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ABSTRACT 
The Pilcomayo River has been historically affected by 
metal contamination associated with mining activities 
in the Andean headwaters, raising concerns about 
metal accumulation in fish and potential risks for 
human consumption. This study assessed current lead 
concentrations in muscle, liver, and opercular tissues 
of Prochilodus lineatus collected in 2024 in the 
middle basin of the Pilcomayo River (Villa Montes, 
Bolivia), and compared them with historical data to 
depict trends in Pb contamination. Lead levels 
differed significantly among tissues, with the highest 
concentrations in operculum  (0.799 ± 0.535 mg kg⁻¹ 
ww), followed by liver (0.099 ± 0.111 mg kg⁻¹ ww), 
and muscle (0.013 ± 0.012 mg kg⁻¹ ww). Human 
exposure, evaluated through estimated daily intake 
(EDI), ranged from 8.67 x 10-7 to 4.26 x 10-5 mg kg⁻¹ 
day⁻¹ depending on the population group and 
consumption scenario, and are below exposure levels 
associated with adverse health effects reported by 
World Health Organization. 
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RESUMEN 

Niveles de plomo en Prochilodus lineatus en el río 
Pilcomayo: comparación de datos históricos y 
actuales e implicaciones para el riesgo para la salud 
humana. El río Pilcomayo ha estado históricamente 
impactado por la contaminación metálica originada en 
actividades mineras andinas, lo que genera 
preocupación por la acumulación de plomo en peces y 
sus riesgos para la salud humana. Este estudio evaluó 
las concentraciones actuales de Pb en músculo, hígado 
y opérculo de Prochilodus lineatus recolectados en 
2024 en la cuenca media del Pilcomayo (Villa 
Montes, Bolivia), comparándolas con datos previos 
para identificar tendencias. Los resultados mostraron 
diferencias claras entre tejidos: el opérculo presentó 
los valores más altos (0.799 ± 0.535 mg kg⁻¹), seguido 
por el hígado (0.099 ± 0.111 mg kg⁻¹ peso húmedo) y 
el músculo (0.013 ± 0.012 mg kg⁻¹). La exposición 
humana se estimó mediante la ingesta diaria (EDI), 
con rangos de 8.67 ×10⁻⁷ a 4.26 ×10⁻⁵ mg kg⁻¹ día⁻¹, 
cifras inferiores a los umbrales de riesgo definidos por 
la Organización Mundial de la Salud. 
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INTRODUCTION 
Mining-related contamination of freshwater ecosystems represents an environmental issue worldwide, due to its long-
term impacts on water and sediment, biota and human populations that depend directly on riverine resources.1 In 
mining-affected watersheds, metals and metalloids released during ore extraction and processing are transported 
downstream mostly through the mobilization and deposition of contaminated particles, possibly generating persistent 
contamination even far from the original source areas1. Metals derived from mining activities can also be transferred 
to aquatic food webs and accumulate in fish tissues. Actually, elevated concentrations of lead (Pb) and other trace 
elements were reported in fish from river basins impacted by polymetallic mining in different regions worldwide2 3 4. 
Such accumulation may induce sublethal and pathological effects in fish including tissue damage, physiological 
impairment and altered reproductive performance5 6. In addition, in regions where fisheries contribute to the 
subsistence of riverine communities, the presence of potentially toxic metals in edible fish tissues can represent a 
critical pathway of chronic human exposure to metallic contaminants7 8 9. 

Among metal contaminants, Pb is a non-essential element whose toxicity is widely recognized even at very low levels 
of exposure, affecting neurological development and being associated with increased risk of chronic kidney and 
cardiovascular diseases in adults as well as cognitive and behavioral impairments in children10. In aquatic 
environments, Pb can be incorporated into fish from both water and sediments, accumulating preferentially in 
metabolically active organs such as liver, kidney, gills and brain, as well as in mineralized structures including bones, 
where it may be retained for long periods11 12 13. The magnitude of Pb accumulation in fish tissues depends on 
environmental factors including Pb concentration and bioavailability, water characteristics (pH, temperature, electrical 
conductivity, organic matter content and other parameters), as well as fish biological characteristics such as species, 
age and feeding behavior, with higher burdens often observed in benthic and sediment-feeding species12 14. Unlike 
mercury, however, Pb is not consistently biomagnified along aquatic food chains, as its accumulation is more strongly 
influenced by direct environmental exposure than by progressive amplification across trophic levels15 16. 

In South America, several Andean river basins have been impacted by historical and ongoing metal mining activities17 
18. The upper reaches of the Pilcomayo River, located in the Bolivian Eastern Cordillera at elevations exceeding 
5000 m a.s.l (above sea level), drains areas characterized by continuous mining activity since pre-Hispanic times. 
Mining activities intensified from the sixteenth century onwards with Spanish colonization and the exploitation of the 
Cerro Rico located in Potosí, Bolivia19 20 21. Along its course, the Pilcomayo River transports large volumes of 
sediments, including mining residues enriched in potentially toxic metals released from mining waste erosion and ore 
processing plant effluent discharges, which are deposited in the riverbed and the alluvial plains and can be remobilized 
during flood events20 22 23 24. Previous studies have reported elevated concentrations of metals and metalloids in water, 
sediments, and alluvial soils of the upper Pilcomayo basin, frequently exceeding international guideline values for 
various environmental uses19 21. Although dissolved metal concentrations decrease rapidly downstream the mining 
areas due to adsorption and precipitation onto particulate matter, the remobilization of contaminated sediments 
represents a potential risk of contamination for the downstream basin, where numerous riverside communities are 
established and depend on riverine resources. 

Since the late 1990s, several studies have reported the presence of potentially toxic metals in fish from the Pilcomayo 
River, with Pb consistently identified as a contaminant of environmental and human health concern; concentrations 
in edible tissues vary across species and organs, and can exceed guideline values for human consumption25 26 27. These 
studies have linked Pb occurrence to historical mining activities in the upper basin, remobilization of contaminated 
sediments during flood events, and the long-term storage of metal-rich material within the river system.  Among the 
studied species, Prochilodus lineatus (sábalo) represents the principal fishery resource of the region and constitutes a 
fundamental source of protein and income for riverside communities in the middle and lower sections of the Pilcomayo 
River28 29. This potamodromous and benthopelagic species inhabits large river systems of the Paraná–Paraguay basin 
and performs medium- to long-distance reproductive migrations30 31. P. lineatus is primarily detritivorous, grazing on 
periphytic algae and ingesting fine organic particles associated with bottom sediments, a feeding strategy that may 
enhance its exposure to sediment-bound contaminants such as Pb.31 However, available data of metal in fish tissues 
mostly correspond to measurements conducted in the 1990s and early 2000s; the lack of recent data limits the 
assessment of the potential current impact of mining activities on the contamination of fishery resources in the 
Pilcomayo River and exposure of human population.  

In this context, the aim of the present study was to evaluate current Pb levels in three tissues (muscle, liver and 
operculum) in specimens of P. lineatus collected in 2024 in Villa Montes (Bolivia), a city located in the middle basin 
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of the Pilcomayo River. These results are compared with historical data from the literature to assess long-term 
variations in Pb concentration in P. lineatus. Finally, a risk assessment related to lead exposure through the 
consumption of P. lineatus is presented to evaluate potential implications for human health.  

EXPERIMENTAL 
Study area 
The Pilcomayo River basin is one of the major transboundary river systems in South America. This basin covers an 
area of approximately 272000 km2 located in the south of Bolivia, north of Argentina and west of Paraguay22 24. The 
river originates in the Eastern Cordillera of the Bolivian Andes, at elevations over 5000 m a. s. l., draining high 
altitude regions of eastern Potosi Department, where intensive metal mining has been carried out for several 
centuries. From these headwater areas, the Pilcomayo River flows southeastward across western Chuquisaca 
Department and eastern Tarija Department, progressively descending until the lowlands of the Chaco region at Villa 
Montes, southern Bolivia, located approximately at 390 m a.s.l. at the foot of the Andes. The Pilcomayo river reaches 
elevations of about 200 m a.s.l. at the Bolivian – Argentine - Paraguay border22.  

The present study focuses on the middle basin of the Pilcomayo River, in the region of Villa Montes (Figure 1). 
In this sector, the river exhibits pronounced hydrological variability, with mean monthly discharge values over the 
period 2005-2017 ranging from 37 m3 s-1 in September at the end of the low flow period to around 771 m3 s-1 in 
February at the peak of the high-water period.32 However, variability extends well beyond these typical ranges, as 
mean daily discharges can fall below 10 m3 s-1 during the dry season, while instantaneous peak flows during extreme 
flood events may exceed 7000 m3 s-1 32.The Pilcomayo is characterized by high sediment loads, transporting an 
estimated 80 – 100 million tons of suspended material per year, which are largely derived from natural erosion 
processes in the upper basin and subsequently redistributed across the Chaco plain22 24. At Villa Montes, the river 
exhibits strong seasonal contrasts in suspended solid concentrations. At the beginning of the 21th century, during the 
rainy season (January–April), suspended sediment concentrations were extremely high, with mean values reported 
around 23.6 g L⁻¹ (range 10.7–56.0 g L⁻¹), whereas during the dry season (May–July), suspended solids decrease 
markedly to 0.011 g L-1 on average23. According to Smolders et al. (2002)23, this seasonal pattern reflected intense 
erosion and sediment inputs during high discharge periods, resulting in substantial dilution of mining-derived 
materials by large volumes of uncontaminated sediments with an average Pb concentration of 35.3 mg kg-1. In 
contrast, during the dry season, overall sediment load was much lower due to reduced erosion, although a higher 
proportion of the suspended material may originate from mining residues with a Pb concentration ranging from 352 
to 3345 mg kg-1.23 The extremely high sediment load of the river has been suggested to limit the Pb contamination 
levels of downstream floodplains by mining waste through dilution effects. 

In addition to this seasonal sediment load variability, the Pilcomayo River experiences episodic flood events locally 
known as “borrachera”. These events occur at the onset of the rainy season and are characterized by acute fish 
mortality. They take place when the first rains and resulting flood pulses mobilize large amounts of fine sediments 
previously accumulated in the riverbed, dramatically increasing suspended solid concentrations. The extreme 
turbidity levels (up to 23.6 g L-1) can impair gill function by clogging the respiratory surfaces, thereby reducing 
oxygen exchange efficiency24. The resulting hypoxic stress leads to fish disorientation, physiological collapse, and, 
in severe cases, mass mortality events. 

Sample collection 
Fish sampling was carried out in October 2024 during a “borrachera” event, where eleven dead P. lineatus specimens 
were collected from the riverbank a few hours after stranding during -this event. Muscle and bone (operculum) tissues 
were obtained from all individuals, whereas liver samples were collected only from five specimens due to strong 
tissue deterioration observed in the others specimens. Biometric parameters were recorded for all specimens, 
including total length (LT, from the tip of the snout to the end of the caudal fin), standard length (SL, from the snout 
to the base of the caudal fin), and the body mass. Additionally, sex was determined. 

Prior to dissection, all working surfaces and surgical instruments (scalpels, scissors, and forceps) were thoroughly 
washed with detergent, rinsed with deionized water and ethanol in order to avoid potential contamination. Muscle 
samples were obtained from the dorsal region below the dorsal fin. At first, scales were removed and the area rinsed 
with deionized water. A portion of white muscle tissue was excised after removing the skin, avoiding contact with 
blood and bone tissue. Liver and operculum samples were extracted, ensuring no contact with other organs to prevent 
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cross-contamination. All tissue samples were placed in hermetically sealed plastic bags and stored at –20 °C until 
analysis. 

 
Figure 1. Map of the Pilcomayo River basin and sampling location in the Villa Montes area (Bolivia, South America) 

Sample preparation and lead quantification 
Fresh tissue samples were individually weighed to determine their initial wet mass. Samples were subsequently 
freeze-dried and reweighed to obtain dry mass. Moisture content (%) was calculated as the percentage of mass loss 
relative to the initial wet weight, according to the following equation: 

% 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 = 𝑊𝑊𝑤𝑤𝑤𝑤𝑤𝑤−𝑊𝑊𝑑𝑑𝑑𝑑𝑑𝑑
𝑊𝑊𝑤𝑤𝑒𝑒𝑒𝑒

∗ 100 (Equation 1) 

Where 𝑊𝑊𝑤𝑤𝑤𝑤𝑤𝑤 is the initial weight of the fresh sample and 𝑊𝑊𝑑𝑑𝑑𝑑𝑑𝑑 is the weight of the sample after drying. This 
calculation represents the proportion of water lost during the drying process. 

After freeze-drying, samples were homogenized by fine grinding using a Retsch Mixer Mill MM 400 equipment. A 
required amount of dried tissue was placed in the milling jar and milled until a homogeneous fine powder was 
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obtained. Between samples, the milling jars were thoroughly cleaned in order to prevent cross-contamination. The 
resulting powdered samples were stored in acid-cleaned polyethylene containers. 

For sample acid digestion and analysis, all tubes, vials and micropipette tips were pre-cleaned by soaking in 10% 
(m/v) HNO₃ for 24 h and rinsed three times with ultrapure water (resistivity > 18.2 MΩ·cm, MilliQ, Millipore). 
Tissue preparation and processing were performed under controlled conditions in a class 10,000 clean laboratory at 
HydroSciences Montpellier (Université de Montpellier, France), using high-purity reagents: 15 M HNO₃ (Analpure, 
Analytika®) and 22.6 M HF (Suprapur, Merck®). For each batch of sample digestion, a procedural blank and a 
certified reference material (CRM) were included. The CRM used were DORM-2 and DORM-5 (fish muscle) and 
DOLT-2 and DOLT- 5 (fish liver) from the National Research Council of Canada (NRC-CNRC). 

Approximately 0.1 g of each freeze-dried milled tissue (muscle, liver and operculum) and certified reference 
materials were weighed into PTFE digestion vessels. Samples were digested with 5.0 mL of HNO₃ (15 M) and 0.5 
mL of HF (22.6 M) using a microwave-assisted digestion system (ultraWAVE, Milestone®), with a temperature 
ramp up to 200 °C. After cooling, digested solutions were transferred to PFA (perfluoroalkoxy) vials and evaporated 
to dryness at 80 °C. The residues were dissolved in 10 mL of 1.5 M HNO₃ and subjected to ultrasonic treatment for 
30 min to ensure complete dissolution. The digested solutions were appropriately diluted in 0.15 M HNO₃ prior to 
analysis by inductively coupled plasma–mass spectrometry (ICP-MS). 

Lead concentrations were determined by inductively coupled plasma mass spectrometry (ICP-MS, iCAP TQ, 
Thermo Scientific) at the AETE-ISO platform (OSU-OREME, Université de Montpellier, France). Quantification 
was performed using an external multi-element calibration approach. Calibration curves were considered acceptable 
when correlation coefficients (R2) were ≥0.995. Instrumental drift and potential matrix effects were corrected through 
the use of internal standards (Be, Sc, Ge, Rh, Ir) continuously introduced on-line during analysis. Instrument stability 
and accuracy were verified by periodic analysis of a certified reference material of water (SLRS-6 from the National 
Research Council of Canada) throughout the analytical sequence. 

Quality assurance and quality control 
Instrumental performance was first verified using the certified reference material SLRS-6 (river water), for 
which measured Pb concentrations (0.16 ± 0.001 µg L-1, n=3) were within the certified uncertainty range 
(0.17 ± 0.03 µg L-1), corresponding to a recovery of 95 % (Table 1), confirming satisfactory instrumental accuracy. 

Procedural blanks were included in each digestion batch to assess that no contamination occurred during the entire 
protocol. Lead concentrations in blanks were below the limit of detection (LOD = 0.0017 µg L-1), estimated as three 
times the standard deviation of the measurements in blanks (0.15 M HNO3). Considering the detection limit as the 
maximum possible blank concentration, the potential contribution of blanks would represent less than 2.3 % of the 
Pb concentrations measured in samples, and was therefore considered negligible. 

The accuracy of Pb determination in fish tissues was evaluated through the analysis of certified reference materials 
DORM-2 and DORM-5 (fish muscle) and DOLT-2 and DOLT-5 (fish liver), and subjected to the same digestion and 
analytical procedure as for the samples. Measured Pb concentrations showed recoveries between 90 and 100 % 
compared to the certified values (Table 1), except for the CRM DORM-2, which value was close to the certified 
uncertainty but presented a slightly low recovery (79 %) as already observed in other studies33. Overall, these results 
confirm the reliability of the method for the determination of Pb in fish tissues. 

Estimated Daily Intake (EDI) 
The potential human exposure to Pb through fish consumption was assessed by calculating the Estimated Daily 
Intake (EDI) using the following equation34: 

𝐸𝐸𝐸𝐸𝐸𝐸 = 𝐶𝐶𝑃𝑃𝑃𝑃×𝐼𝐼𝐼𝐼
𝐵𝐵𝐵𝐵

 (Equation 2) 

Where CPb is the mean Pb concentration in edible tissue (mg kg⁻¹ , wet weight), IR is the average ingestion rate of 
fish (g day⁻¹) and BW is the body weight of the consumer (kg). 

Fish consumption in Bolivia is relatively low at the national scale, with estimates ranging between approximately 
1.4 and 2.3 kg per person per year according to reports from the Food Agriculture Organization of the United 
Nations35. However substantially higher consumption rates have been documented in riverine and indigenous 
communities of the Pilcomayo River where fish constitutes an important component of local diets and food security36. 
In communities located near Villa Montes in the Pilcomayo river River basin, fish consumption has been estimated 
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between 40 and 60 kg person-1 year-1,36 corresponding to approximately 110 – 164 g day-1. For children, fish 
consumption has been assumed to represent 40 % of the adult ingestion rate29 37, resulting in a fish ingestion rate of 
44 – 65.6 g  day-1. Average body weights of 60 kg for adults and 20 kg for children were used in the calculations. 
These values are consistent with anthropogenic data reported for the Bolivian population in national demographic 
and health surveys38. 

Table 1. Certified and measured Pb concentrations for the CRM of water (SLRS-6) and fish tissues (DORM-2, 
DOLT- 2, DORM-5 and DOLT-5) expressed as mean ± standard deviation (SD).  

 
CRM n Matrix Certified Pb value Measured Pb value Recovery (%) 

SLRS-6 (µg L-1) 3 River water 0.17 ± 0.03 0.16 ± 0.001 95 

DORM-2 (mg kg⁻¹ ) 6 Fish muscle 0.065 ± 0.007 0.051 ± 0.006 79 

DOLT-2 (mg kg⁻¹ ) 2 Fish liver 0.22 ± 0.02 0.20 ± 0.04 90 

DORM-5 (mg kg⁻¹ ) 2 Fish muscle 0.058 ± 0.006 0.058 ± 0.001 100 

DOLT-5 (mg kg⁻¹ ) 2 Fish liver 0.162 ± 0.032 0.145 ± 0.008 90 

Statistical treatment of data 
Distribution of Pb concentrations in muscle, liver and operculum tissues were assessed for normality using the 
“Shapiro test” function. As normal distribution assumptions were not satisfied, non-parametric analyses were 
applied. Since all tissues were collected from the same individuals of P. lineatus, paired comparisons were performed 
using the Wilcoxon signed-rank test. This test evaluates whether the distribution of two differences between paired 
observations is centered around zero and does not require normally distributed data, making it appropriate for small 
sizes and asymmetric distributions39. Statistical significance was set at p < 0.05. All analyses we|re carried out using 
RStudio software40. 

RESULTS AND DISCUSSION 
Concentrations of lead in the different tissues 
The standard length of sampled P. lineatus varied only slightly (24.7 ± 0.6 cm) and was not correlated with Pb 
concentration in the three tissues (R²<0.05). Lead concentrations varied markedly among tissues of P. lineatus. In 
muscle, concentrations ranged from 0.006 to 0.046 mg kg⁻¹  wet weight (ww) (mean ± SD: 0.013 ± 0.012 mg kg⁻¹ , 
n = 11). In liver, concentrations ranged from 0.009 to 0.293 mg kg⁻¹  ww (mean ± SD: 0.099 ± 0.111 mg kg⁻¹ , n = 
5). Operculum showed the highest Pb levels, ranging from 0.278 to 1.90 mg kg⁻¹  (mean ± SD: 0.799 ± 0.535 mg 
kg⁻¹ , n = 7) (Figure 2).  

Normality tests (Shapiro–Wilk) indicated that Pb concentrations did not follow a normal distribution in muscle, liver, 
and operculum tissues (p < 0.05). Therefore, paired comparisons were performed using the non-parametric Wilcoxon 
signed-rank test, considering a directional hypothesis of higher Pb concentrations in operculum compared to liver 
and muscle, and in liver compared to muscle, based on average concentrations. Significant differences were observed 
among tissues: operculum showed higher Pb concentrations than liver (p = 0.0313) and muscle (p = 0.008), and liver 
exhibited higher concentrations than muscle (p = 0.0313). 

This pattern of accumulation (operculum > liver > muscle) is consistent with physiological differences among tissues. 
Liver is generally expected to accumulate higher Pb concentrations due to the presence of metal binding proteins 
such as metallothioneins16 28. The markedly elevated Pb levels observed in opercular tissue is also generally observed 
in fish and is associated with the accumution of Pb in bone due to its chemical similarity with calcium41 42. In contrast, 
the comparatively low concentrations detected in muscle suggest limited translocation to edible tissue. 
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Figure 2. Lead concentrations (mg kg⁻¹  ww) in muscle, liver, and operculum of the analyzed fish specimens, data 
are shown on a log10 scale. Boxes represent interquartile range, horizontal lines indicate medians, and whiskers show 
the data range; individual points correspond to each specimen. 

It is noteworthy that the highest outlier values observed in liver and operculum correspond to the same individual, 
suggesting enhanced Pb accumulation in this specimen, potentially related to factors such as age, exposure history, 
or habitat variability. In contrast, the outlier observed in muscle corresponds to a different individual, for which liver 
data were not available, preventing further comparison across tissues. 

Comparison with previous studies in the Pilcomayo River (Villa Montes region) 
Lead concentrations measured in P. lineatus from the middle Pilcomayo River in the present study were markedly 
lower than those reported in historical records from the same basin (Table 2). Muscle concentration in fish collected 
in Villa Montes in 2024 averaged 0.013 mg kg-1 ww, whereas previous studies reported substantially higher values 
during the late 1990s and the early 2000s, ranging from 0.06 to 1.27 mg kg-1 ww in muscle tissues of P. lineatus27 42 

43. Even higher concentrations were reported upstream in the middle basin, with Pb levels in whole fish exceeding 5 
mg kg-1 at Zapaterambia and Yukimbia in 199625. This marked decline suggests a substantial reduction in Pb 
exposure of P. lineatus in the middle Pilcomayo River over the last three decades. 

From a spatial perspective, the concentrations measured in the present study are comparable to those reported in 
other sectors of the Pilcomayo basin and nearby river systems. For instance, similar muscle Pb concentrations were 
reported for P. lineatus sampled in 2023 in the lower Pilcomayo River (0.013  mg kg-1 ww) and in the Bañado la 
Estrella wetland (0.014  mg kg-1 ww)29. In contrast, higher Pb levels have been reported in other South American 
aquatic systems such as Chascomús Lake (Argentina), a shallow lake influenced by agricultural runoff and urban 
wastewater inputs, where muscle concentrations averaged 0.76  mg kg-1 ww33 . Studies conducted in the Paraná River 
basin generally report very low concentrations in muscle tissues (<0.007  mg kg-1 ww), although higher values occur 
in organs such as liver (0.028 – 0.9 mg kg-1 ww)28. Together, these comparisons indicate that current Pb levels in 
fish from the middle Pilcomayo River fall within the lower range reported for regional freshwater ecosystems (Table 
2). 

Elevated Pb concentrations observed in historical studies of the Pilcomayo River have often been associated with an 
impact of mining activities located in the Andean headwaters in Bolivia, which have historically released metal rich 
sediments into the river system20. Because the Pilcomayo River transports high sediment loads across the 
Andean - Chaco transition, metal contamination can be redistributed over long distances. However, the much lower 
concentrations observed in recent sediment samples  may reflect changes in mining practices (e.g. tailing dam 
construction),29 42 natural sediment dilution processes, or shifts in metal bioavailability within the river system. The 
approximately 500 km distance between Villa Montes and major mining districts in the Andean region may also 
contribute to reduced exposure due to progressive metal-bearing sediment deposition and dilution along the 
downstream course of the river. 
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Table 2. Lead concentrations (mg kg-1 wet weight) in tissues of Prochilodus lineatus from the Middle Pilcomayo 
River basin (Bolivia) and other South American freshwater systems based on historical records and the present study 

Location Year of 
sampling 

Samplin
g size (n) Muscle Liver Operculum Environmental context Reference 

Middle Pilcomayo River basin 

Middle 
Pilcomayo 

River (Villa 
Montes) 

2024 11 0.013 ± 0.012 0.099 ± 0.111 0.799 ± 0.535 

Downstream, Andean-Chaco 
transition; aprox. 500 km 

from mining areas 

This paper 

2007 32 1.27 1.32 NS 27 

2006 NS 0.12 0.3 0.63 

42  

2003 NS 0.16 0.36 0.78 

1999 NS 0.06 0.09 0.49 

1998 NS 0.77 0.54 1.5 

1997 NS 0.19 0.4 2.3 

1997 NS 0.23 1.60 NS 43 

Other sites 

Lower 
Pilcomayo 

2023 

10 0.013 ± 0.008 NS NS 

Lower Pilcomayo basin, 
Andean–Chaco transition; 
sediment-rich river affected 
by historical Andean mining 
inputs 29 

Bañado la 
Estrella 9 0.014±0.005 NS NS 

Floodplain wetland 
associated with the 
Pilcomayo River in the Chaco 
plain 

High Paraná 
River 

2017 

13 <0.007 0.028±0.003 NS Argentina-Paraguay 
international boundary 28 Middle 

Paraná River 13 <0.007 0.11±0.68 NS 

La Plata 
River 15 <0.007 0.9±0.70 NS Argentina-Uruguay 

international boundary 

Chascomus 
Lake, 

Argentina 
2011 5 0.76±0.80 NS NS 

Shallow Pampean lake in the 
Slado River basin (Chaco-
Pampa plain); alkaline, turbid 
system with high suspended 
particulate matter 

33 

Bermejo 
River 

1998 NS 0.13 0.25 0.76 
Adjacent Andean-Chaco 
basin used as a relatively 
unpolluted reference area 
comparable to the Pilcomayo 

28 

1997 NS 0.67 0.17 0.93 
Notes: NS: not specified in the original source 

Human health risk assessment associated with the Pb exposure through P. lineatus consumption 
Two consumption scenarios were considered in the present assessment. The low consumption scenario represents 
the potential exposure associated with occasional consumption of this species through its commercialization using 
the estimated fish ingestion rate in Bolivia35, whereas the high consumption scenario reflects the dietary habits of 
riverine indigenous communities for whom fish constitutes an important component of local diets36 In both scenarios, 
exposure estimates were calculated separately for adults and children in order to account for differences in body 
weight and potential vulnerability. 

The estimated daily intake (EDI) values for Pb exposure through the consumption of P. lineatus varied depending 
on the assumed consumption scenario and population group (Table 3). Under the low consumption scenario, EDI 
values were 8.67 × 10-7 to 1.30 × 10-6 mg kg-1 day-1 for adults and from 2.60 × 10-6 to 3.90 × 10-6 mg kg-1 day-1 for 
children. In contrast, under the high consumption scenario representative of riverine communities in the basin of the 
Pilcomayo River, EDI values increased to 2.38 × 10-5 – 3.55 × 10-5 mg kg-1 day-1 for adults and 2.86 × 10-5 – 4.26 × 10-
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5 mg kg-1 day-1 for children (Table 3). In all scenarios, children presented higher estimated exposure levels than adults 
due to their lower body weight despite a relative lower amount of fish consumed.  

Table 3. Estimated daily intake (EDI) of Pb associated with the consumption of Prochilodus lineatus under different 
fish consumption scenarios for adults and children in the middle basin of the Pilcomayo River (Villa Montes, Bolivia) 

Scenario Population Pb concentration 
(mg kg⁻¹  ww) 

Average fish 
ingestion rate 
IR (g day⁻¹ ) 

Body weight 
BW (kg) EDI (mg kg⁻¹ day⁻¹ ) 

Low 
consumption Adults 0.013 4 - 6 60 8.67.10-7 - 1.30.10-6 

Low 
consumption Children 0.013 4 - 6 20 2.60.10-6 - 3.90.10-6 

High 
consumption Adults 0.013 110 - 164 60 2.38.10-5 - 3.55.10-5 

High 
consumption Children 0.013 44 – 65.6  20 2.86.10-5 - 4.26.10-5 

To evaluate the potential health risk associated with  these exposure levels estimated through P. lineatus 
consumption, the calculated EDI values are compared with reference values for Pb intake established by the World 
Health Organization (WHO). The WHO does not provide a guideline value for tolerable intake of Pb as no safe level 
of exposure to Pb has been identified due to its toxicity observed even at very low level of exposure44. Nevertheless, 
an exposure to 6 × 10⁻⁵ mg kg⁻¹ day⁻¹ of Pb in children and 1.2 × 10⁻3 mg kg⁻¹ day⁻¹ of Pb in adult has been associated 
with minimal but adverse health effect corresponding to a loss of 1 IQ point in children and an increase of 1 mmHg 
in blood pressure in adults, respectively44. 

Overall, the calculated EDI values remained below the Pb exposure levels associated with small but adverse health 
effects reported by the World Health Organization. These results indicate that the consumption of P. lineatus from 
the middle basin of the Pilcomayo River does not represent a major pathway of Pb exposure for the general bolivian 
population with a low fish-consumption diet. Even under the high consumption scenario, which reflects riverine 
communities with frequent fish consumption, the estimated Pb intake for adults remained very low relative to the 
WHO reference value. These results indicate that the potential health risk association with Pb exposure through P. 
lineatus consumption is likely minimal in the general and local populations. However, it should be noted that Pb 
intake in children with a high fish-consumtion diet (2.86.10-5 - 4.26.10-5 mg kg⁻¹ day⁻¹) are lower but close to 
potentially detrimental dose for Pb established by the WHO for children (6.10⁻⁵ mg kg⁻¹ day⁻¹). 

However, this exposure assessment should be interpreted considering several limitations. The calculations were 
based on mean Pb concentrations measured in muscle tissue of few (n=11) P. lineatus specimens. A larger set of 
data including a number > to 30 specimens is generally recommended to obtain a more robust statiscal conclusion. 
On another hand, fishes were sampled at one sampling date in Villa Montes, and therefore do not account for possible 
spatial or temporal variability in contamination levels. Furthermore, fish consumption rates may vary considerably 
among individuals and communities depending on fishing success, cultural dietary practices, seasonal availability, 
and consumption patterns, including the intake of other tissues such as liver or bone. The consumption of larger 
quantities of fish even with moderate concentrations of Pb could result in health risks in adults and children due to 
excessive intake of the metal. Finally, this assessment considers only Pb exposure through P. lineatus consumption, 
while other dietary sources and environmental pathways may also contribute to the total Pb exposure of local 
populations. 

CONCLUSIONS 
Lead concentrations in P. lineatus from the middle Pilcomayo River showed clear differences among tissues, with 
the highest levels detected in opercular tissue, followed by liver, while muscle presented the lowest concentrations. 
These results suggest limited translocation of Pb to edible tissues. When compared with historical records from the 
Pilcomayo basin, Pb concentrations measured in fish collected in Villa Montes in 2024 were substantially lower than 
those reported during the late 1990s and early 2000s, suggesting a marked decline in Pb contamination in fish in the 
middle basin over the last decades. The estimated daily intake (EDI) values calculated for two fish consumption 



 
 Revista Boliviana de Química, 2026, Vol. 43, N°1, 91-102 

Ktlyn Aguirre-De la Quintana et al. 
 

 

                               100                                  
                     
 

 

 

scenarios indicate that Pb exposure associated with the consumption of P. lineatus is very low for both adults and 
children. These findings suggest that the consumption of this species from the middle Pilcomayo River is unlikely 
to represent a significant pathway of Pb exposure for local populations with a high fish-consumption diet except for 
children for whom  the EDI remained lower but close to Pb intake value associated with small but adverse effect as 
established by the WHO. Overall, the results provide updated information on Pb contamination in an historically 
impacted river system and highlight the importance of continued environmental monitoring in the Pilcomayo River 
basin and other mining-impact rivers. 

ACKNOWLEDGMENTS 

The authors gratefully acknowledge the French Government for financial support through the FEF Pilcomayo 
project. We thank the staff of the AETE-ISO and HSM analytical platforms for their assistance with laboratory 
analyses, particularly Léa Causse, Rémi Freydier, Myléne Mari, and Raphaelle Leclerc  for support with microwave 
acid digestion. 

We also thank the students from Villa Montes for their assistance during field sampling, and the local university 
(Universidad Juan Misael Saracho) in Villa Montes for providing access to laboratory facilities. Institutional and 
logistical support from the Institut de Recherche pour le Développement (IRD) during the field mission is gratefully 
acknowledged. The authors also thank IRD for the ARTS doctoral fellowship granted to Marizol Flores. 
Finally, we thank Daniela Miranda from the Food Chemistry Laboratory at the Instituto de Investigaciones Químicas, 
Universidad Mayor de San Andrés, for her assistance with sample freeze-drying. 

REFERENCES 

 
1 M. G. Macklin, C. J. Thomas, A. Mudbhatkal, P. A. Brewer, K. A. Hudson-Edwards, J. Lewin, P. Scussolini, D. 
Eilander, A. Lechner, J. Owen, G. Bird, D. Kemp and K. R. Mangalaa, Science, 2023, 381, 1345–1350, DOI: 
10.1126/science.adg6704. 
2 F. Monna, E. Camizuli, P. Revelli, C. Biville, C. Thomas, R. Losno, R. Scheifler, O. Bruguier, S. Baron, C. Chateau, 
A. Ploquin and P. Alibert, Environ. Sci. Technol., 2011, 45, 6823–6830, DOI: 10.1021/es200755n. 
3 F. Páez-Osuna, A. C. Espinoza, E. T. Figueroa, C. J. Saucedo Barrón and M. E. Bergés-Tiznado, Environ Geochem 
Health, 2024, 46, 447, DOI: 10.1007/s10653-024-02232-8. 
4 H. Xu, R. Newton, D. C. Love, Y. Zhao, J. Toppe and W. Zhang, Environment International, 2025, 205, 109831, 
DOI: 10.1016/j.envint.2025.109831. 
5 F. A. Affandi and M. Y. Ishak, Environ Sci Pollut Res, 2019, 26, 16939–16951, DOI: 10.1007/s11356-019-05137-
7. 
6 T. I. Moiseenko and L. P. Kudryavtseva, Environmental Pollution, 2001, 114, 285–297, DOI: 10.1016/S0269-
7491(00)00197-4. 
7 J. H. Erasmus, S. Zimmermann, N. J. Smit, W. Malherbe, M. Nachev, B. Sures and V. Wepener, Science of The 
Total Environment, 2022, 825, 154011, DOI: 10.1016/j.scitotenv.2022.154011. 
8 F. Fuentes-Gandara, J. Pinedo-Hernández, J. Marrugo-Negrete and S. Díez, Environ Geochem Health, 2018, 40, 
229–242, DOI: 10.1007/s10653-016-9896-z. 
9 J. K. Okewling, M. Eyre and K. A. Hudson-Edwards, Environ Geochem Health, 2025, 47, 504, DOI: 
10.1007/s10653-025-02808-y. 
10 B. Lanphear, A. Navas-Acien and D. C. Bellinger, N Engl J Med, 2024, 391, 1621–1631, DOI: 
10.1056/NEJMra2402527. 
11 R. Abro, A. A. Moazzami, J. E. Lindberg and T. Lundh, Int Aquat Res, 2014, 6, 63, DOI: 10.1007/s40071-014-
0063-9. 
12 J.-W. Lee, H. Choi, U.-K. Hwang, J.-C. Kang, Y. J. Kang, K. I. Kim and J.-H. Kim, Environmental Toxicology 
and Pharmacology, 2019, 68, 101–108, DOI: 10.1016/j.etap.2019.03.010. 
13 R. Shalini, G. Jeyasekaran, R. J. Shakila and U. Arisekar, Marine Pollution Bulletin, 2021, 162, 111817, DOI: 
10.1016/j.marpolbul.2020.111817. 
14 N. B. Saidon, R. Szabó, P. Budai and J. Lehel, Environmental Pollution, 2024, 340, 122815, DOI: 
10.1016/j.envpol.2023.122815. 



 
 Revista Boliviana de Química, 2026, Vol. 43, N°1, 91-102 

Ktlyn Aguirre-De la Quintana et al. 
 

 

                               101                                  
                     
 

 

 

 
15 S. Naz, S. S. Habib, M. Arshad, S. Majeed, Ü. Acar, O. S. Kesbiç, M. Mohany, F. Aragona and F. Fazio, Journal 
of Trace Elements in Medicine and Biology, 2025, 91, 127704, DOI: 10.1016/j.jtemb.2025.127704. 
16 E. Zahran, A.-Z. Mamdouh, S. Elbahnaswy, M. M. A. El-Son, E. Risha, A. ElSayed, M. I. E. Barbary and M. G. 
E. Sebaei, Aquacult Int, 2025, 33, 371, DOI: 10.1007/s10499-025-02045-1. 
17 K. A. Brain, The Extractive Industries and Society, 2017, 4, 410–418, DOI: 10.1016/j.exis.2017.03.001. 
18 C. Serrano Bravo, 'Historia de la minería boliviana (Siglos XVI-XX)', Potosí, Bolivia, 2004. 
19 S.-I. Balaban, K. A. Hudson-Edwards and J. R. Miller, Environ Earth Sci, 2015, 74, 4685–4698, DOI: 
10.1007/s12665-015-4440-5. 
20 K. A. Hudson-Edwards, M. G. Macklin, J. R. Miller and P. J. Lechler, Journal of Geochemical Exploration, 2001, 
72, 229–250, DOI: 10.1016/S0375-6742(01)00164-9. 
21 J. R. Miller, K. A. Hudson-Edwards, P. J. Lechler, D. Preston and M. G. Macklin, Science of The Total 
Environment, 2004, 320, 189–209, DOI: 10.1016/j.scitotenv.2003.08.011. 
22 M. Maldonado, E. Goitia A., and F. M. Carvajal-Vallejos, 'La cuenca Pilcomayo en Bolivia: caracterización 
ecológica y biodiversidad acuática', Peces y pesquerías en las cuencas Pilcomayo y Bermejo, ed. by P. A. Van 
Damme, C. Baigún, J. Sarmiento, and F. M. Carvajal-Vallejos, 2019, pp. 1–46. 
23 A. J. P. Smolders, M. A. Guerrero Hiza, G. Van Der Velde and J. G. M. Roelofs, River Research & Apps, 2002, 
18, 415–427, DOI: 10.1002/rra.690. 
24 L. H. Swinkels, M. W. P. M. Van De Ven, M. J. M. Stassen, G. Van Der Velde, H. J. R. Lenders and A. J. P. 
Smolders, Hydrological Processes, 2014, 28, 8–15, DOI: 10.1002/hyp.9522. 
25 M. Quevillon, C. Gibb, and J. Dogterom, 'El Río Pilcomayo: Una Evaluación de la Contaminación de Metales en 
el Pez Prochilodus plátensis (Sábalo), un Alimento Básico para los Guaraníes del Itika Guasu', 1998. 
26 M. J. M. Stassen, N. L. Preeker, A. M. J. Ragas, M. W. P. M. Van De Ven, A. J. P. Smolders and N. Roeleveld, 
Science of The Total Environment, 2012, 427–428, 26–34, DOI: 10.1016/j.scitotenv.2012.03.072. 
27 M. W. P. M. Van De Ven and M. J. M. Stassen, 'Calidad Ambiental de la cuenca media del Río Pilcomayo 2006 - 
2007', Fundación LAMPI, Villa Montes, 2008. 
28 E. Avigliano, M. V. Monferrán, S. Sánchez, D. A. Wunderlin, J. Gastaminza and A. V. Volpedo, Chemosphere, 
2019, 236, 124394, DOI: 10.1016/j.chemosphere.2019.124394. 
29 E. Avigliano, E. Resongles, E. Moreno, M. Marie, M. Jaldín and M. Pouilly, Environ Sci Pollut Res, 2025, 32, 
15258–15273, DOI: 10.1007/s11356-025-36563-5. 
30 R. Froese, D. Pauly and Editors, FishBase. Prochilodus lineatus (Valenciennes, 1837), 
https://www.fishbase.se/summary/Prochilodus-lineatus, Accessed 2 September 2025. Obtained from the web. 
31 J. Sarmiento, R. Bigorne, F. M. Carvajal-Vallejos, M. Maldonado, E. Leciak and T. Oberdorff, 'Peces de Bolivia/ 
Bolivian fishes', Plural editores, Bolivia, 2014. 
32 M. Quisbert Morrillas, 2021, Actualización y análisis de la información hidrométrica y régimen hidrológico de la 
cuenca alta del río Pilcomayo (BSc thesis), Universidad Mayor de San Andrés, La Paz, Bolivia, 2021, retrieved from 
https://repositorio.umsa.bo/handle/123456789/36385. 
33 N. F. Schenone, E. Avigliano, W. Goessler and A. Fernández Cirelli, Microchemical Journal, 2014, 112, 127–
131, DOI: 10.1016/j.microc.2013.09.025. 
34 S. L. C. Ferreira, V. Cerda, F. A. S. Cunha, V. A. Lemos, L. S. G. Teixeira, W. N. L. dos Santos, J. D. j. Coutinho, 
I. S. de A. Porto and R. F. de Jesus, Trends in Analytical Chemistry, 2023, 167, 117281, DOI: 
https://doi.org/10.1016/j.trac.2023.117281. 
35 FAO, Fishery and Aquaculture Country Profiles: Bolivia (Plurinational State of), 
https://www.fao.org/fishery/en/facp/bol, Accessed 28 February 2026. Obtained from the web. 
36 P. Van Damme, L. Córdova Clavijo and G. Miranda-Chumacero, 'Bolivia (Estado Plurinacional de)', La situación 
y tendencia de las pesquerías continentales de América Latina y Caribe, FAO Documento Técnico de Pesca y 
Acuicultura, FAO, Rome, 2023, pp. 148-169. 
37 T. Perez Rivera and A. Argote, ' Nutrición y consumo de pescado en la cuenca del Río Pilcomayo: Aspectos 
metodológicos y primeros resultados de una encuesta', Peces y pesquerías en las cuencas Pilcomayo y Bermejo, ed. 
by P. A. Van Damme, C. Baigún, J. Sarmiento, and F. M. Carvajal-Vallejos, 2019. pp. 359-378. 
38 Instituto Nacional de Estadística (INE), 'Encuesta de Demografía y Salud, EDSA 2016. Bolivia: Indicadores 
priorizados', Instituto Nacional de Estadística, La Paz, Bolivia, 2017. 
39 C. Reimann, P. Filzmoser, R. G. Garrett and R. Dutter, 'Statistical Data Analysis Explained: Applied Evironmental 
Statistics with R', John Wiley & Sons, Ltd., England, 2008. 

https://www.fishbase.se/summary/Prochilodus-lineatus
https://repositorio.umsa.bo/handle/123456789/36385
https://www.fao.org/fishery/en/facp/bol


 
 Revista Boliviana de Química, 2026, Vol. 43, N°1, 91-102 

Ktlyn Aguirre-De la Quintana et al. 
 

 

                               102                                  
                     
 

 

 

 
40 RStudio Team, RStudio: Integrated Development Environment for R, Version 2026.01.0 Build 392 ('Apple 
Blossom'), Posit Software, Boston, MA, 2026. 
41 E. M. Mager, 'Lead', Fish Physiology, Elsevier, 2011, vol. 31, pp. 185–236. 
42 M. Van De Ven, L. Swinkels, M. Stassen and A. Smolders, 'Metales pesados en el medio acuático y en la biota en 
el Río Pilcomayo', Peces y pesquerías en las cuencas Pilcomayo y Bermejo, Van Damme P.A., Baigún C., Sarmiento 
J., Carvajal-Vallejos F.M. (Eds.)., 2019, pp. 109–134. 
43 R. Groves, M. Quevillon and R. Castro, in Pilcomayo, estudios sobre la contaminación, Centro de Estudios 
Regionales para el Desattollo de Tarija, CERDET, 1997. 
44 WHO. Evaluation of Certain Food Additives and Contaminants; World Health Organization: Genova, 2011; p 132. 
https://www.who.int/docs/default-source/food-safety/food-genetically-modified/9789240695405-eng.pdf. 


	1Instituto de Investigaciones Químicas IIQ-Ambiental, Universidad Mayor de San Andrés, La Paz, Bolivia; 2Institut de Recherche pour le Développement (IRD), La Paz, Bolivia; 3HydroSciences Montpellier, IRD, CNRS, Universidad de Montpellier, Montpellier...

