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A B S T R A C T   

The Atrato River basin was protected by Colombian law due to anthropogenic impacts, mainly from illegal gold 
mining, which triggered a critical environmental health problem. In this study we quantified mercury (Hg), 
methylmercury (MeHg) and arsenic (As) concentrations in aquatic environmental matrices, and explored for the 
first-time nuclear degenerations in fish from the Atrato River. The median concentrations (μg/kg) for T-Hg, 
MeHg and As in fish were 195.0, 175.5, and 30.0; in sediments (μg/kg) 165.5, 13.8 and 3.1; and in water (ng/L), 
154.7 for T-Hg and 2.1 for As. A 38% and 10% of the fish exceeded the WHO limit for the protection of pop-
ulations at risk (200 μg Hg/kg) and for human consumption (500 μg Hg/kg); while As concentrations were below 
the international standard (1000 μg/kg) in all fish. The percentage of MeHg was 89.7% and the highest accu-
mulation was observed in carnivorous fish (336.3 ± 245.6 μg/kg, p < 0.05) of high consumption, indicating risk 
to human health. In water, T-Hg concentrations exceeded the threshold effect value of 12 ng/L, whereas As 
concentrations were below the threshold of 10,000 ng/L, established by USEPA. On the contrary, 33% of the 
sediments exceeded the quality standard of 200 μg/kg for Hg. We found that Prochilodus magdalenae was the 
species with the highest susceptibility to nuclear alterations in its order, nuclear bud (CNB, 3.7 ± 5.4%), 
micronuclei (MN, 1.6 ± 2.5%) and binucleated cells (BC, 1.6 ± 2.3%). These results indicate that the species 
appears to be a good predictor of genotoxicity in the Atrato River. Fulton’s condition factor (K) indicated that 
31.7% of the fishes had poor growth condition, suggesting that the Atrato River basin needs to be monitored and 
restored in accordance with the agreements reached in the Minamata Convention on Mercury.   

1. Introduction 

Toxic metal pollution has been recognized as one of the global 
environmental challenges of greatest concern because it threatens 
human and wildlife (WHO, 2008). The presence of toxic metals, such as 
mercury (Hg) and metalloids such as arsenic (As), has increased 
considerably in aquatic systems around the world driven by anthropo-
genic activities such as agriculture and mining (UNEP, 2017; Wang 
et al., 2023). For Latin America and the Caribbean, it has been reported 
that small-scale artisanal mining was responsible for 29% of the Hg 
emissions released into the atmosphere in 2010. This percentage was 

equivalent to 208 tons of Hg out of the 727 tons globally, which rep-
resents a significant contamination of aquatic systems (Santana et al., 
2014). 

Globally, it is well documented that mining promotes the presence of 
Hg and As in the aquatic environment. Once these contaminants enter 
the water body they can precipitate to the bottom and accumulate in 
sediments and be present in the water column. In addition, they can 
increase their toxic potential as they react with other environmental 
constituents (Córdoba-Tovar et al., 2022; Wang et al., 2023). 

When pollution occurs in aquatic environments, fish are one of the 
main receptors of contaminants, as well as good indicators of aquatic 
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pollution. This poses a risk in terms of human and environmental health, 
since fish is one of the most widely consumed sources of protein in most 
regions of the world (FAO, 2017; Garvey, 2019; Ré et al., 2021). For 
example, per capita fish consumption in 2019 amounted to 20.9 kg 
worldwide (Shahbandeh, 2019), whereas in Latin American, Colombia 
(7.16 kg) was the third country with the highest per capita consumption 
in 2017 after Peru (25.04 kg) and Brazil (9.09) (FAO, 2017). 

In addition, it has been reported that high consumption of Hg- 
contaminated fish can increase nuclear damage in human populations 
(Galeano-Páez et al., 2021). Accumulation of toxic metal(loids) such as 
Hg and As in fish can reduce reproductive capacity, disrupt enzymatic 
processes, and substantially affect the immune system, increasing the 
risk of decline of mainly aquatic fauna (Hussain et al., 2018; Kumari 
et al., 2017). A worldwide review on the incidence of toxic metals in 
neotropicals freshwater fish indicated that Hg and As impose nuclear 
alterations ranging from the molecular level to behavioral modification 
in all life stages of the organism (Paschoalini and Bazzoli, 2021). 

Nuclear alterations in aquatic organisms have been extensively 
evaluated by means of the micronucleus (MN) count or assay, a reliable 
and simple technique that provides valuable information on nuclear 
degenerations induced by different environmental stressors (Fenech 
et al., 1999; Obiakor et al., 2010, 2021; Vicari et al., 2012). The inter-
pretation of genetic damage is the higher the frequency of the 
biomarker, the greater the DNA damage. In this sense, values higher 
than 0.3% indicate important effects in the organism (Carrola et al., 
2014; Melo-Silva et al., 2018). 

Numerous studies worldwide have reported on the effects imposed 
by toxic metal (loids) in aquatic environments mainly (Paschoalini and 
Bazzoli, 2021). However, there are knowledge gaps especially in areas 
prioritized as biodiversity hotspots such as the Atrato River basin (Abell 
et al., 2008). The Atrato watershed has been the main source of life for 
the riparian communities, but at the same time one of the most polluted 
in the region. For decades the watershed has received significant loads of 
toxic substances including Hg, which to a large extent have been prod-
ucts of economic activities including agriculture and gold mining 
(UNODC, 2016). In addition, many authors agree that human-induced 
socio-environmental impacts are often difficult to manage in devel-
oping countries, due to low investment in technologies and lack of po-
litical will to conserve biodiversity (Marrugo-Negrete et al., 2017; 

Marrugo-Negrete et al., 2018; Reid et al., 2020; UNEP, 2017; Vicari 
et al., 2012;Díez et al., 2011 ; Vörösmarty et al., 2010). 

Under this scenario, in 2016 the Atrato River was protected with 
legal rights through sentence T-622-2016 issued by the Honorable 
Constitutional Court of Colombia (HCCC, 2016). The objective of this 
research was twofold: first, to quantify metal (loids) concentrations in 
water, sediments and fish, and second, to explore for the first time ge-
netic degenerations in fish from the Atrato River. 

2. Materials and methods 

2.1. Study area 

The Atrato basin is located in the Pacific region of Colombia in the 
department of Choco. According to the most recent census of the Na-
tional Administrative Department of Statistics (DANE, for its acronym in 
Spanish), the overall population of the Atrato river basin is around 
664,000 inhabitants, with most of the population concentrated in the 
Darien sub-region (DANE, 2018). The economy of the population of the 
Atrato basin is based on activities such as mining, agriculture, timber 
exploitation and fishing, where the latter registers an average con-
sumption of 256 grams of fish per day (Salazar-Camacho et al., 2022). 
The work was carried out in five swamps in the Atrato River basin, 
hereafter referred to as stations. 

The five stations were distributed between the middle and lower part 
of the Atrato River basin as shown in Fig. 1, and were selected and 
prioritized according to the use and importance for the communities. In 
the middle part the sampling stations were La Honda (CLH), Baudocito 
(CB) and La Sucia (CLS), and in the lower part Montaño (CM) and Los 
Medios (CLM). The basin has a length of 750 km, a surface area of 
38,000 km2 and an average annual flow of 4,137 m3/s, and is the largest 
in the region. Forest and wetland ecosystems occupy 88%, agricultural 
land, pastures and urban settlements occupy 10%, and the water body 
occupies 2%. Annual rainfall in the basin ranges from 5,000 to 12,000 
mm/year and the temperature is 26 ◦C (Palomino-Ángel et al., 2019; 
Velásquez and Poveda, 2019). Morphologically, the basin has an elon-
gated synclinal shape due to a depression with sedimentary conse-
quences. The geology and deposits of chemical elements are the result of 
weathering processes induced by high rainfall and temperature. The 

Fig. 1. Geographical location of the study area and sampling stations (swamps) in the Atrato River basin, Colombia. Los Medios (CLM), Montaño (CM), Baudocito 
(CB), La Sucia (CLS) and La Honda (CLH). 
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typical geological deposits are alluvium, beach sediments and terraces 
from the quaternary. The most relevant chemical elements in the basin 
are lead (Pb), copper (Cu), chromium (Cr), manganese (Mn), titanium 
(Ti), zinc (Zn), nickel (Ni) and cobalt (Co), especially in fine bottom 
sediments with important variations in the coastal zone and in the upper 
and middle parts of the basin (INGEOMINAS, 2003). In addition, the 
watershed receives significant loads of mining waste including toxic 
metals such as Hg (UNODC, 2016). 

2.2. Collection of fish, water and sediment 

A total of 205 fish were collected, grouped into 14 genus and 15 
species. In each season, fish were collected randomly in the dry season. 
The number of fish per station were distributed as follows: CLH (n = 40), 
CB (n = 60), CLS (n = 20), CM (n = 49) and CLM (n = 36). All fish were 
caught with trammel nets directly by local fishermen. After capture, 
each specimen was locally identified and measured (total and mean 
length in cm) with a tape measure and weighed (in gram) with a digital 
weight (Pouilly et al., 2012). All fish collected were included in the 
study, as they were representative in the diet of the communities (Sal-
azar-Camacho et al., 2022). With a scalpel from each fish, a portion of 
muscle of approximately 20–40 g was removed. All samples were stored 
in polyethylene bags and frozen until they were transferred to the lab-
oratory. Taxonomic determination was done by means of illustrated 
keys, also taxa were corroborated in FishBase (2022). 

Five water samples (250 mL) were collected at each station at a depth 
of not less than 20 cm depth collected with Van Dorm polycarbonate 
bottles. All samples were acidified with nitric acid and refrigerated until 
transferred to the laboratory (Gutiérrez-Mosquera et al., 2021; Marru-
go-Negrete et al., 2015). Five sediment subsamples (0.5 kg) were 
collected with an Ekman dredge at each station at different cardinal 
points within a 2 m radius of the reference point. The samples were 
mixed until a single sample per station was obtained. The samples were 
stored in plastic bags, labeled and refrigerated until they were trans-
ferred to the laboratory (Marrugo-Negrete et al., 2015). Hg and As 
concentrations in the water samples correspond to unfiltered water. 

2.3. Mercury and arsenic determinations 

The quantification of total mercury (T-Hg) in fish and sediment 
samples was performed according to method 7473 indicated by the 
United States Environmental Protection Agency-USEPA (thermal 
decomposition, amalgamation and atomic absorption spectrometry). In 
water T-Hg concentrations were quantified by cold vapor atomic ab-
sorption spectrometry (CVAAS, Thermo Scientific iCETM 3500 - Wal-
tham, MA, USA) after digestion with dilute KMnO4–K2S2O8 solutions 
for 2 h at 95 ◦C (USEPA, 1994). In fish, methylmercury (MeHg) con-
centrations were quantified following the methods EUR-25830 (Cor-
deiro et al., 2013) and EPA 7473 (USEPA, 1998). For MeHg 
measurement in sediment samples the methods EUR-25830 (Cordeiro 
et al., 2013), EPA 7473 (USEPA, 1998) and DMA 80 TriCell Milestone 
Inc., Italy (Maggi et al., 2009) were followed. 

As concentrations were determined by hydride generation atomic 
absorption spectroscopy (HGAAS, SM3114B, Thermo Scientific iCETM 
3500 - Waltham, MA, USA), with prior microwave-assisted acid diges-
tion according to EPA method 3051 A for sediments (USEPA, 2007b), 
EPA 3015 A for waters (USEPA, 2007a) and AOAC method 999.11 for 
fish (AOAC, 2005). The precision/quality control of the method was 
performed using a certified National Research Council of Canada 
(NRCC) DORM-2 dogfish muscle standard. The percent recovery of T-Hg 
was 99.6 ± 0.2% (n = 3), and the detection limit (LOD) (3 μg/kg) was 
calculated as three times the standard deviation of a series of blank 
samples (n = 10). For MeHg the percentage recovery was 99.6 ± 3.7% 
(n = 3) with a LOD of 16 μg/kg. For quality control for As, calibration 
curves were constructed with R2>0.998, with a LOD of 60 μg/kg for 
fish, 1 ng/L for water and 49.66 μg/kg for sediment. Accuracy was 

evaluated using the reference material DORM-4 “Fish Protein Certified 
Reference Material for Trace Metals and other Constituents” recovering 
6.81 ± 0.34 mg/kg of AsT (% recovery = 99.1%) with an RSD of 5.8%, 
being within the acceptance limits of the material (6.87 ± 0.44 mg/kg). 
Concentrations of T-Hg, MeHg and As were expressed in μg/kg ww of 
fish (ppb) and analyzed in duplicate (Marrugo-Negrete et al., 2015, 
2020; Olivero-Verbel et al., 2016). 

The distribution of Hg and As in environmental compartments in the 
Atrato river basin was evaluated through the partition or distribution 
coefficient (Kd) for Hg and As in sediments and water. This was 
expressed as the ratio between the concentrations of the metal in the 
solid phase and the aqueous phase. Its interpretation is based on the fact 
that low values of Kd indicate a greater degree of metal bias for the 
phase, while high values suggest a greater preference for the solid phase. 
In both matrices the units of measurement were converted to milligrams 
per liter (water) and milligrams per gram (sediment) to balance the 
coefficient ratio (Allison and Allison, 2005). 

2.4. Micronucleus assay 

Blood was smeared on microscope slides from each fish and three 
blood smears were performed per fish. The slides were cleaned with 
acetic acid and dried at room temperature for 3 h before spreading. The 
slides together with the blood sample were fixed with 99% methanol for 
1 min and allowed to air dry for 10 min. After this time the slides were 
stained with Giemsa stain for 10 min. The slides were then washed with 
distilled water and left to dry at room temperature for 12 h (Hussain 
et al., 2018; Melo-Silva et al., 2018; Obiakor et al., 2014). 

In the laboratory nuclear abnormality counting was performed on 
2000 red blood cells using an optical microscope (Olympus BX43) and a 
100x objective with 505–560 nm/objective filter under immersion oil. A 
total of 43 fish were examined randomly among the five stations, 33 in 
the middle part of the basin and 10 in the lower part for a total of 86,000 
erythrocytes/fish (Calao-Ramos et al., 2021; Ré et al., 2021). Nuclear 
abnormalities including micronuclei (MN), binucleated cells (BC) and 
cells with nuclear bud (CNB) were used as evidence of cytotoxicity in 
fish (Obiakor et al., 2014; Ré et al., 2021). 

The frequency for each anomaly was evaluated by dividing the 
number of micronucleated erythrocytes by the total number of eryth-
rocytes examined multiplied by 100 (Obiakor et al., 2021). The inter-
pretation of genetic damage is that the higher the frequency of the 
biomarker, the greater the DNA damage. In this sense, values higher 
than 0.3% indicate important effects in the organism (Carrola et al., 
2014; Melo-Silva et al., 2018). Additionally, we used the weight (in g) 
and length (in cm) data of the fish under study to calculate the Fulton 
condition factor, which estimates fish welfare from the ratio (K = 100 
W/L3). A value of K ≥ 1 suggests a good growth condition or health of 
the organisms, while a K < 1 indicates a poor growth condition. This 
factor is a useful tool because it can easily be used as an indicator of the 
impact of pollution on aquatic systems (Froese, 2006; Nash et al., 2006). 

However, it is worth mentioning that when evaluating the Fulton 
condition factor in Amazonian and/or tropical fish, the values can be 
affected by seasonal variations, partly because the food supply varies 
greatly with respect to the seasonal period (Famoofo and Abdul, 2020; 
Froese, 2006). 

2.5. Statistical analysis 

The normality of the data was tested using normal probability plots. 
We assigned half of the value to the metal (loids) concentrations below 
the detection limit to properly perform the statistical analyses. A 
Shapiro-Wilk test was used for data sets <30 and a Kolmogorov-Smirnov 
test was used for data sets >30. A Mann-Whitney (U) test was used to 
determine differences between median T-Hg concentrations between 
stations according to their location in the Atrato River basin, i.e., lower 
and middle part. The same test was used to explore differences in T-Hg 
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concentrations among fish when grouped according to their life form or 
feeding zone (e.g., pelagic, benthic and benthopelagic). Additionally, to 
reinforce any difference found, the effect of sample size was tested using 
the Hedges (g) hypothesis test (Hedges, 1981). A Kruskal-Wallis test was 
also used to determine differences in T-Hg concentrations among all 
stations, accompanied by a Dunn’s post hoc test for multiple 
comparisons. 

The degree of association between T-Hg and As concentrations and 
biometric variables (e.g., weight and length) of the fish was analyzed by 
Pearson’s correlation; in this case, the data were transformed to loga-
rithm with base 10. The concentrations of the metal (loids) in sediment 
and water were also logarithmically transformed to improve the 
graphical display only. A principal component analysis (PCA) was per-
formed to explain possible associations between the concentrations of 
the contaminants evaluated in their aqueous and solid form with the 
concentrations found in the fish collected (Walters et al., 2017). A 
Spearman correlation between T-Hg and As concentrations and the 
percentage (%) of anomaly formation found in fish was used (Calao-R-
amos et al., 2021). Statistical reporting included mean and median 
values, and for the level of statistical significance a probability of p ≤
0.05 was set. GraphPad Prisma (version 8.0) and Statgraphics (centurion 
XVI. I) were the statistical programs used for statistical analyses. 

3. Results 

3.1. Fish abundance and trophic grouping 

Prochilodus magdalenae was the most abundant species within the 
total sample with 134 individuals (Table S1). The highest number of fish 
was collected at station CB (60 individuals, 29.3% of the total sample) 
and the lowest number at station CLS (20 individuals, 9.8% of the total 
sample). 

According to FishBase (2022) of the 15 species, six were carnivorous, 
three detritivorous, two omnivorous, two omnivorous with a carnivo-
rous tendency and two piscivorous. According to life form, the fish were 
grouped in percentage order into benthopelagic (89.8%), pelagic (9.8%) 
and benthic (0.4%), and two species were also found in the vulnerable 
category (Table S1). The trophic level of the fish ranged from 2.0 to 4.5. 
Carnivorous species were better represented within the overall sample 
(10 species; 66.7%) as opposed to non-carnivorous species (five species; 
33.3%). 

3.2. Total T-Hg and MeHg concentrations in fish muscle 

The median T-Hg concentrations for all muscle samples analyzed, 
and the biometric characteristics of the fish are summarized in Table 1. 
Excluding species with n = 1, Sternopygus aequilabiatus (522.6 ± 139.6 
μg/kg) and Ageneiosus pardalis (517.9 ± 129.6 μg/kg) were the two 
species with the highest T-Hg concentration, and Leporinus muyscorum 
(81.9 ± 67.7 μg/kg) and Cyphocharax magdalenae (78.3 ± 31.1 μg/kg) 
showed the lowest. T-Hg concentrations in fish collected at station CB 
(234.9 ± 151.4 μg/kg, p < 0.05) were statistically significantly different 
from those found at the other stations. We also observed that values in 
the middle part stations were statistically different and significant 
(209.0 ± 158.6 μg/kg, p < 0.05) vs. those in the lower part stations 
(Table S2). Of the total fish samples analyzed, 10% (21 individuals) 
exceeded the limit (Fig. 2) of allowable mercury concentrations for 
population protection set at 500 μg/kg (WHO, 1990) and 38% (78 in-
dividuals) exceeded the reference value for vulnerable or at-risk popu-
lation set at 200 μg/kg (WHO, 2008). The remaining 52% (106 

Table 1 
Total mercury concentrations (T-Hg, median, standard deviation μg/kg, range) and biometric characteristics (TL = total length cm) and weight (W = weight in grams) 
of fish collected in swamps connected to the Atrato River basin, Colombia.  

Scientific name Common name n Diet* Trophic level T-Hg median TL median ± SD Range W median ± SD Range 

Ctenolucius beani Agujeta 2 C 4.0 420.7 ± 123.9 (333.1–508.3) 22.5 ± 2.1(21.0–24.0) 57.5 ± 3.5 (55.0–60.0) 
Cathorops melanopus Bagre blanco 1 C 4.3 357 43 643 
Pseudopimelodus schultzi Bagre sapo 2 C 3.7 516.5 ± 7.04 (511.5–521.5) 46.0 ± 4.2 (43.0–49.0) 614.0 ± 676.0 (136.0–1092) 
Rhamdia quelen Barbudo 7 OC 3.9 347.7 ± 249.3 (98.6–841.7) 32.0 ± 1.2(30.0–34.0) 251.0 ± 41.2 (203.0–295.0) 
Sternopygus aequilabiatus Beringo 3 C 3.2 522.6 ± 139.6 (305.4–566.1) 59.0 ± 5.7 (56.0–67.0) 355.0 ± 107.5 (250.0–465.0) 
Prochilodus magdalenae Bocachico 134 D 2.2 165.2 ± 88.9 (15.6–377.7) 27.0 ± 1.9 (22.0–34.0) 195.0 ± 52.9 (117.0–466.0) 
Colossoma macropomum Cachama 1 O 2.0 668.1 94 15.5 
Trachelyopterus fisheri Caga 9 P 3.5 90.3 ± 148.0 (62.9–473.7) 20.0 ± 2.9 (17.0–25.0) 66.0 ± 53.3 (36.0–180.0) 
Leporinus muyscorum Dentón 4 O 2.2 81.9 ± 67.7 (56.3–205.0) 34.0 ± 1.7 (33.0–37.0) 402.5 ± 91.1 (323.0–534.0) 
Ageneiosus pardalis Doncella 9 P 3.8 517.9 ± 129.6 (278.1–714.1) 23.0 ± 18.1 (20.0–67.0) 80.0 ± 737.8 (52.0–231) 
Hemiancistrus wilsoni Guacuco corroma 1 D 2.2 6.1 23 115 
Cyphocharax magdalenae Jojorro 7 D 2.0 78.3 ± 31.1 (60.1–136.6) 17.0 ± 0.5 (16.0–17.0) 60.0 ± 4.5 (54.0–68.0) 
Caquetaia kraussii Mojarra amarilla 2 OC 3.4 337.6 ± 126.4 (248.2–426.9) 21.5 ± 0.7 (21.0–22.0) 163.0 ± 39.6 (135.0–191.0) 
Caquetaia umbrifera Mojarra negra 12 C 3.8 459.6 ± 469.7 (88.8–1876) 23.0 ± 1.3 (25.0–20.0) 195.0 ± 34.1 (129.0–256.0) 
Hoplias malabaricus Quicharo 11 C 4.5 422.7 ± 151.4 (125.4–551.7) 34.4 ± 2.3 (30.0–37.0) 352.0 ± 151.4 (226.0–560.0) 
Total  205   195.0 ± 181.0 (6.1–1876) 27.0 ± 8.4 (16–94) 195.0 ± 1084 (36–155) 

Diet* = feeding habits: C = carnivore, O = omnivore, OC = omnivore with a tendency to carnivore, P = piscivore and D = detritivore. The information level trophic and 
diet was obtained from FishBase (https://fishbase.in/search.php). 

Fig. 2. T-Hg concentrations in fish collected in swamps of the Atrato River 
basin, Colombia. The dashed line refers to the thresholds recommended by 
FAO/WHO. 
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individuals) were between 6.1 and 199.7 μg/kg. 
We found a weak positive relationship between T-Hg concentrations, 

total length and standard length, and a null relationship between T-Hg 
concentrations and fish weight (Fig. S1). We found a positive and sig-
nificant relationship between T-Hg concentrations and trophic level, 
indicating that trophic level was a relevant descriptor in explaining Hg 
variations in fish by 54% (Fig. S2). Results of MeHg in fish are presented 
in Table 2. The percentage of MeHg vs. T-Hg was 89.7%, furthermore 
the MeHg accumulation was higher and significant in carnivorous fish 
(336.3 ± 245.6 μg/kg, p < 0.05) compared to non-carnivorous fish 
(135.3 ± 81.4 μg/kg). In addition, T-Hg and MeHg concentrations 
showed a strong and statistically significant positive relationship (r2 =

0.996, p < 0.05). Fish life form showed statistically significant differ-
ences in the level of T-Hg accumulation, i.e., scores in pelagics (median: 
375.7; range: 62.9) were higher than those observed in benthopelagics 
(median: 184.8; range: 15.6), U = 111, p = 0.03, g: 0.94. 

3.3. Total arsenic concentrations in fish muscle 

The median As concentrations fish was 30.0 ± 36.8 μg/kg, being 
C. beani the species with the highest concentrations 167.5 ± 62.1 μg/kg. 
None of the fish samples (Table S3) analyzed reached concentrations 
equal to or above the maximum permitted value for human consumption 
established at 1000 μg/kg (FAO/WHO, 2002). Concentrations of As 
showed a positive relationship with the trophic level of the fish (r2 =

0.16, p < 0.05). When we compared As concentrations between seasons, 
fish life form and biometric characteristics we did not observe signifi-
cant differences (p > 0.05). 

3.4. Total Hg and as concentrations in water and sediments 

At the stations in the middle part of the basin, the pH varied between 
5.0-6.0 and 5.1–6.7 for the lower part, indicating moderately acidic 
waters. These values were within the normal ranges established in the 
Colombian environmental regulations for the preservation of aquatic 
biota (Decreto 3930, 2010). The behavior of T-Hg, MeHg and As con-
centrations in sediment and water samples collected at the five stations 
in the Atrato River is summarized in Fig. 3. Overall, metal (loids) con-
centrations in sediment ranged from 56.8 to 287.6 T-Hg μg/kg, 5.0–32.5 
MeHg μg/kg and 2.6–3.5 As μg/kg with average concentrations of 165.5 
± 67.4 T-Hg μg/kg, 13.8 ± 9.1 MeHg μg/kg and 3.1 ± 0.2 As μg/kg. A 
33.3% of the sediment samples (Fig. 3a) exceeded the sediment quality 
guideline of 200 μg/kg (USEPA, 2000). The MeHg and T-Hg ratio in 
sediment ranged from 3.6 to 13.67% with an average of 7.81%. In water, 
T-Hg concentrations ranged from 5 to 331 ng/L and 0.5–4.5 ng/L for As 
with an average of 154.7 ± 116.5 ng/L for T-Hg and 2.1 ± 1.1 ng/L for 
As (Fig. 3b). 60% of the water samples collected exceeded the 2000 ng/L 
threshold for T-Hg (USEPA, 1992), while As concentrations did not 
exceed the 10,000 ng/L threshold (WHO, 2001). However, median T-Hg 
concentrations in waters from the middle part of the basin were signif-
icantly different with respect to those found in the lower part (256.8 ±

Table 2 
Methylmercury concentrations (MeHg, median ± standard deviation, in μg/kg, 
range) and percentages (range and median ± standard deviation) in fish 
collected in swamps connected to the Atrato River basin, Colombia.  

Scientific name n Trophic 
level 

MeHg 
median ±
SD 

% 
MeHg 

Range 

Ctenolucius beani 2 4.0 384.3 ±
117.7 

91.2 ±
1.1 

90.4–92.0 

Cathorops 
melanopus 

1 4.3 275.7 77.2 – 

Pseudopimelodus 
schultzi 

2 3.7 465.5 ± 3.9 90.1 ±
0.4 

89.8–90.5 

Rhamdia quelen 7 3.9 287.1 ±
195.9 

82.6 ±
7.7 

73.2–94.1 

Sternopygus 
aequilabiatus 

3 3.2 470.3 ±
137.0 

90.0 ±
5.5 

84.2–90.5 

Prochilodus 
magdalenae 

134 2.2 142.7 ±
81.7 

90.3 ±
6.1 

75.4–102.4 

Colossoma 
macropomum 

1 2.0 547.6 82.0 – 

Trachelyopterus 
fisheri 

9 3.5 83.1 ±
137.3 

86.1 ±
5.8 

79.6–96.4 

Leporinus 
muyscorum 

4 2.2 76.6 ± 61.1 89.0 ±
7.0 

79.3–96.6 

Ageneiosus pardalis 9 3.8 475.0 ±
113.2 

93.8 ±
5.8 

81.2–97.8 

Hemiancistrus 
wilsoni 

1 2.2 5.3 86.1 – 

Cyphocharax 
magdalenae 

7 2.0 75.0 ± 26.5 88.2 ±
6.2 

79.8–95.8 

Caquetaia kraussii 12 3.4 320.9 ±
122.2 

94.9 ±
0.6 

95.4–95.5 

Caquetaia umbrifera 2 3.8 379.6 ±
423.0 

86.6 ±
6.0 

75.0–92.1 

Hoplias malabaricus 11 4.5 323.1 ±
132.1 

91.3 ±
8.5 

70.4–97.0 

Total 205  175.5 ±
181.0 

89.7 ±
6.3 

70.4–102.4  
Fig. 3. Distribution of metal concentrations in water and sediment samples 
collected in different stations in the Atrato River basin, Colombia. The dashed 
line indicates the quality value of 200 μg/kg (USEPA, 2000). 
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52.0 ng/L, p < 0.05). 

3.5. Principal component analysis 

As shown in Fig. S4 the PCA explained 68.8% of the total variability 
of Hg and As concentrations found in fish. The PCA analysis also sug-
gests that the concentrations of Hg and As in fish were largely associated 
with the concentrations of both contaminants in their sediment and 
aqueous phase. 

3.6. Fulton’s condition factor and nuclear abnormalities 

Fulton’s condition factor (K) for all fish ranged from 0.1 to 1.8 with 
an average of (1.0 ± 0.27). A 68.8% of the fish (140 individuals) 
exhibited a value of K ≥ 1 indicating good health condition, whereas the 
remaining percentage 31.7% (65 individuals) suggest a poor health 
status. Stations CB (0.9 ± 0.1) and CLS (0.8 ± 0.1) contributed the 
highest number of fish with K < 1 values. Non-carnivorous species (K =
1.1, p < 0.05) showed a significantly better K factor than carnivorous 
species (K = 0.9). Additionally, the effect size test revealed that scores in 
non-carnivorous fish (median: 1.10; range: 0.8) were higher than those 
observed in carnivorous fish (median: 0.90; range: 0.1), U = 315, p =
0.03, g: 0.73, thus reinforcing the thesis that feeding habits have a strong 
effect on the health condition of fish when exposed to contaminated 
environments. CNB was the nuclear anomaly with greater frecuency 
with 79 observations (5.2 ± 5.7%) followed by MN (3.5 ± 2.4%), and 
BC (2.8 ± 2.3%) both with 43 observations among total 33 fishes 
sampled at the medium part of the river basin. P. magdalenae was the 
most sensitive species for all anomalies evaluated MN (1.6 ± 2.5%), 
CNB (3.7 ± 5.4%) and BC (1.6 ± 2.3%) in contrast to the rest of the fish 
analyzed (Table S4, Fig. 4). No alterations were evident among the total 
(10) fish examined in the lower part of the basin. However, it is striking 
that fish collected in the middle waters, where T-Hg levels in fish were 
higher, showed nuclear degeneration compared to fish collected in low 
waters. This suspicion suggests further research to help decipher more 
clearly the toxic agents responsible for nuclear degeneration in fish of 
the Atrato River basin. We know that in addition to Hg and As 
contamination, other xenobiotics (e.g., insecticides, pesticides) could be 
causing genetic damage in the aquatic biota of the Atrato basin, which 
means that for now, the contaminants responsible for the nuclear al-
terations in the fish of the basin remain undeciphered. 

4. Discussion 

4.1. Mercury species and as concentrations in fish 

Among the fish collected (n = 205), a 10.2% exceeded the WHO 
maximum permissible value 500 μg/kg, (WHO, 1990), and it is not 
recommended for human consumption, whereas a 38.0% showed con-
centrations above 200 μg/kg (WHO, 2008), unsuitable for consumption 
by vulnerable populations, i.e., children under 15 years of age and 
pregnant women. The highest T-Hg concentrations were recorded in 
S. aequilabiatus (522.6 ± 139.6 μg/kg) and A. pardalis (517.9 ± 129.6 
μg/kg). Additionally, carnivorous species including C. umbrifera, 
H. malabaricus and C. kraussii recorded higher concentrations with 
respect to non-carnivorous species (Table 1). 

Previous studies in the Atrato River have shown that carnivorous 
species, including the species mentioned above, tend to have statistically 
significant T-Hg contents with respect to non-carnivorous species (Pal-
acios-Torres et al., 2018; Salazar-Camacho et al., 2021). A recent work 
carried out in abandoned ponds at the same region, indicated similar 
trends (Gutiérrez-Mosquera et al., 2021). 

T-Hg concentrations (375.7 μg/kg) in pelagic fish were different and 
significant (p < 0.05) when compared to those found in benthopelagic 
fish (184.8 μg/kg). These results suggested that part of the differences in 
Hg contents in fish are due to the lifestyle of the organisms. In that sense, 
Hg could be readily bioavailable to fish at the base of the benthic food 
chain (Lavoie et al., 2010). High Hg contents in pelagic organisms can be 
attributed to the interactions and complexity of benthic food webs 
(Arcagni et al., 2017; Muto et al., 2014). A summary of T-Hg concen-
trations in fish belonging to the same species analyzed in this study, from 
the same study area and other parts of the world is presented in Table 3. 

T-Hg concentrations were higher in fish collected in the middle part 
(209.0 μg/kg, p < 0.05) as opposed to fish collected in the lower part of 
the Atrato River basin. In the study area, this behavior has been reported 
previously, with higher T-Hg concentrations in the middle part of the 
basin. These variations could be attributed to the association of Hg with 
particulate matter in the upper watershed, and also to the transport of 
contaminated sediment from upper watershed where mining is most 
intensively practiced (Palacios-Torres et al., 2018; Salazar-Camacho 
et al., 2021). 

Hg and As concentrations in fish in the Atrato River appear to be 
related to availability in water and sediment. The PCA indicated that 
both environmental matrices may be acting as a potential source of 
contamination, suggesting that Hg and As may be readily available for 
uptake by fish. Both contaminants when present in the water column can 
be readily absorbed by the muscle tissues of organisms through the 
digestion process (Williams et al., 2010; Wang et al., 2023). In 

Fig. 4. Microscopic capture of micronucleus and other nuclear abnormalities in P. magdalenae species, a = micronucleated cells (MN), b = binucleated cells (BC) and 
c = cells with nuclear buds (CNB). 
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particular, in the aquatic environment inorganic As is absorbed by or-
ganisms, and then methylated to organic forms through different 
removal pathways that return arsenic to the water column, i.e., organic 
As concentrations may increase, due to the microbial activity present in 
the water (Azizur Rahman et al., 2012). 

4.2. Mercury species and as concentrations in sediment and water 

As participated with higher content in sediment compared to Hg, 
while Hg had higher content in water (154.7 T-Hg ng/L) with respect to 
As contents in the same matrix (2.1 ng/L). Although the concentrations 
for both elements were low in both matrices (water and sediment), the 
PCA results suggested that sediments could be one of the main sources of 
contamination in the ecosystems investigated. Additionally, the As 
contents in sediments were consistent with those reported in a previous 
study conducted in the same area (Palacios-Torres et al., 2020). The 
percentages of MeHg in sediments play a critical indicator role in pre-
dicting the bioavailability of Hg in aquatic media and in the water col-
umn, indicating that Hg would be readily bioavailable in plankton 
(Walters et al., 2017). In this same line, the fact that here the concen-
trations of Hg in water exceeded the threshold effect value, shows that 
contamination by this metal could impose toxic effects on aquatic biota 
(USEPA, 1992). 

Here the MeHg and T-Hg ratio in sediment ranged from 3.6 to 13.7% 
with an average in concentrations of 7.82 μg/kg, which indicated that 
sediments could be acting as a relevant environmental descriptor of Hg 
concentrations in fish throughout the Atrato River basin (Gallego et al., 
2018; Palacios-Torres et al., 2018; Salazar-Camacho et al., 2021). A 
recent study in the study area analyzed this metalloid in 1732 fish 
samples and none exceeded this value (Salazar-Camacho et al., 2022), 
even though, detection As in some aquatic matrices is a clear evidence of 
As pollution that can get worse over time (Palacios-Torres et al., 2020; 
Salazar-Camacho et al., 2022). 

4.3. Distribution coefficients in sediment and water 

The Kd determination values suggested that both contaminants Hg 
and As had a strong preference tendency for the solid phase despite low 
concentrations. In this study, the relationship between T-Hg and As 
concentrations in water and sediment for the five stations studied yiel-
ded a Kd of 67 and 79 for T-Hg and As, respectively (Fig. S3). We also 
observed a clear association between metal (loids) concentrations found 
in fish and aqueous and solid concentrations, indicating that both con-
taminants were readily available for uptake by fish. In addition, water 
and sediments could be two common sources of contamination (Melake 
et al., 2022; Walters et al., 2017). 

In that sense, monitoring variations in concentrations as a function of 
annual season (i.e., winter and summer) could help to reduce un-
certainties in estimating health risk (Allison and Allison, 2005), as the 
mobilization, distribution and accumulation of metals may be subject to 
physicochemical and biogeochemical conditions of the particular envi-
ronment (Cui and Jing, 2019; Mukherjee et al., 2014; Paschoalini and 
Bazzoli, 2021). In general, Kd values for Hg when logarithmically 
transformed in aquatic environments (e.g., lakes, rivers and streams) 
show an average variation between 4.2 and 6.9 (suspended material/-
water), 3.8–6.0 (sediment/water) and 2.2–5.8 (soil/water) globally 
(Allison and Allison, 2005). In addition, at low pH Hg tends to solubilize 
and adsorb as pH increases. Also, low pH can favor the formation of 
inorganic Hg at the solid-aqueous interface, i.e., sediment-water (Win-
frey and Rudd, 1990). In this sense, Kd values can be affected by 
physicochemical factors including pH (Allison and Allison, 2005). 

4.4. Growth condition and genotoxic effects in fish 

The average value of the Fulton’s condition factor (K) (1.0 ± 0.27) 
suggests that fish have good growth condition. However, values of K ≥ 1 
were observed in 68% of the fish. The remaining percentage (32%) 
showed a K < 1, indicating that the fish were not in good growth 

Table 3 
Summary of T-Hg (μg/kg) concentrations in different fish of the same species examined in the same study area and in different parts of the world.  

Scientific name n Environment Departament Country T-Hg Rerefence 

Ageneiosus pardalis 57 Atrato River Choco Colombia 678.5 Salazar-Camacho et al. (2021)  
23 Atrato River Choco Colombia 950.0 Palacios-Torres et al. (2018) 

Ctenolucius beani 28 Atrato River Choco Colombia 270.9 Salazar-Camacho et al. (2021) 
Caquetaia kraussii 85 Atrato River Choco Colombia 218.0 Salazar-Camacho et al. (2021)  

44 Atrato River Choco Colombia 240.0 Palacios-Torres et al. (2018)  
2 Las Marías River – Venezuela 1020.0 Kwon et al., 2012 

Cyphocharax magdalenae 18 Atrato River Choco Colombia 32.0 Salazar-Camacho et al. (2021)  
23 Atrato River Choco Colombia 60.0 Palacios-Torres et al. (2018) 

Pseudopimelodus schultzi 22 Atrato River Choco Colombia 432.7 Salazar-Camacho et al. (2021) 
Leporinus muyscorum 42 Atrato River Choco Colombia 116.7 Salazar-Camacho et al. (2021) 
Prochilodus magdalenae 135 Atrato River Choco Colombia 93.1 Salazar-Camacho et al. (2021)  

26 Atrato River Choco Colombia 140.0 Palacios-Torres et al. (2018) 
Rhamdia quelen 76 Atrato River Choco Colombia 145.8 Salazar-Camacho et al. (2021)  

2 Las Marías River – Venezuela 370,0 Kwon et al., 2012 
Hoplias malabaricus 87 Atrato River Choco Colombia 401.4 Salazar-Camacho et al. (2021)  

46 Atrato River Choco Colombia 620.0 Palacios-Torres et al. (2018)  
5 Caquetá River Amazonas Colombia 720.0 Olivero-Verbel et al. (2016)  
11 Ayapel swamp Cordoba Colombia 840.0 Marrugo-Negrete et al. (2018)  
10 Urrá reservoir Cordoba Colombia 138.0 Marrugo-Negrete et al., 2015  
14 Itenez River – Bolivia 128.0 Pouilly et al. (2012)  
68 Madeira River – Brazil 240.5 Bastos et al., 2015  
51 Madeira River – Brazil 548.0 Bastos et al., 2007  
2 Río Las marías – Venezuela 1130.0 Kumari et al., 2017 

Ageneiosus pardalis 9 Swamp, Atrato River Choco Colombia 517.9 This study 
Ctenolucius beani 2 Swamp, Atrato River Choco Colombia 420.7 This study 
Caquetaia kraussii 2 Swamp, Atrato River Choco Colombia 337.6 This study 
Cyphocharax magdalenae 7 Swamp, Atrato River Choco Colombia 78.3 This study 
Pseudopimelodus schultzi 2 Swamp, Atrato River Choco Colombia 516.5 This study 
Leporinus muyscorum 4 Swamp, Atrato River Choco Colombia 81.9 This study 
Prochilodus magdalenae 134 Swamp, Atrato River Choco Colombia 165.2 This study 
Rhamdia quelen 7 Swamp, Atrato River Choco Colombia 347.7 This study 
Hoplias malabaricus 11 Swamp, Atrato River Choco Colombia 422.7 This study  
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condition. Non carnivorous fish showed significantly (K = 1.1, p < 0.05) 
better growth condition compared to carnivorous fish (K = 0.9). The 
poor growth condition of fish suggests low fat deposition attributed to 
reduced food abundance and increased physiological demands for en-
ergy resources (De Jonge et al., 2015). 

In this sense, the Fulton condition factor provides valuable infor-
mation on fish welfare. It assumes that heavier individuals of a given 
length may exhibit better health conditions. However, species welfare 
can be affected by many factors including habitat, physicochemical 
conditions and seasonal variations at a given site (Froese, 2006; Oyebola 
et al., 2022). In addition, low K values could be an indicator of 
contamination, since it has been reported that in polluted places K 
values tend to decrease substantially. This could be attributed to the 
increased metabolic rate and increased fat metabolism by the organism, 
which is induced by the toxic action of a given pollutant (Javed and 
Usmani, 2019). 

In relation to genetic damage, Hg for example, favors genetic insta-
bility by the loss of chromosomal fragments leading to the formation of 
micronuclei, which has been evidenced in humans (Galeano-Páez et al., 
2021) and animals, mainly in fish (Hovhannisyan et al., 2017; Hussain 
et al., 2018). In that sense, changes and damage to genetic material in 
living organisms can be easily evidenced by counting cellular abnor-
malities including MN, CNB and BC. In addition, cellular alterations can 
be a clear evidence of organisms’ response to the effects induced by toxic 
pollutants (Ahmad et al., 2008; Carrola et al., 2014; Hovhannisyan et al., 
2017; Melo-Silva et al., 2018; Ré et al., 2021). 

In our study, the micronucleus test helped in the determination of 
nuclear alterations in fish, despite not having established a robust 
design. Among the nuclear abnormalities, CNB had the highest occur-
rence in the total recount, followed by MN and BC both with the same 
number of observations. In general, all nuclear abnormalities reflected 
significant damage to the genetic code in the fish examined. Between the 
two species where genotoxic effects were clearly observed, 
P. magdalenae showed the highest MN formation (2.5%). 

Similar results were reported in the Magdalena River basin, where 
P. magdalenae (0.23 ± 0.30%) showed higher MN formation compared 
to Pimelodus blochii (0.07 ± 0.11%). Moreover, these percentages were 
higher in sites highly contaminated with metals compared to other sites 
(Ortegon-Torres et al., 2014). According to worldwide research, per-
centages of MN, CNB and BC ≥ 0.3% reflect significant genotoxic effects 
in organisms (Carrola et al., 2014; Melo-Silva et al., 2018). In 
H. malabaricus and Prochilodus nigricans in the Madeira River, Brazil, 
higher %MN (1.8%) have been reported in Hg-contaminated sites 
compared to non-contaminated sites (0.01%), which could be a clear 
evidence of the responsibility of impact of Hg in the genetic alteration of 
fish (Porto et al., 2005). However, genetic damage in fish induced by 
toxic metal (loids) such as Hg is related to the time of exposure and the 
level of bioaccumulation of the contaminant (García-Medina et al., 
2017; Vicari et al., 2012). 

Another thesis of particular importance in freshwater fish is the fact 
that genetic damage from metals, including Hg, has also been associated 
with toxicant-induced oxidative stress (García-Medina et al., 2017; Sil-
vados et al., 2021). The occurrence of MN in fish of high importance in 
rural areas can be a useful tool in estimating and predicting the health 
risk associated with the consumption of fish in poor health conditions 
(Obiakor et al., 2014), because high average intakes of fish including 
H. malabaricus and C. kraussii have been shown to have a strong rela-
tionship with cytogenetic instability (e.g., %MN and %BC) in human 
populations (Galeano-Páez et al., 2021). Under this scenario, the ri-
parian population adjacent to the study area could exhibit genotoxic 
effects, since the aforementioned species and others such as 
P. magdalenae, A. pardalis, R. quelen and P. schultzi are highly consumed 
in the region (Salazar-Camacho et al., 2022). 

5. Conclusions 

T-Hg, MeHg and As contents were analyzed in different environ-
mental matrices at different stations in the Atrato River basin, and we 
found that T-Hg concentrations in fish, especially carnivorous species 
exceeded the reference values established by world health authorities, 
while As concentrations were below the threshold for fish. When we 
grouped the stations according to their location in the basin, T-Hg 
concentrations were statistically different in the middle part compared 
to the stations in the lower part of the Atrato River basin. The MeHg 
content found in fish suggests that the most toxic Hg species has a wide 
participation in the Atrato River basin increasing the risk to human 
health and aquatic fauna. Although there was no evidence of a rela-
tionship between T-Hg and As concentrations and genotoxic effects in 
fish, the micronucleus test revealed high percentages in the three cate-
gories of nuclear anomalies evaluated, indicating that fish show signif-
icant genotoxic damage due to environmental contamination. In 
addition, the species P. magdalenae appears to be an excellent sentinel to 
indicate environmental genotoxicity in the Atrato River basin. To our 
knowledge, this is the first research exploring genotoxic effects in 
aquatic environments in the region. These results, in particular, are 
important because they encourage the scientific community in the re-
gion to develop future research that will be more concerned with deci-
phering the toxic agents responsible for genetic degeneration in the 
organisms of the Atrato basin, since for the moment they remain hidden. 
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