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Abstract 1 

This study was carried out in the Atrato River basin, a tropical ecosystem in 2 

northwestern Colombia, highly impacted by gold mining. The aim of this study was 3 

to show how these activities have deteriorated the quality of fish species, and how 4 

their intensity has influenced the distribution of mercury (Hg) pollution in the Atrato 5 

River basin. Results showed that total mercury (THg, n=842) ranged between 32 ± 6 

53 µg kg-1 (Cyphocharax magdalenae) and 678.5 ± 345 µg kg-1 (Agneiosus 7 

pardalis); 38% of the samples exceeded the WHO limit for the protection of 8 

populations at risk, and 15% surpassed the WHO maximum limit of THg in fish for 9 

human consumption. A significant positive correlation (p<0.001) was found 10 

between THg with total fish length and trophic level, indicating bioaccumulation and 11 

biomagnification of mercury in fish, respectively. Using the non-migratory and 12 

carnivorous fish species Hoplias malabaricus and Caquetaia kraussii, Hg 13 

contamination was found distributed from high mining activity zones (Rio Quito, 14 

Medio Atrato, and Murindó & Vigía del Fuerte - upstream zones) to low activity 15 

areas (Rio Sucio & Carmen del Darién, and Ciénaga de Ungía & Tumaradó - 16 

downstream zones). In the first-ever performed methylmercury (MeHg) 17 

measurements in 520 fish muscle samples analyzed from the Atrato River basin, a 18 

high MeHg/THg ratio (91% of the THg) in species such as A. pardalis and H. 19 

malabaricus were recorded. Results indicated that the environment and the fish 20 

species in the Atrato River basin had been greatly affected by gold mining activities 21 

practiced on the river and its tributaries. Therefore, environmental authorities must 22 

take protection measures for the inhabitants of the area as well as for the 23 

environment.  24 
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  25 

1. Introduction 26 

Mercury (Hg) is a ubiquitous metal found naturally or as a result of anthropogenic 27 

activities. It can be found in the environment in different chemical forms without 28 

biochemical and physiological functions in living organisms; therefore, exposure to 29 

this metal is a toxicological concern (Díez, 2009; Bjørklund et al., 2017). Gold 30 

extraction by amalgamation with mercury is the largest direct Hg contamination 31 

source worldwide for both land and water (UNEP, 2013). Studies estimate that 32 

artisanal and small-scale gold mining (ASGM) emits about 880 tonnes of Hg per 33 

year (Kocman et al., 2017; Obrist et al., 2018). Of this amount, approximately 40% 34 

of the Hg released is presumably sequestered at the site rather than traveling in 35 

rivers to the ocean (Streets et al., 2017). In this context, currently, ASGM activity 36 

has polluted soils, water, and aquatic and terrestrial organisms with mercury, 37 

producing adverse health effects in human beings. In anoxic environments and by 38 

the action of microorganisms, a substantial part of this Hg could be transformed to 39 

methylmercury (MeHg), one of the most toxic chemical species of Hg. This 40 

compound can bioaccumulate in living organisms such as freshwater fish in higher 41 

concentrations than what is allowed by the United States Environmental Protection 42 

Agency (300 µg kg-1) and the World Health Organization (500 µg kg-1) for human 43 

consumption. 44 

Colombia is one of the countries with the highest per capita Hg pollution in the 45 

world as a result of gold mining, with annual Hg emissions as high as 150 46 

tonnes/year (Cordy et al., 2011). As a result of this intense mining activity, many 47 

Colombian natural ecosystems, mainly freshwater sources, have been 48 
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contaminated, registering serious pollution problems (Marrugo–Negrete et al., 49 

2010, 2013; Kono et al., 2012; Gracia et al., 2010; Salazar–Camacho et al., 2017). 50 

In the state of Chocó, gold extraction is an activity with high social, economic, and 51 

mostly environmental impact. It produces 28 tonnes of gold per year, consuming 52 

up to 24 tonnes of Hg for its extraction (UPME, 2014), placing it as the second Hg 53 

consumer nationwide. This activity is carried out near essential water sources such 54 

as the Atrato River and its tributaries, establishing the exploitation sites in the 55 

margins of the water bodies. The wastes of this operation are directly or indirectly 56 

discharged to the water column, contaminating sediments (Palacios–Torres et al., 57 

2018; Gutiérrez–Mosquera et al., 2020). However, despite being one of the regions 58 

that use most of the Hg for gold mining, and understanding the threat that Hg 59 

represents to natural environments and the biota associated with them (Salazar–60 

Camacho et al., 2017; Palacios–Torres et al., 2018; Gutiérrez–Mosquera et al., 61 

2020), there are few studies on the impact of this practice in the biota of the Atrato 62 

River basin, one of the most biodiverse tropical ecosystems in Colombia and the 63 

world. In this sense, it is of utmost importance to carry out research that reports, for 64 

the first time, the concentrations of MeHg in several fish species throughout this 65 

central basin, to establish later the environmental impacts and possible adverse 66 

effects on the inhabitants of these areas. It would also constitute a starting point to 67 

comply with the article 19b of the Minamata Convention (UNEP, 2017) and 68 

Sentence T-622 of the Colombian Constitutional Court in 2016 (Corte 69 

Constitucional de Colombia, 2016), which gave the Atrato River basin the Subject 70 

of Right status and ordered environmental and public health studies to be 71 

performed to know the impacts caused by this mining activity in the basin. 72 
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Accordingly, the aims of this work were (1) to show how gold mining activities have 73 

deteriorated the quality of the freshwater biota, specifically fish species in the 74 

Atrato river basin, (2) to demonstrate that the distribution of Hg pollution depends 75 

on the intensity with which these activities have been carried out in each zone of 76 

the basin, and (3) to record for the first time, MeHg concentrations in fish species in 77 

one of the richest and most biodiverse wildlife ecosystems in the world. 78 

 79 

2. Materials and methods  80 

2.1. Study area 81 

The Atrato River is the largest lotic ecosystem found in the Colombian Pacific 82 

region, located in the state of Chocó (Fig. 1). This river is born in the western 83 

region of the Andes mountain range at 3,800 m above sea level and flows into of 84 

Gulf of Urabá. The basin has an area of 35,700-36,400 km², a length of 750 km, a 85 

variable width between 150 to 500 m, and an average depth of 31 to 38 m. The 86 

basin is mostly flat and is mainly covered by forests and wetland marshes (88%), 87 

agricultural lands, pastures and urban settlements (10%), and water bodies (2%) 88 

(Palomino et al., 2019a). Typically, farms and urban centers settle in the proximity 89 

of its banks and along its extensive watercourse. With an annual average 90 

temperature of 26 °C, the basin has a mean annual precipitation of 5,000 mm/year, 91 

but reaching up to 12,000 mm/year in the upper basin (Palomino et al., 2019b; 92 

Velásquez and Poveda, 2019). Thus, it is one of the rainiest areas of the world 93 

(UNODOC, 2016). Its average flow is approximately 4,137 m³/s, i.e., it is one of the 94 

most abundant rivers worldwide.  95 
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The Atrato River receives Hg waste inputs not only from activities on its 96 

watercourse but also from its tributaries. Among these, the Quito and Neguá rivers, 97 

which carry gold mining residues from the most extensive mining zone in the state 98 

of Chocó and where Hg has contaminated the ecosystems, are highlighted 99 

(UNODOC, 2016). The most important economic activities among the inhabitants 100 

of the Atrato River basin are agriculture, cattle farming, and fishing. 101 

This research was carried out in five zones of the tropical geographic basin of the 102 

Atrato River, as follows: 1: Rio Quito (RQ), 2: Medio Atrato (MA), 3: Riosucio & 103 

Carmen del Darién (RS), 4: Murindó & Vigía del Fuerte (MVF), and 5: Ciénaga de 104 

Unguía & Tumaradó (CUT). These zones are located in the states of Chocó and 105 

Antioquia in western Colombia, in a tropical rainforest area with continuous rainfall 106 

throughout the year (Fig. 1). The zones were distributed from those with the 107 

highest mining activity (upstream zones: RQ, MA, and MVF) to those with the least 108 

activity (downstream zones: RS, and CUT) on the Atrato River. 109 

 110 

2.2. Sampling collection 111 

Fish samples were collected by fishers using trammel-net, cast nets, fishing pens, 112 

and fishing rods, during several fishing campaigns in the study zones between 113 

April and December 2019. The fish species caught are representative of the ones 114 

typically consumed by the inhabitants of the regions and are present in the fishery 115 

throughout the year. All the fish collected were measured, and a portion of the 116 

dorsal muscle of approximately 20-50 g was cut out with a knife. All samples were 117 

immediately packed in polyethylene bags, stored and frozen until total mercury 118 
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(THg) and methylmercury (MeHg) were measured (UNEP, 1990). The fish species 119 

were identified using specialized classification keys (Fishbase, 2020).  120 

 121 

2.3. Analysis of mercury species 122 

For THg analysis, approximately 0.02 g of lyophilized sample was weighed and 123 

introduced into a direct mercury analyzer (DMA-80 TRICELL, Milestone Inc., Italy) 124 

as stated by the EPA method 7473 (EPA, 1998). Quality control was performed 125 

using a certified standard DORM-2 dogfish muscle (4.46 ± 0.25 µg g-1) from 126 

NRCC. The recovery percentage for THg was 99.6 ± 0.2% (n = 3). The detection 127 

limit calculated as three times the standard deviation of the blank was 0.003 µg g-1, 128 

and the quantification limit, calculated by multiplying the standard deviation by ten 129 

(Marrugo-Negrete et al., 2020), was 0.01 µg g-1.  130 

MeHg quantification was carried out by digesting approximately 0.2-0.3 g of fresh 131 

fish in a 50 mL centrifuge tube with 10.0 mL of hydrobromic acid using manual 132 

shaking. Then, 20 mL of toluene was added, and the resulting mixture was 133 

vigorously stirred for 2 min. Subsequently, the mixture was centrifuged for 10 min 134 

at 3,000 rpm, and then, 15 mL from the upper organic phase was extracted several 135 

times into 50 mL tubes containing 6.0 mL of 1% L-cysteine solution. Finally, an 136 

aliquot of 100 µL of the aqueous phase was injected into a direct mercury analyzer 137 

(Cordeiro et al., 2013). Quality control was carried out in triplicate using a certified 138 

standard dogfish muscle CRM DORM-2 (4.47 ± 0.32 µg g-1). The recovery 139 

percentage for MeHg was 99.0 ± 3.7% (n = 3), the detection limit was 0.007 µg g-1, 140 

and the quantification limit was 0.023 µg g-1. The THg and MeHg concentrations 141 
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were reported in µg kg-1 of wet weight (ww). Fish samples analyses for THg and 142 

MeHg were done in duplicate. 143 

 144 

2.4 The bioindicator species H. malabaricus and C. kraussii. 145 

Before starting inter-zone comparisons, aspects as total length distribution 146 

between study zones, number of samples, and migratory habits of the fish species 147 

were evaluated (Table S1). After this evaluation, the species selected as indicators 148 

to describe the distribution of Hg in the Atrato River basin were H. malabaricus and 149 

C. kraussii. Total length data for H. malabaricus were evaluated with the Kruskal-150 

Wallis (KW) test to verify if there are no significant differences between the studied 151 

zones, obtaining a p-value of < 0.0001. Due to this, to achieve a KW value that 152 

would show that there were no significant differences, the samples with total length 153 

values lower than 27 cm were removed (Tables S2 to S6), obtaining a KW value of 154 

0.1139. For C. kraussii, all samples were used (KW > 0.05, Table S1). This 155 

homogeneous length distribution between the five zones leads to assuming that 156 

mercury concentration variations in fish are mainly related to Hg contamination in 157 

the basin. H. malabaricus is a piscivorous fish that belongs to the Erythinidae 158 

family, and C. kraussii of the Cichlidae family, is an omnivore fish with a tendency 159 

to become carnivorous. Both species have a sedentary lifestyle, moving mainly to 160 

catch prey (Lucas and Baras, 2001). H. malabaricus and C. kraussii are among the 161 

species with the highest catch percentage in this study (Table 1), and are among 162 

other species, the most appreciated for consumption by the local population. This 163 

allows the use of these species and other fishes coming from the Atrato River 164 

Jo
urn

al 
Pre-

pro
of



basin, to perform a consumption risk assessment for humans. All these 165 

characteristics make these fish species good bioindicators of mercury pollution.  166 

 167 

2.5. Data analysis 168 

Kolmogorov-Smirnov (n ≥ 50) and Shapiro-Wilk (n < 50) tests were used to assess 169 

whether data followed or not a normal distribution. The Kruskal-Wallis test was 170 

employed to evaluate the differences between fish muscle concentrations 171 

according to the assessed zones. A Wilcoxon test was used for already 172 

established differences in THg contents between carnivorous and non-carnivorous 173 

fish species. Spearman’s test was performed to evaluate the correlation between 174 

THg, MeHg, and total fish length, as well as between THg and trophic level. A 175 

simple linear regression was carried out to establish the relationship between THg 176 

and trophic level. A p-value of 0.05 was chosen to indicate statistical significance. 177 

THg and MeHg concentrations were expressed as µg THg and MeHg/kg ww of 178 

fish. The statistical analyzes were carried out using the R Project statistical 179 

program version 3.6.1. 180 

 181 

3. Results   182 

3.1. Mercury speciation in fish 183 

3.1.1. Total mercury concentrations in fish muscle 184 

The THg concentrations and trophic level of species collected during the study in 185 

the Atrato River basin are shown in Table 1 and Figure S1. According to the 186 

Fishbase (2020) classification, 16 fish species were collected. Of these, three were 187 

piscivorous (167 individuals; 20% of the sample), four carnivorous (86 individuals; 188 
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10% of the sample), four omnivorous with a tendency to become carnivorous (259 189 

individuals; 31% of the sample), one omnivorous with a preference for fish and 190 

plant material (41 individuals; 5% of the sample), one omnivorous (42 individuals; 191 

5% of the sample), and three were detritivorous (247 individuals; 29% of the 192 

sample). The most frequently collected species were Hoplias malabaricus (10%), 193 

Caquetaia kraussi, Astyanax fasciatus (10%), and Rhamdia quelen (9%). Of the 194 

detritivorous species, the most frequently collected were Prochilodus magdalenae 195 

(16%) and Hypostomus hondae (11%). According to fishers, these species are 196 

among the most commonly consumed in the Atrato River basin. Among the fish 197 

samples analyzed, the lowest concentration was found in the detritivorous species 198 

Cyphocharax magdalenae (32±53 µg kg-1), and the highest concentration was 199 

registered in the piscivorous species Ageneiosus pardalis (679±345 µg kg-1). Of 200 

the total number of fish samples analyzed for THg, 38% (321 individuals; 302 with 201 

carnivorous and 19 with non-carnivorous habits) exceeded the limit for populations 202 

at risk (set in 200 µg kg-1) (WHO, 2008). Of these, 15% (125 individuals, 121 with 203 

carnivorous and 4 with non-carnivorous habits) surpassed the maximum 204 

recommended limit for human consumption (established in 500 µg kg-1) (WHO, 205 

1990).  206 

 207 

For each sampling site, the number of fish samples analyzed, the median THg 208 

concentrations, the standard deviations, and the concentration ranges are given in 209 

Tables S2 to S6. In the RQ zone, the highest median concentration was found in 210 

the species C. beani (301 ± 399 µg kg-1), and the lowest median concentration was 211 

observed in C. magdalenae (27 ± 6, Table S2). In the MA, MVF, RS, and CUT 212 
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zones, the highest median concentrations were recorded for A. pardalis (755 ± 637 213 

µg kg-1, 757 ± 268 µg kg-1, 596 ± 217 µg kg-1, and 235 ± 272 µg kg-1, respectively, 214 

Tables S3 to S6), and the lowest median concentrations were exhibited by P. 215 

magdalenae (85 ± 27 µg kg-1) in MA, A. pulcher (33 ± 4 µg kg-1) in MVF, H. hondae 216 

(26.96 ± 37.97 µg kg-1) in RS, and C. magdalenae (27 ± 5 µg kg-1) in CUT. These 217 

results reflect the high variability in THg concentrations in fish collected in the five 218 

zones assessed of the Atrato River basin. THg concentrations in fish samples for 219 

individual species within each studied region are shown in Figure S2. The zones 220 

with most fish species exceeding the WHO limits for THg (WHO, 1990; 2008) were 221 

MVF and RS, each with seven species; MA followed with six species, and RQ with 222 

four species, with concentrations ranging from 213 ± 134 µg kg-1 to 1,002 ± 487 µg 223 

kg-1. On the other hand, the CUT zone showed the lowest number with two species 224 

and THg values ranging from 203 ± 17 µg kg-1 to 235 ± 272 µg kg-1. All species in 225 

the zones mentioned above have carnivorous feeding habits. Fish species with 226 

high THg concentrations relative to fish consumption criteria collected in a higher 227 

number of zones were A. pardalis, H. malabaricus, and Ctenolucius beani in four 228 

zones, and Trachelyopterus fisheri, and C. kraussi in three zones. 229 

Pseudopimelodus schultzi only appeared in two zones and with high THg 230 

concentrations.  231 

 232 

3.1.2. Methylmercury concentrations in fish muscle 233 

Methylmercury was analyzed in 520 fish samples (340 species with carnivorous 234 

and 180 with non-carnivorous habits), and the results are summarized in Table 2. 235 

For carnivorous fish, the median MeHg concentration value was 189 ± 331 µg kg-1 236 
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(92 ± 5% of THg in a range of 73-99%), and for non-carnivorous fish, the value was 237 

much lower, i.e., 66 ± 9 µg kg-1 (85 ± 7% of THg in a range of 68-97%). The 238 

median MeHg concentration for all samples was 127 ± 294 µg kg-1 (91 ± 6% of 239 

THg in a range of 68 to 99%). This last result indicates that mercury, in its organic 240 

form, was the predominant type in muscle tissue of fish collected from the Atrato 241 

River basin. For 520 of the samples analyzed, a significant positive correlation was 242 

found between THg and MeHg concentrations (R = 0.999, p < 0.001, Fig. S3). 243 

 244 

3.1.3. Relationship between THg, MeHg, and total fish length 245 

Spearman’s correlations were performed to analyze the association between THg, 246 

MeHg, and total fish length (Tables S7 to S11). In the RQ zone, the fish species H. 247 

malabaricus, C. kraussii, and P. magdalenae showed the highest and significant 248 

correlations (0.843–0.893, Table S7). In the MA zone, this behavior was found in 249 

H. malabaricus, C. kraussii, A. pardalis, and A. fasciatus (0.828 – 0.960, Table S8); 250 

in the MVF zone, this tendency was exhibited by R. quelen and H. hondae (0.828–251 

0.934, respectively, Table S9), and in the Rs zone, the tendency was registered in 252 

A. fasciatus and R.quelen (0.830 – 0.945, respectively, Table S10). In the CUT 253 

zone, no significant associations were found between these variables (Table S11). 254 

When data by species were pooled, Andinoacara pulcher, Ctenolucius beani, 255 

Sternopygus macrurus, and T. fisheri recorded the highest and a significant 256 

correlation coefficient (0.722-0.783, Table 3). These results show the influence of 257 

the environmental conditions at the sampling location. When data from all species 258 

were pooled, a positive and significant correlation was obtained between THg 259 

concentration and total fish length (R = 0.495, p < 0.001).  260 
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 261 

A significant and positive correlation was found between THg and total length for 262 

species with carnivorous and non-carnivorous habits; nonetheless, the highest 263 

correlation value was recorded for those with carnivorous habits (R = 0.586, p < 264 

0.0001 vs. R = 0.392, p < 0.0001). The graph inside Fig. S1 shows normalized THg 265 

levels by size. In this figure, the increase of THg with size in non-carnivorous 266 

species is lower, ranging from 2.2 µg kg-1 cm-1 in C. magdalenae to 3.7 µg kg-1 cm-
267 

1 in Leporinus muyscorum (ratio of 1.6). On the contrary, the variation was higher in 268 

carnivorous fish ranging from 4.2 µg kg-1 cm-1 in S. macrurus to 20.6 µg kg-1 cm-1 in 269 

Ageneiosus pardalis (ratio of 4.9). All fish species from the different zones 270 

evaluated showed significant differences in the median THg concentration (p < 271 

0.0001) and also in the distribution of total body length in all five zones (p < 272 

0.0001). A positive relationship was found between THg and the trophic level for all 273 

samples (Fig. 2). Besides, a significant and positive correlation was found between 274 

THg and the trophic level (R = 0.60, p < 0.001, Fig. 2). However, the R2 value was 275 

low, indicating that the trophic level was not the most significant descriptor for 276 

explaining the variability in THg concentration in fishes of the Atrato River basin. It 277 

alone explained 20% of the variability, suggesting that total length or feeding habits 278 

could be better descriptors. 279 

 280 

4. Discussion  281 

In this work, the THg and MeHg concentrations were registered in different fish 282 

species collected in five zones of the Atrato River basin, and their relationship with 283 

the trophic level and total fish length was assessed to establish the potential risk to 284 
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the environment and also to human health (from fish consumption). Although the 285 

mean THg concentration in fish was below the established limits for protected 286 

populations at risk (i.e., 200 µg kg-1), including pregnant women, children under 15 287 

years of age, and frequent fish-consuming populations (WHO, 2008), and below 288 

the maximum level (i.e., 500 µg kg-1) that should be present in fish for human 289 

consumption (WHO, 1990), concentrations as high as 875 µg kg-1 for non-290 

carnivorous species and extremely high as 3,113 µg kg-1 for carnivorous species 291 

were also registered. The highest THg concentration measured was found in a 292 

specimen of P. schultzi (3,113 µg kg-1). The median concentrations of THg in five 293 

carnivorous species (S. macrurus > R. quelen > A. fasciatus > A. pulcher > P. 294 

punctatus) were low, while in the other seven species (A. pardalis > P. schultzi > H. 295 

malabaricus > T. fisheri > C. beani > Caquetaia umbrifera > C. kraussi), these 296 

values were high. One species that surpassed the maximum limit was A. pardalis. 297 

All the non-carnivorous species showed values below this limit (Fig. S1 and Table 298 

1). This behavior agrees with previous studies, and have shown to be independent 299 

of the sampling site (Marrugo-Negrete et al., 2008, 2020; Lacerda et al., 2014; 300 

Rivera et al., 2016; Lino et al., 2018, 2019; Buck et al., 2019). In this sense, and 301 

considering that 38% of the samples exceed the limit for populations at risk, the 302 

results found indicates that mercury levels in fish of the Atrato River basin are high. 303 

THg values in fish muscle in the current study are similar, lower, or higher 304 

compared to other zones exposed to mercury pollution by artisanal and small-scale 305 

gold mining (ASGM) (Table S12) in Colombia and around the world (Barbosa et al., 306 

2003; Rivera et al., 2016; Marrugo-Negrete et al., 2018).  307 
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Studies in tropical ecosystems impacted by ASGM, such as the Caqueta River in 308 

the Colombian Amazon, found that carnivorous species such as H. malabaricus 309 

(0.72 μg kg-1) had concentrations between 0.10 and 1.60 μg kg-1 (Olivero-Verbel et 310 

al., 2016). Similarly, in the Madeira River, a tributary of the Amazon River basin, 311 

observations have shown that fish with carnivorous and piscivorous habits 312 

presented THg concentrations between 51–1,242 μg kg-1; further, species such as 313 

H. malabaricus exhibited a range of 150.74–469.11 μg kg-1 (Bastos et al., 2015). In 314 

comparison with an exploratory study carried out in 2016 in some locations of the 315 

Atrato River, where only seven species where analyzed, a similar trend was found. 316 

In this work, C. umbrifera, C, krausii, and P. punctatus were close to, or exceeded 317 

200 µg kg-1, i.e., the limit for populations at risk (WHO, 2008); meanwhile, H. 318 

malabaricus, R. quelen, A. pardalis, and P. schultzi exceeded 500 µg kg-1, i.e., the 319 

maximum recommended limit for human consumption. Finally, L. muyscorum and 320 

P. magdalenae showed values below both limits (Palacios-Torres et al., 2018).  321 

 322 

4.1. Spatial distribution along the Atrato River 323 

  324 

H. malabaricus and C. kraussii were the species selected to describe the spatial 325 

behavior of Hg concentration in the Atrato River basin. H. malabaricus is a species 326 

that can be found in the tropical and subtropical zones of America from Costa Rica 327 

to Argentina (Berra, 2007). Its wide distribution makes it an interesting bioindicator 328 

species of freshwater sources contamination, just like other carnivorous and 329 

sedentary species of the same genus, such as H. aimara, used as a bioindicator to 330 

assess the spatial distribution of Hg in 134 sites on the main rivers in Guiana using 331 
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575 fish species samples (Maury et al., 2020). Thanks to H. aimara, these authors 332 

demonstrated that Hg was not homogeneously distributed along each river. On the 333 

other hand, Caquetaia kraussii has a more discrete distribution. This species is 334 

found in South America, mainly in watersheds of Colombia and Venezuela (Berra, 335 

2007). However, its characteristics make it a potential bioindicator species of 336 

contamination by Hg in freshwater sources. 337 

 338 

The graphical spatial behavior of Hg concentrations is shown in figures 3 and S2. 339 

These figures represent a visual estimation of risk levels that the population of the 340 

Atrato River basin is exposed to when consuming carnivorous species, mainly. The 341 

results show that the median Hg concentrations in fish between the five zones are 342 

statistically different (KW < 0.05, Table S1). The distribution is first recorded with a 343 

decrease in Hg concentrations between the zones RQ and MA; then, it increases 344 

to a maximum value between MA and MVF (RQ to MVF, upstream zones with 345 

higher mining activities) to finally descend again from MVF to CUT, reaching the 346 

lowest mercury values of the basin in the CUT zone (RS and CUT, downstream 347 

zones with lower mining activities) (Figure 1). This high variability of Hg 348 

concentrations between the five studied zones is caused by the intensity with 349 

which deforestation and gold mining have been carried out in each zone. The RQ 350 

zone, for example, is an area where tree logging and mining activities have been 351 

developed considerably since the late nineties on the banks of the Atrato River and 352 

its main tributaries, such as the Quito and the Andágueda rivers. These tributaries 353 

flow into the Atrato River in the municipality of Lloró, another town strongly affected 354 

by gold mining activities (UNODOC, 2016). These extractive activities, in turn, 355 
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generated extensive areas of degraded soils, modifications of the Quito River bed 356 

(including streams and tributary rivers), and a high sedimentation load. Median Hg 357 

concentrations in fish were 607 ± 366 µg kg-1 for H. malabaricus and 246 ± 163 µg 358 

kg-1 for C. kraussii (Table S2). In contrast, in the MA zone, tree logging and mining 359 

activities have been developed to a lesser extent in areas not immediately close to 360 

the Atrato River, such as RQ. In this zone, gold mining extraction activities 361 

increased significantly in the last decade, mainly in the tributaries of the Atrato 362 

River, such as the Bebará, Babaramá, and Neguá rivers (UNODOC, 2016). This 363 

suggests that most of the mercury is associated with particulate material at this 364 

point of the Atrato River compared with the RQ zone. Additionally, sediments 365 

transported from RQ would also explain the Hg concentrations found in fish from 366 

the MA zone (Fig. S2 – Table S3). Mercury levels in this zone were lower than in 367 

the RQ zone (530 ± 362  µg kg-1 for H. malabaricus and 136.60 ± 132.80  µg kg-1 368 

for C. kraussii, Table S3) due to dilution factors by the transport of sediments from 369 

the Atrato River and its tributaries until the MA zone. The MVF zone is comprised 370 

of two municipalities located in the Uraba region in Antioquia, the state with the 371 

highest gold production by ASGM in Colombia. Deforestation activities on the 372 

Atrato basin were less intensive in MVF compared to the two previously mentioned 373 

zones. Moreover, Medium and large-scale gold production occur in the Murindó 374 

and Murrí rivers, tributaries of the Atrato River (UNODOC, 2016; SSSPSA, 2018). 375 

Activities over these rivers began in the 1970s, using large amounts of mercury to 376 

separate the gold. Since then, the wastes, which initially reached these rivers, 377 

ended in the Atrato River. Due to the high mining activity, inhabitants of the MVF 378 

area were included as part of the nine prioritized municipalities for mercury 379 
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contamination studies in urine in the state of Antioquia. The results show that MVF 380 

is one of the two zones with the highest number of contaminated persons 381 

(SSSPSA, 2018). Therefore, in MVF, Hg contents in fish can be associated with 382 

high loads of Hg present in suspended particulate material from the Murindó and 383 

Murrí rivers and runoff and sediment transport from the RQ and MA zones to the 384 

MVF zone. Mercury levels in this zone were highest for the basin (663 ± 93  µg kg-1 385 

for H. malabaricus and 483 ± 194  µg kg-1 for C. kraussii, Table S4). Riosucio & 386 

Cármen del Darién (RS) is the zone with the most recent mining titles for the 387 

exploitation of gold in the Bajo Atrato region (UNODOC, 2016). These were 388 

granted to private companies in the first decade of the 2000s, and others were 389 

requested in the second decade. Here, mining activities were developed in the 390 

Curvaradó and Jiguamiandó rivers, tributaries of the Atrato River, but to a lesser 391 

extent than in the other zones. Therefore, in RS, Hg contents in fish can be 392 

associated with Hg suspended particulate material from these tributaries, and for 393 

runoff and sediment transport from the RQ, MA, and MVF zones. Mercury levels in 394 

this zone were lower than in MVF (169 ± 191  µg kg-1 for H. malabaricus and 126 ± 395 

58  µg kg-1 for C. kraussii, Table S5). Finally, mining activities on a significant scale 396 

have not yet occurred in the CUT zone. Although Hg-polluting wastes reached the 397 

entrances that connect the Atrato River with the CUT marshes, these have to travel 398 

a long away to get to the marshes where fish samples were collected. The 399 

suspended particulate material that contains Hg gradually settles on the way, and 400 

the amount that reaches the marshes is low. This is the reason why Hg 401 

concentrations in the CUT area were lower compared to the other zones (360 ± 402 
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201 µg kg-1 for H. malabaricus, and 257 ± 193  µg kg-1 for C. kraussii, Fig S2 – 403 

Table S6).  404 

 405 

Another critical aspect of the distribution, but in this case, also of the species 406 

number, are the migration periods. In the Atrato basin, migrations show two 407 

phases: (1) "rise" between December and April, and the (2) "advance" between 408 

July and August. The rise is comprised of a period between December and 409 

February, when the fish migrate from the swamps located in the lower basin to the 410 

upper basin, and a subsequent period between March and April, when spawning 411 

and fertilization take place. At the end of April, the fish return to the swamps of the 412 

lower basin. The “advance” phase registers the movement of fish from the swamps 413 

towards the central channel of the Atrato River, and is less abundant than the “rise” 414 

(Zapata and Usma, 2013). This could be the reason why in the RS zone, the 415 

highest amount of fish samples was caught (Table S13). Fish sample collection in 416 

the current study began in April in the CUT zone (downstream) towards the RQ 417 

zone (upstream) in the opposite direction to the downriver migratory process of the 418 

fishes, a factor that joint to the damage caused to the basin by mining activities, 419 

may have influenced the number of species caught per zone. Zapata and Usma 420 

(2013) argue that during these phases, the predominant species is P. magdalenae, 421 

consistent with our results (Table 1). 422 

 423 

4.2. Percentage of methylmercury in fish 424 

Studies have found that the MeHg fraction of THg concentrations in fish samples 425 

ranged from 85 to 97%, but these can be as low as 43-48% (Jin et al., 2006) or 28-426 
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65% (Mason et al., 2006). Percentages of MeHg in fish muscle found in the current 427 

study are similar to the ones reported in the Tapajós River basin in Brazil, where 428 

percentages of MeHg between 86-94% were found (Lino et al., 2019), and also 429 

with the results reported in fish species of the Mojana region (74-96% of MeHg), 430 

the most extensive floodplain in Colombia (Marrugo-Negrete et al., 2008; 2020). In 431 

this study, MeHg contents were three times higher for carnivorous fish (located at 432 

the top of the food chain) compared to the non-carnivorous ones, and according to 433 

the literature, this result is indicative of mercury biomagnification in the local fauna 434 

(Marrugo-Negrete et al., 2008) (Fig. 2); in this sense, carnivorous species are the 435 

most efficient MeHg bioacumulators (Fig. S1). As MeHg was the predominant form 436 

of mercury in the fish samples of the current study, fish consumption, especially 437 

carnivorous species, should be as low as possible. Finally, THg and the trophic 438 

level was positively related (Fig. 2), indicating Hg biomagnification within of aquatic 439 

food chain in the Atrato River basin. This behavior has been observed in fish 440 

species around the world (Marrugo-Negrete et al., 2015; Buck et al., 2019). 441 

Accordingly, environmental authorities must take protection measures for the 442 

environment and the inhabitants of the area. 443 

 444 

High inputs of Hg and sediments strongly influence the Atrato River basin due to 445 

ASGM activities practiced either on the banks of the river or along its tributaries. 446 

Moreover, large amounts of vegetation are discharged to the Atrato River basin 447 

due to deforestation and floods that devastate crops and forested areas. On the 448 

other hand, in the five studied areas, 60% of the population has unmet basics 449 

needs, and 50 % lack final disposal of sewage and solid waste collection services 450 
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(DANE, 2018). Therefore, wastewater and domestic waste reach the river and its 451 

tributaries, directly contributing to an additional load of organic matter to the 452 

system. Thus, this could explain the methylation of Hg within the food chain in the 453 

Atrato River basin (Jin et al., 2006; Mason et al., 2006; Marrugo-Negrete et al., 454 

2015; Podar et al., 2015; Kronberg et al., 2016a,b; Ukonmaanaho et al., 2016; 455 

Bravo et al., 2017; Hsu et al., 2018; Vieira et al., 2018; Lino et al., 2019). 456 

Tropical conditions seem to influence larger-scale processes related to water 457 

column dynamics and biomagnification of Hg in food chains. Studies have shown 458 

that the rate of Hg biomagnification in fish is lower in waterbodies from lower 459 

latitudes (Lavoie et al., 2013), and that tropical temperatures increase Hg 460 

depuration, decreasing, in turn, the body burden of Hg in fishes (Buck et al., 2019). 461 

However, due to the higher temperatures of tropical zones, methylation rates could 462 

also be higher. This fact increases the transfer of Hg from sediments to the water 463 

column (Lavoie et al., 2013), making it more available for bioaccumulation. 464 

 465 

Conclusions 466 

THg concentrations were measured in fish samples collected in the Atrato River 467 

basin. The average THg concentration in the carnivorous species surpassed the 468 

WHO thresholds, whereas, in non-carnivorous species, this concentration 469 

remained under the threshold. Significant differences were found among 470 

carnivorous and non-carnivorous species. Bioaccumulation was observed mainly 471 

among carnivorous fish species. Overall, the results provided by this study will 472 

serve as a starting point for future research regarding human risk assessment in 473 

this area. Results also permit classifying the five studied zones by their mean level 474 

Jo
urn

al 
Pre-

pro
of



of Hg contamination of fish species, mainly considering carnivorous species. The 475 

average mercury pollution in fish species was not uniformly distributed along the 476 

Atrato River, with zones of high Hg contamination under the influence of mining 477 

activities (i.e., upstream zones such as RQ, MA, and MVF). Meanwhile, lower 478 

pollution values were observed in zones where the mining activity was lower (i.e., 479 

in downstream zones such as RS and CUT). The non-migratory carnivorous 480 

species H. malabaricus and C. kraussi can be used as bioindicator species of Hg 481 

pollution in freshwater sources with similar conditions to those found in the Atrato 482 

River basin. Mercury levels increased from upstream to downstream zones, 483 

probably due to Hg-polluted residue inputs from abandoned gold mines, and 484 

constant transport of sediments downstream.  485 

 486 
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Table 1.  Total mercury concentrations (THg, median ± standard deviation, µg kg
-1

) and total length (median ± standard deviation, cm) in fish captured in the Atrato River 

Basin, Colombia. Habit
a
= foraging habits: P: piscivore, C: carnivore, OC: omnivore with a tendency to carnivore, OPV: omnivore with preference for fish and vegetal material, 

O: omnivore, D: detritivore, Species %: percentage of the sample of a given species with respect to the total number of samples, TL
b
: trophic level information obtained 

from FishBase 

 

 

 

 

 

 

 

 

 

 

 

Scientific name Common name Habit
a
 n Species %  Trophic level THg  

median ± SD 

Range Total length (cm) 

median ± SD 

Range 

Ageneiosus pardalis Doncella P 57 6.8  3.8 678.5 ± 344.9 (67.62 – 1614) 33.0 ± 12.1 (18.7 – 67.0) 

Hoplias malabaricus Moncholo P 87 10.3  4.5 401.4 ± 278.5 (56.50 – 1334) 31.1 ± 5.7 (18.8 – 43.1) 

Trachelyopterus fisheri Caga P 23 2.7  3.5 374.3 ± 250.0 (91.22 – 1033) 22.2 ± 3.0 (17.2 – 27.5) 

Pseudopimelodus schultzi Bagre sapo C 22 2.6  3.7 432.7 ± 897.0 (223.24 – 3113) 51.3 ± 6.0 (43.2 – 63.9) 

Ctenolucius beani Agujeta C 28 3.3  4.0 270.9 ± 289.1 (108.32 – 1191) 26.0 ± 5.1 (18.4 – 38.8) 

Caquetaia umbrifera Mojarra Negra C 17 2.0  3.8 218.5 ± 221.1 (68.02 – 732) 23.9 ± 2.7 (18.5 – 27.8) 

Sternopygus macrurus Mayupa C 19 2.3  3.2 177.0 ± 452.2 (42.70 – 1611) 42.2 ± 17.4 (25.1 – 70.5) 

Caquetaia kraussi Mojarra Amarilla OC 85 10.1  3.4 218.0 ± 200.6 (36.91 – 880) 22.1 ± 3.3 (16.0 – 30.0) 

Rhamdia quelen Liso OC 76 9.0  3.9 145.8 ± 211.6) (25.69 – 1161) 22.5 ± 3.3 (16.5 – 29.0) 

Astyanax fasciatus Sardina colirroja OC 85 10.1  3.0 117.2 ± 113.7 (26.89 – 637) 10.1 ± 3.5 (6.0 – 18.2) 

Pimelodus punctatus Charre OC 13 1.5  3.3 100.5 ± 66.9 (24.40 – 277) 21.1 ± 3.8 (15.0 – 26.5) 

Andinoacara pulcher Cocobolo OPV 41 4.9  3.3 116.7 ± 59.7 (21.30 – 289) 10.9 ± 2.3 (7.0 – 15.8) 

Carnivorous species   553 65.7   225.4 ± 344.3 (21.30 – 3113) 23.2 ± 12.2 (6.0 – 70.5) 

           

Leporinus muyscorum Dentón O 42 5.0  2.2 116.7 ± 68.0 (26.73 –  302) 32.0 ± 5.5 (23.0 – 52.0) 

Prochilodus magdalenae Bocachico D 135 16.0  2.1 93.1 ± 113.2 (24.26 – 875) 28.2 ± 4.5 (16.7 – 38.7) 

Hypostomus hondae Guacuco D 94 11.2  2.0 56.0 ± 55.5 (5.48 – 241) 20.5 ± 7.6 (9.5 – 50.0) 

Cyphocharax magdalenae Viejita D 18 2.1  2.0 32.0 ± 53.2 (12.90 – 225) 14.3 ± 3.7 (9.5 – 20.5) 

Non-carnivorous species   289 34.3   82.4 ± 91.3 (5.48 – 875) 26.1 ± 7.4 (9.5 – 52.0) 

           

Total   842 100   142.7 ± 306.2 (5.48 – 3113) 24.4 ± 10.8 (6.0 – 70.5) 
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Table 2.  Methylmercury concentrations (MeHg, median ± standard deviation, in µg kg-1) and percentages (range and median ± 
standard deviation) in fish captured in the Atrato River Basin, Colombia. Range: Range of MeHg percentages in fish species. 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

    percentage of MeHg in fish  

Fish species (Scientific name) Habit n MeHg  

median ± SD 

Range median ± SD  

Ageneiosus pardalis P 36 664.1 ± 336.9 80.0 – 98.4 94.8 ± 3.5  

Hoplias malabaricus P 49 372.9 ± 265.9 83.4 – 98.8 93.0 ± 3.8  

Trachelyopterus fisheri P 17 334.7 ± 244.5 83.6 – 97.8 92.0 ± 3.6  

Pseudopimelodus schultzi C 13 415.1 ± 863.6 90.1 – 98.2 95.2 ± 1.9  

Ctenolucius beani C 20 252.6 ± 268.4 82.4 – 96.1 92.1± 2.8  

Caquetaia umbrifera C 13 188.3 ± 211.6 74.5 – 96.1 88.4 ± 5.3  

Sternopygus macrurus C 15 155.2 ± 428.7 83.8 – 97.2 88.8 ± 3.3  

Caquetaia kraussi OC 44 200. 6 ± 189.4 79.6 – 98.4 90.9 ± 3.7  

Rhamdia quelen OC 46 132.7 ± 203.1 73.2 – 97.9 90.9 ± 5.9  

Astyanax fasciatus OC 53 104.3 ± 107.0 72.8 – 97.0 92.0 ± 3.9  

Pimelodus punctatus OC 9 73.9 ± 59.4 74.9 – 87.8 81.8 ± 3.6  

Andinoacara pulcher OPV 25 102.4 ± 53.8 79.0 – 93.9 87.8 ± 3.1  

Carnivorous species  340 188.5 ± 330.5 72.8 – 98.8 91.8 ± 4.6  

       

Leporinus muyscorum O 30 104.6 ± 61.2 77.8 – 95.2 89.1 ± 4.0  

Prochilodus magdalenae D 83 84.1 ± 109.06 68.1 – 97.1 90.3 ± 6.0  

Hypostomus hondae D 55 44.0 ± 45.4 69.5 – 90.3 80.2 ± 4.5  

Cyphocharax magdalenae D 12 26.1 ± 47.2 75.8 – 89.2 82.5 ± 3.8  

Non-carnivorous species  180 65.7 ± 86.3 68.1 – 97.1 84.5 ± 6.6  

       

Carnivorous & non-carnivorous  520 126.6 ± 293.6 68.1 – 98.8 90.6 ± 6.0  
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Table 3.  Spearman`s correlation coefficients between total length and total mercury concentrations (THg) and between methylmercury 
(MeHg) concentrations of fish samples. p: significance of the correlation coefficient; values highlighted in bold represent a significant 
correlation. 

 

 

 

 

 

 

 

 

 

 

 

 

  

Fish species 

(scientific name) 
THg p n MeHg p n 

Hoplias malabaricus 0.598 <0.0001 87 0.592 <0.0001 49 

Ctenolucius beani 0.756 <0.0001 28 0.736 <0.0001 20 

Rhamdia quelen 0.496 <0.0001 76 0.482 <0.0001 46 

Ageneiosus pardalis 0.422 0.0011 57 0.403 0.0019 36 

Caquetaia umbrifera 0.371 0.1424 17 0.349 0.1696 11 

Pseudopimelodus schultzi 0.366 0.0941 22 0.307 0.1647 13 

Trachelyopterus fisheri 0.722 0.0001 23 0.710 0.0001 17 

Sternopygus macrurus 0.737 0.0003 19 0.737 0.0003 15 

Caquetaia kraussi 0.412 <0.0001 85 0.420 0.0001 44 

Pimelodus punctatus 0.407 0.1680 13 0.407 0.1680 9 

Andinoacara pulcher 0.783 <0.0001 41 0.789 <0.0001 25 

Astyanax fasciatus 0.695 <0.0001 85 0.672 <0.0001 53 

Leporinus muyscorum 0.341 0.0271 42 0.316 0.0413 30 

Prochilodus magdalenae 0.081 0.3486 135 0.083 0.3403 83 

Hypostomus hondae 0.446 <0.0001 94 0.458 <0.0001 55 

Cyphocharax magdalenae 0.137 0.5867 18 0.553 0.1498 12 Jo
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Figure 1. Map showing the location of the five evaluation zones in the Atrato River 
Basin. Zone 1: Rio Quito (RQ), zone 2: Medio Atrato (MA), zone 3: Riosucio & 
Cármen del Darién (RS), zone 4: Murindó & Vigía del Fuerte (MVF), and zone 5: 
Ciénaga de Unguía & Tumaradó (CUT). 
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Figure 2.  Relationship between THg concentrations and trophic level (equation 
and R-square values), and Spearman’s correlation between THg concentrations 
and trophic level (R coefficient and p-values) in the five study zones (n = 842) in 
the Atrato River Basin. The red line in the figure represents the linear model among 
variables. 
 
 
 
 

 

 
 

 

 

 

 
 
 
 
 

Jo
urn

al 
Pre-

pro
of



 
 
 
Figure 3.  Concentration pattern of THg in the five zones of the Atrato River Basin: 
Rio Quito (RQ), Medio Atrato (MA), Riosucio & Cármen del Darién (RS), Murindó & 
Vigía del Fuerte (MVF), and Ciénaga de Unguía & Tumaradó (CUT) represented 
by THg concentrations of Hoplias malabaricus and Caquetaia kraussii.  
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Highlights: 

 

•  Mercury levels in fish species were not uniformly distributed along the Atrato River 

•  Upstream zones with high mining activities showed higher significant Hg levels in fish  

•  H. malabaricus & C. kraussii describe the spatial behavior of Hg in the Atrato River  

•  High abundance in tropical rivers makes both fish species as good bioindicator of Hg  
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