically significant effects at P < 0.05 (*), P < 0.01 (**) and P < 0.001 (***), – 
not significant.

Liver Muscle

Origin Fish length Origin Fish length

Al F2,36 =

13.31
*** F1,36 =

1.139
– F2,36 =

4.535
* F1,36 =

0.596
–

As F2,36 =

81.54
*** F1,36 =

0.901
– F2,36 =

144.6
*** F1,36 =

0.049
–

Cd F2,36 =

10.79
*** F1,36 =

5.418
* F2,36 =

0.709
– F1,36 =

0.001
–

Cr F2,36 =

0.480
– F1,36 =

0.374
– F2,36 =

0.018
– F1,36 =

3.451
–

Ni F2,36 =

10.38
*** F1,36 =

0.000
– F2,36 =

13.00
*** F1,36 =

3.636
–

Hg F2,36 =

11.16
*** F1,36 =

2.834
– F2,36 =

13.07
*** F1,36 =

3.086
–

Pb F2,36 =

16.24
*** F1,36 =

0.147
– F2,36 =

1.315
– F1,36 =

0.956
–

Co F2,36 =

13.61
*** F1,36 =

6.096
* F2,36 =

22.09
*** F1,36 =

0.107
–

Cu F2,36 =

8.875
*** F1,36 =

2.877
– F2,36 =

8.992
*** F1,36 =

2.467
–

Fe F2,36 =

3.805
* F1,36 =

4.351
* F2,36 =

8.635
*** F1,36 =

0.869
–

Mn F2,36 =

5.488
** F1,36 =

7.430
** F2,36 =

1.654
– F1,36 =

20.21
***

Mo F2,36 =

8.730
*** F1,36 =

0.165
– F2,36 =

5.365
** F1,36 =

1.002
–

S F2,36 =

8.166
*** F1,36 =

3.139
– F2,36 =

13.69
*** F1,36 =

4.061
–

Se F2,36 =

3.761
* F1,36 =

3.647
– F2,36 =

69.16
*** F1,36 =

3.175
–

Zn F2,36 =

8.398
*** F1,36 =

0.213
– F2,36 =

5.557
** F1,36 =

15.82
***
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Table 3 
Toxic and essential trace elements concentrations in liver and muscle of trout (expressed in mg/kg fresh weight, unless indicated; dw = dry weight) from the literature.

Country Main pollution source Al As Cd Co Cr Cu Fe Hg Mn Mo Ni Pb S Se Zn

Liver
Spain Unpolluted dw 25 ​ 0.553 ​ ​ 159 553 ​ 3.4 ​ ​ ​ ​ ​ 140 Legorburu et al. (1998)

Organic pollution nd ​ 0.53 ​ ​ 130 440 ​ 2.2 ​ ​ ​ ​ ​ 210
Agricultural area dw ​ ​ 0.345 ​ ​ 31.6 ​ ​ ​ ​ ​ 1.508 ​ ​ ​ Linde et al. (1996)
Urban area ​ ​ 2.01 ​ ​ 26.0 ​ ​ ​ ​ ​ 0.635 ​ ​ ​

USA Agricultural area dw 4.39 0.4 3.88 ​ 0.67 194 445 ​ 5.2 ​ ​ nd ​ 17.9 93.9 Heiny and Tate (1997)
Norway Unpolluted ​ ​ ​ ​ 0.06 ​ 29.6 ​ ​ ​ ​ ​ ​ ​ ​ 42.8 Brotheridge et al. (1998)

Mining area ​ ​ ​ ​ 0.1 ​ 117 ​ ​ ​ ​ ​ ​ ​ ​ 60
Russia Metallurgical and mining 

industry
dw 93 0.022 5.48 0.83 ​ 176 ​ 0.24 5.6 ​ 3.23 0.29 ​ ​ 121 Moiseenko and Kudryavtseva 

(2001)
Czech 

Republic
Unpolluted ​ ​ ​ 0.117 ​ 0.0515 55.8 ​ 0.145 ​ ​ ​ 0.21 ​ ​ 30.9 Vítek et al. (2007)
Distillery industry ​ ​ ​ 0.213 ​ 0.0635 119 ​ 0.141 ​ ​ ​ 1.048 ​ ​ 33.4

Bosnia Agricultural area ​ ​ 0.076 0.144 ​ 0.142 44.0 ​ 0.284 ​ ​ ​ 1.15 ​ ​ 59.9 Has-Schön et al. (2008)
Argentina Fish farms dw ​ ​ ​ ​ ​ ​ ​ 0.4 ​ ​ ​ ​ ​ 46.3 ​ Arribére et al. (2008)
USA Mining, industrial and urban 

area
​ ​ ​ ​ ​ ​ ​ ​ 0.027 ​ ​ ​ ​ ​ 3.05 ​ Herrmann et al. (2016)

Croatia Unpolluted ​ 0.571 0.0204 0.112 0.0200 ​ 31.0 74.3 ​ 1.24 0.161 ​ ​ ​ 1.83 19.4 Dragun et al. (2018)
Urban area ​ 0.429 0.0298 0.0125 0.0530 ​ 51.9 83.8 ​ 1.32 0.135 ​ ​ ​ 2.66 18.6

Turkey Farmed ​ 2.37 ​ 0.006 0.1 6.09 77.04 120 ​ 1.02 0.7 3.33 0.06 ​ ​ 9.62 Çilingir Yeltekin and Saglamer 
(2019)Unpolluted ​ 2.66 ​ 0.02 0.22 9.33 55.6 161 ​ 1.53 1 4.66 0.04 ​ ​ 14.4

Country Main pollution source Al As Cd Co Cr Cu Fe Hg Mn Mo Ni Pb S Se Zn

Muscle
Spain Unpolluted dw ​ ​ 0.0636 ​ ​ ​ ​ ​ 0.733 ​ ​ ​ ​ ​ 21 Legorburu et al. (1998)

Organic pollution nd ​ 0.05 ​ ​ nd 24 ​ 0.5 ​ ​ ​ ​ ​ 19
Norway Unpolluted ​ ​ ​ ​ 0.02 ​ 0.52 ​ ​ ​ ​ ​ ​ ​ ​ 7.4 Brotheridge et al. (1998)

Mining activity ​ ​ ​ ​ 0.04 ​ 11.5 ​ ​ ​ ​ ​ ​ ​ ​ 20
Russia Metallurgical and mining 

industry
dw 12 nd 0.032 0.98 ​ 2.4 ​ 0.042 2.27 ​ 1.89 nd ​ ​ 34 Moiseenko and Kudryavtseva 

(2001)
Spain Agricultural activity ​ ​ 0.0557 0.0014 ​ ​ 0.446 ​ ​ ​ ​ ​ 0.0273 ​ ​ 3.97 Bordajandi et al. (2003)
Czech 

Republic
Unpolluted ​ ​ ​ 0.015 ​ 0.05 0.418 ​ 0.077 ​ ​ ​ 0.249 ​ ​ 5.081 Vítek et al. (2007)
Distillery industry ​ ​ ​ 0.0145 ​ 0.0505 0.358 ​ 0.097 ​ ​ ​ 0.646 ​ ​ 4.88

Bosnia Agricultural area ​ ​ 0.152 0.042 ​ 0.189 0.547 ​ 0.668 ​ ​ ​ 0.885 ​ ​ 41.8 Has-Schön et al. (2008)
Argentina Fish farm dw ​ ​ ​ ​ ​ ​ ​ 0.41 ​ ​ ​ ​ ​ 0.96 ​ Arribére et al. (2008)
Turkey Agricultural and industrial 

area
dw ​ ​ ​ ​ ​ ​ ​ ​ ​ ​ ​ ​ 4.7 ​ ​ Verep et al. (2012)

USA Mining industrial and urban 
area

​ ​ ​ ​ ​ ​ ​ ​ 0.0368 ​ ​ ​ ​ ​ 1.04 ​ Herrmann et al. (2016)

Turkey Farmed ​ 2.28 ​ 0.003 0.09 6.61 1.41 48.7 ​ 0.97 0.65 2.99 0.05 ​ ​ 5.01 Çilingir Yeltekin and Saglamer 
(2019)Unpolluted ​ 5.2 ​ 0.007 0.18 11.4 0.78 62.7 ​ 1.66 1.16 6.35 0.11 ​ ​ 7.54

Bhutan Urban, industrial and 
agricultural area

​ 0.557 0.023 0.005 0.03 0.241 0.335 56.5 ​ 0.088 0.013 0.119 0.046 ​ nd 0.99 Tashi et al. (2022)

nd: not detected.
nd: not detected.
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On the other hand, the noted intersect between samples from lake and 
river was also observed in the distribution of the clusters (also with a 
greater overlap in muscle than in liver).

To further investigate the associations among variables based on 
location, HCA was applied to the set of variables considered across the 
three locations: fish farm, lake and river. From this point onwards, metal 
concentrations in the liver will be primarily discussed, as the liver was 
found to be a better bioindicator, providing clearer and more easily 
interpretable information than muscle tissue. The dendrograms ob
tained from the HCA of liver data are shown in Fig. 6A–C, and different 
association patterns according to the location can be seen. In the fish 
farm (Fig. 6A), the similarity between variables is greater than for the 
other groups as conditions in this environment are stabler than in the 
lake and river. The result reveals an association between essential ele
ments that are supplemented in the diet (Mn, Cu and Zn), which are 
presented together in the cluster on the right side of the dendrogram. 
Lead appears associated with this cluster, which includes elements 
related to the diet and which may indicate a potential relationship of Pb 
with the mineral supplements supplied to the trout in the fish farm. In 
addition, elements with a pattern of renal elimination (S, Mo and Se) 
also appeared together in another single cluster. In relation to the toxic 
elements, Ni was very close to Cd, and Cr, while Hg and As were 
included in another group. In the lake samples (Fig. 6B), the distance 
between variables was higher than in the fish farm and river samples, 
with several groups of elements standing out. The first, in the cluster on 
the left, is composed of elements that are mostly present in high con
centrations only in the fish from the lake, such as Co, Ni, Cd, Cu and Se. 
The very short distance between Cu and Se may indicate that Se exerts a 

protective role. Molybdenum also appeared in this cluster, very close to 
Cd. Molybdenum is usually associated with kidney alterations, and Cd 
tends to accumulate with age in the kidney. The second cluster (in the 
middle of the dendrogram) includes high concentrations of elements, 
particularly in specimens from the river (Al, Hg and also Fe). Finally, the 
third cluster on the right, is formed by those elements with similar levels 
in specimens from the river and lake (S, Zn, As and Mn) in addition to Pb. 
In the dendrogram of samples from the river (Fig. 6C) the patterns are 
much less clear than in the previous two locations. The associations 
between Se and Hg (detoxification mechanism), S and Mo (renal elim
ination pattern) and Cr and Ni can be highlighted.

4. Discussion

Analysis of toxic and essential trace elements in the liver and muscle 
of trout captured from the As Pontes pit lake revealed concentrations 
consistent with previous findings in similar species from regions affected 
by anthropogenic activities such as mining, industrial processes and 
urban settlements (Table 3). However, comparison of our findings with 
these previous findings is challenging due to variations in detection 
limits, laboratory methodologies, sample types (wet or dry weight 
without specifying dry matter content) and differences in sizes of the 
specimens. Importantly, concentrations of toxic and essential trace ele
ments in the lake water are clearly within the limits established in the 
Spanish environmental quality standards (As: 50, Cd: 0.2, Pb: 7.2, Hg: 
0.07, Ni: 20, Cu: 22, Cr: 50, Se: 1, Zn: 200 μg/L; RD 817/2015, 2015) and 
well below those considered toxic to trout (for a detailed review, see 
Garai et al. (2021). Additionally, concentrations of toxic elements in 

Fig. 4. Scatter plots showing the pattern of toxic and trace element accumulation related to length in trout captured in the As Pontes lake ( ), the River Eume ( ) 
and the fish farm ( ).
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trout muscle comply with European Union limits for fish intended for 
human consumption (Cd: 0.050, Hg: 0.5, Pb: 0.3 mg/kg fresh weight; 
European Comission, 2023), indicating that trout caught in the As 
Pontes pit lake would be safe for human consumption.

The study findings also indicate that the previous lignite mining 
activity appears to have an influence on the metal content in the water of 
the lake and, consequently, on the accumulation of toxic and essential 
elements in the fish living in the lake. Overall, although most toxic and 
essential trace elements were found at higher concentrations in the 
specimens captured in the lake, the mineral profile is similar to that 
found in trout captured in the upper reaches of the River Eume. These 
results are consistent with those of a previous study that examined the 
historical metal content in the sediments of the Ares estuary, into which 
the River Eume flows (Álvarez-Vázquez et al., 2017). This study showed 
a clear increase in the concentration of all elements, which were found 
in higher concentrations in the fish captured in the lake than in extracts 
from 1955, corresponding with the onset of the activity in the As Pontes 
open-cast mine (Álvarez-Vázquez et al., 2017). These results indicate 
that the mineral profile of the rocks underlying the basin, relatively rich 
in these minerals, strongly influences the toxic and trace element load 
found in the lake ecosystem and the basin environment, which is very 
different from that of the river where the fish farm included in our study 
is located. The geology of the area around the River Eume, near the lake 
and the area of Muras, mainly consists of black phyllites and schistose 
phyllites, which are metamorphic rocks. The most common minerals are 
phyllosilicates containing various metals. This area is within the “Ollo 
de Sapo formation”, one of the oldest geological formations on the 
peninsula. However, the fish farm is located in a geological environment 
of castoclastic granite, an igneous rock with a different composition and 
origin than metamorphic rocks. The passage of water over the miner
alogical formations leads to the dissolution of the minerals and the 
particular composition of the water. Therefore, it is not surprising to find 
different cationic or anionic contents between the waters around the 
River Eume and the water in the River Rosende. It should be noted that 

the water in both rivers complies with the limits prescribed in the cur
rent regulations on water quality (RD 3/2023, 2023), regulations 
transposed from the Water Framework Directive (Directiva, 
2000/60/CE) and subsequent directives.

For more detailed investigation, it is important to recognize that the 
lake, of depth approximately 200 m, has established a thermocline at a 
depth of around 40 m (Juncosa et al., 2018), creating a distinct layer 
between the warmer upper water and cooler lower water. The stable 
hypolimnion, impermeabilized with clay and in direct contact with the 
mine bed, does not significantly impact the habitat for trout. Conversely, 
the epilimnion, which is regularly renewed, plays a pivotal role in the 
ecosystem (Juncosa et al., 2019). This epilimnetic layer receives water 
from specific streams of the River Eume and run-off from the mine 
dump, alongside rainfall. Thus, differences in mineral concentrations 
between the lake water and the river water may be influenced by the 
metal profile (including concentration, bioavailability, and compound 
interactions) of run-off from the mine spoil heap. Studies conducted on 
the mine dumps during the restoration process indicate that the nature 
of the spoil heaps (predominantly carbonaceous clays and slates with 
varying sulfide content) and reclamation activities (such as topsoiling 
and fly ash amendments) led to higher levels of bioavailable metals 
compared to natural soils in the area yet remain below proposed toxicity 
limits for mine soils (Monterroso et al., 1993, 1999).

Among the elements found at higher levels in the lake water, two 
patterns of variation were observed in the trout tissues. On one hand, 
elements such as Co, Cu, Cd, and Ni accumulated significantly in the 
livers of fish captured in the lake compared to those from the river, with 
both being much higher than in fish from the fish farm. Conversely, 
elements like Mn, Mo, S, and Zn were present at similar or even lower 
levels in the livers of lake fish than in specimens caught in the river. Of 
the above-mentioned elements, a higher accumulation pattern was ex
pected for the toxic elements, such as Cd and Ni, which tend to accu
mulate in organisms. However, for most essential elements, including 
Mn, Mo, S, and Zn, organisms exhibit homeostatic regulation, and when 

Fig. 5. A) Biplot of samples and variables in liver for the samples of the three locations (67.60% of total data variance). B) Biplot of samples and variables in muscle 
for the samples of the three locations (56.76% of total data variance). C) HCA dendrogram of the samples according to the metal content in liver. D) HCA dendrogram 
of the samples according to the metal content in muscle. Similarity between samples was measured on the basis of the squared Euclidean distance, and the Ward 
method was used to establish clusters.
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exposed to concentrations above physiological requirements tissue 
concentrations remain within normal values; accumulation occurs only 
when the homeostatic regulation capacity is exceeded. In fact, our re
sults are consistent with those of other studies that reported higher toxic 
residues but similar concentrations of essential trace elements in fish 
from areas affected by anthropogenic activity and control fish (Table 3). 
Among the essential trace elements, some exceptions to the general 
pattern of effective homeostatic regulation were observed. In the present 
study, accumulation of two elements, Cu and Co, was significantly 
higher in the livers of fish from the lake than in the livers of the other 
groups of fish. Unlike most terrestrial animals (excluding ruminants), 
fish have a limited ability to regulate Cu absorption when exposed to 
levels above their physiological requirements, leading to hepatic Cu 
storage (Garai et al., 2021). Similar rates of hepatic Cu accumulation in 
fish from polluted areas and in control groups are well documented 
(Table 3). Exposure to waterborne Cu induces oxidative stress responses 
in freshwater fish, leading to chronic toxicity that manifests as poor 
growth, reduced lifespan, decreased immune response and decreased 
fertility (Garai et al., 2021). Studies indicate that Cu concentrations in 
the range of 10–20 μg/L can be toxic to river trout, affecting their 

behaviour and physiology (Woody and O’Neal, 2012). Information on 
Co metabolism and accumulation in fish is more limited; however, it has 
been suggested that fish have a restricted capacity for homeostatic 
regulation of Co, which tends to accumulate with age (Mukherjee and 
Kaviraj, 2009). Our study findings corroborate this, with a clear trend 
for Co to accumulate with age in both lake and river fish, and larger 
specimens exhibiting higher Co concentrations in the liver.

Similarly to the lake, toxic elements found at higher concentrations 
in the waters of the River Eume—specifically Al, Hg, and 
Pb—accumulated at higher concentrations in the liver (and for Hg, also 
in the muscle) of trout caught in this area. The source of contamination 
is probably associated with the combustion of lignite coal in the As 
Pontes thermal power plant. The contamination of aquatic environ
ments by toxic metals such as Hg, Pb and Al near coal-fired power plants 
is well documented (Singh et al., 2022; Vig et al., 2023), highlighting the 
need for stringent environmental monitoring and regulations to protect 
ecosystems and human health. Fish from the River Eume were collected 
11 km northeast of the As Pontes thermal power plant, the area most 
affected by prevailing winds. A previous study carried out in the region 
had already shown the impact of the As Pontes chimney emissions in Hg 
exposure in cattle grazing (López Alonso et al., 2003) as far as 100 km 
downwind.

The mineral profile of fish from the fish farm was found to be very 
different from those of the fish from the lake and the River Eume, as 
demonstrated by PCA and HCA. These findings were partly anticipated 
as the river basin on which it sits (River Rosende) has a different 
geological origin, thereby conditioning a distinct profile of toxic and 
essential elements. Additionally, fish raised in fish farm systems are fed 
with unified standard diets, typically fortified with mineral supplements 
to meet nutritional requirements and often containing fishmeal as a 
source of protein, which may contain higher amounts of As than other 
raw materials (Dórea, 2006). Although the As content was higher in the 
fish farm (0.22 μg/L) than in the lake water and the River Eume 
(approximately 0.14 μg/L), it remained well below regulatory limits 
(EU, EPA, and WHO set a standard value of 10 μg/L for As in drinking 
water; for a review see Frisbie and Mitchell,2022). The significantly 
higher As residues in the liver and especially the muscle of fish from the 
fish farm can probably be explained by the As content in the feed. In this 
study, the As content in fish feed is very high (1.82 mg/kg of complete 
feed, Supplementary Table 1) due to the use of fishmeal as the primary 
source of protein. Elevated As levels in fishmeal-based feed (ranging 
from 1 to 6 mg/kg complete feed) have been reported, highlighting the 
potential for increased As accumulation in fish consuming these feeds 
compared to those fed with plant-based or other protein sources, typi
cally containing As levels well below 0.5 mg/kg (Diljkan, 2023). 
Fortunately, although farmed fish may contain higher As residues than 
most foods, the As is usually organic and exhibits low toxicity to both 
humans and animals (Dórea, 2006; Jara and Winter 2014).

Finally, it is important to highlight that two essential elements, Fe 
and Se, were detected at higher concentrations in the liver and, to a 
lesser extent, in the muscle of fish from the lake, even though their 
overall concentrations in the lake water were remarkably low. This 
discrepancy may be attributed to interactions with other elements at the 
organic level or the increased bioavailability of these elements in the 
aquatic environment. In fish, the interactions between Se and toxic el
ements are well documented, with Se playing a protective role against 
these toxic elements (Hamilton, 2004; Talas et al., 2008; Kumar et al., 
2020, 2024). One of the best-known interactions is between Se and Hg. 
Selenium plays a protective role by binding to Hg, thereby reducing the 
bioavailability and toxicity of this metal. Although this association oc
curs globally in all organisms, it is especially important in aquatic en
vironments, mitigating the accumulation of Hg in fish and providing a 
crucial defence mechanism in aquatic ecosystems exposed to Hg pollu
tion (Albuquerque et al., 2020, 2021). Although Hg exposure was low in 
the present case, an association between Se and Hg was observed in the 
liver of fish captured in the River Eume (see Fig. 6C). However, Se is 

Fig. 6. Dendrogram from HCA of the 15 elements determined in liver of fish 
from the fish farm (A), As Pontes pit lake (B) and River Eume (C). In all cases 
the similarity between variables was measured on the basis of the squared 
Euclidean distance, and the Ward method was used to establish clusters.
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closely associated with Cu in fish from the lake, clearly demonstrating 
the protective power of Se against Cu accumulation, mitigating potential 
oxidative damage caused by Cu exposure (Fig. 6B). In the fish farm, 
where the level of exposure to these elements is low, Se is associated 
with elements such as Mo and S, which share a renal excretion pattern 
(Fig. 6A). The close association between Cd and Mo in the livers of the 
lake fish could also indicate some degree of compromised renal function 
in older fish. Cadmium is known to accumulate in the kidneys, causing 
damage, and Mo, which is excreted via the kidney, has been shown to be 
an early marker of renal function (Cedeño et al., 2020). In the case of Fe, 
the cluster analysis failed to identify any clear interactions with other 
elements that could explain why hepatic Fe concentrations are signifi
cantly higher in the fish from the lake than in the lake water, in which Fe 
levels are low. However, the robust correlation with Al (Fig. 6B), which 
is also scarce in the lake water, is evident, suggesting that both elements 
would occur in a more available form. Factors such as pH, the presence 
of other contaminants, and varying levels of organic matter can enhance 
the solubility and biological availability of Fe, thus facilitating its ab
sorption by aquatic organisms (Stumm and Morgan, 1996; Cardwell 
et al., 2023). In the present study, hepatic Fe concentrations signifi
cantly increased with fish length, which may partly explain why the 
levels of Fe were significantly higher in liver of fish caught in the lake 
than in the other groups of fish.

Overall, our findings emphasize the importance of long-term 
tracking of pit lakes due to restored mine sites unique characteristics, 
while underscoring the value of fish biomonitoring to assess metal 
exposure and contamination in aquatic environments, consistent with 
several studies conducted in other aquatic habitats (Camizuli et al., 
2014; Kalantzi et al., 2019; Varol and Sünbül, 2020; Varol et al., 2022; 
Nava et al., 2023, Table 3). Furthermore, the results also highlight the 
liver as a valuable bioindicator of metal exposure. Among the analyzed 
tissues, the liver proved to be the most informative, not only because it 
accumulated higher mineral levels than muscle, as previously reported 
in the literature (Kalantzi et al., 2019; Varol and Sünbül, 2020; Varol 
et al., 2022; Varol and Kaçar, 2023), but also because it provided clearer 
and more interpretable insights when using PCA and HCA techniques.

5. Conclusions

The study revealed that mining activities in As Pontes have strongly 
impacted the aquatic ecosystem. Significantly higher concentrations of 
Cd, Ni, Co, and Cu were found in the liver of fish from the lake, probably 
due to run-off from the mine spoil heap, while increased levels of Al, Pb, 
and Hg in trout from the river can be attributed to contamination to coal 
combustion from the thermal power plant. Nonetheless, the levels of 
toxic and essential elements in the water of the pit lake and river are low, 
adhering to legal quality standards and posing no threat to aquatic life. 
The muscle tissue content of toxic and essential metals in wild fish, 
although significantly higher than those of the farmed fish, was low and 
within EU limits. The findings highlight the value of fish as effective 
markers of environmental exposure and emphasize the value of liver 
tissue analysis for assessing metal exposure. Continuous monitoring of 
the pit lake is strongly recommended to evaluate to track the long-term 
impacts of the mining activity on the aquatic ecosystem. Future research 
should also consider broader geographic and temporal scales to under
stand cumulative and systemic environmental effects, ensuring the 
sustainability of these ecosystems.
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Alonso, M., 2020. Serum concentrations of essential trace and toxic elements in 
healthy and disease-affected dogs. Animals 10, 1–12. https://doi.org/10.3390/ 
ani10061052.

Çilingir Yeltekin, A., Saglamer, E., 2019. Toxic and trace element levels in salmo trutta 
macrostigma and oncorhynchus mykiss trout raised in different environments. Pol. J. 
Environ. Stud. 28, 1613–1621. https://doi.org/10.15244/pjoes/90620.

Di Bella, G., El-Sorogy, A.S., Giacobbe, S., Nava, V., Al-Kahtany, K., Nour, H.E., 2024. 
Risk assessment of potentially toxic elements in intermittent rivers, “fiumara”, 
flowing in the Gulf of Milazzo (Sicily, Italy). Environ. Earth Sci. 83, 1–12. https:// 
doi.org/10.1007/s12665-024-11631-0.

Diljkan, M., 2023. Arsenic Speciation in Animal Feed and Feed Ingredients by ICP-MS 
and HPLC-ICP-MS Methods. The University of Bergen. Bergen (Norway). Available 
online: https://hdl.handle.net/11250/3094688.

Directiva 2000/60/CE, 2000. Directiva 2000/60/CE del Parlamento Europeo y del 
Consejo, de 23 de octubre de 2000, por la que se establece un marco comunitario de 
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Dórea, J.G., 2006. Fish meal in animal feed and human exposure to persistent 
bioaccumulative and toxic substances. J Food Prot 69, 2777–2785. https://doi.org/ 
10.4315/0362-028X-69.11.2777.
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Mazej, Z., Al Sayegh-Petkovšek, S., Pokorny, B., 2010. Heavy metal concentrations in 
food chain of Lake Velenjsko jezero, Slovenia: an artificial lake from mining. Arch. 
Environ. Contam. Toxicol. 58, 998–1007. https://doi.org/10.1007/s00244-009- 
9417-5.

Miller, L.L., Rasmussen, J.B., Palace, V.P., Sterling, G., Hontela, A., 2013. Selenium 
bioaccumulation in stocked fish as an indicator of fishery potential in pit lakes on 
reclaimed coal mines in Alberta, Canada. Environ Manage 52, 72–84. https://doi. 
org/10.1007/s00267-013-0038-4.

Moiseenko, T.I., Kudryavtseva, L.P., 2001. Trace metal accumulation and fish 
pathologies in areas affected by mining and metallurgical enterprises in the Kola 
Region, Russia. Environ. Pollut. 114, 285–297. https://doi.org/10.1016/S0269- 
7491(00)00197-4.
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