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ABSTRACT  
The Baía Negra Environmental Protection Area, situated within the Pantanal Sul-Mato-

Grossense (BNEPA), represents an important conservation unit subjected to considerable 

environmental pressures resulting from human activities, such as agriculture and mining. This 

study evaluated the impact of these activities on water quality and their toxicogenetic effects 

on native fish. Physicochemical parameters and metals (Cd, Pb, Cr, Ni, Fe, Mn, Cu and Zn) 

were analyzed in water and macrophytes (Eichhornia sp.) collected from three sites along the 

Paraguay River. A 20 km buffer zone was used to assess the composition and structure of the 

landscape in the BNEPA. The results showed that the concentrations of Cd, Pb, Cr, Ni, Fe and 

Cu exceeded the legal limits established by CONAMA N° 357/2005, with Fe levels reaching a 

threshold that poses a substantial risk to aquatic biota. Macrophytes accumulated high Fe 

concentrations, indicating bioavailability and potential trophic transfer. Genotoxic and 

mutagenic alterations, including nuclear abnormalities and micronuclei in fish erythrocytes, 

were observed, indicating chronic exposure to contaminants. These findings highlight the 

urgent need for long-term biomonitoring programs and regulatory measures to mitigate the 

environmental risks of metal contamination and protect biodiversity in the Pantanal. 

Keywords: anthropogenic impacts, aquatic bioindicators, genotoxicity, Pantanal wetlands. 
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Abordagem integrada para avaliar a qualidade da água e avaliação de 

risco para a biota aquática na Baía Negra, Pantanal, Brasil 

RESUMO 
A Área de Proteção Ambiental Baía Negra (APABN) localizada no Pantanal Sul-Mato-

Grossense, representa uma importante unidade de conservação sujeita a consideráveis pressões 

ambientais resultantes de atividades humanas, como a agricultura e a mineração. Este estudo 

avaliou o impacto dessas atividades na qualidade da água e seus efeitos toxicogenéticos em 

peixes nativos. Foram analisados parâmetros físico-químicos e metais (Cd, Pb, Cr, Ni, Fe, Mn, 

Cu e Zn) na água e em macrófitas (Eichhornia sp.) coletadas em três pontos ao longo do Rio 

Paraguai. Para avaliação da composição e estrutura da paisagem na APABN, foi utilizada uma 

zona de amortecimento de 20 km. Os resultados mostraram que as concentrações de Cd, Pb, 

Cr, Ni, Fe e Cu excederam os limites legais estabelecidos pela CONAMA N° 357/2005, com 

níveis de Fe superiores ao limite, representando um risco significativo para a biota aquática. As 

macrófitas acumularam altas concentrações de Fe, indicando biodisponibilidade e potencial 

transferência trófica. Além disso, foram observadas alterações genotóxicas e mutagênicas, 

incluindo anormalidades nucleares e micronúcleos em eritrócitos de peixes, evidenciando uma 

exposição crônica a contaminantes. Esses achados ressaltam a necessidade de programas de 

biomonitoramento de longo prazo e medidas regulatórias para mitigar os riscos ambientais da 

contaminação por metais e proteger a biodiversidade do Pantanal. 

Palavras-chave: áreas úmidas do Pantanal, bioindicadores aquáticos, genotoxicidade, impactos 

antrópicos. 

1. INTRODUCTION 

Global environmental crises are placing unprecedented pressure on ecosystems, requiring 

urgent measures to mitigate the impacts of human activities (Fisher et al., 2023). In this context, 

Environmental Protection Areas (EPAs) play a crucial role in conserving essential ecosystem 

services, including maintaining water quality, soil integrity, and biodiversity (Silva and 

Branchi, 2021). Beyond their ecological value, these areas support traditional and indigenous 

communities, promoting socio-environmental justice and the sustainable use of natural 

resources (Bontempi et al., 2023).  

Among these areas, the Baía Negra Environmental Protection Area (BNEPA), established 

by Decree N° 1,735 in 2010 and located in the southern Pantanal, is a strategically important 

conservation unit that protects a highly biodiverse ecosystem. However, this region is under 

increasing pressure from agricultural expansion, cattle ranching, and mining activities, which 

contribute to water pollution, habitat degradation, and potential impacts on aquatic biota (Silva-

Melo et al., 2020). Elevated metal concentrations in water can compromise the health of aquatic 

ecosystems by harming bioindicator species and bioaccumulating in the food chain, posing risks 

to biodiversity and human health (Ladário, 2016). 

Despite previous studies on metal contamination and its genotoxic effects in aquatic 

ecosystems, a knowledge gap remains regarding the influence of land use patterns on metal 

bioaccumulation in aquatic macrophytes and their cascading effects on fish biota. Furthermore, 

the Pantanal remains underrepresented in the scientific literature, despite being one of the 

largest and most biodiverse wetlands in the world. Understanding the interactions between 

landscape composition, water quality, and genotoxic biomarkers can provide critical insights 

for conservation and management strategies in this region.  

Given the paucity of studies that comprise the BNEPA and that evaluate the environmental 

conditions of this protection area, this study evaluated the impacts of human activities on water 
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quality and the risks to aquatic biota in the Baía Negra Environmental Protection Area. 

Specifically, we sought to: (1) assess the influence of landscape composition and structure 

on water quality in the BNEPA; (2) determine whether the physicochemical parameters of  

water comply with Brazilian legislation for the conservation of aquatic life; (3) quantify the 

concentrations of metals (Cd, Pb, Cr, Ni, Fe, Mn, Cu, and Zn) in water samples and 

macrophytes (Eichhornia sp.); (4) evaluate the risks assessment of metal concentrations in 

aquatic biota; and (5) investigate the genotoxic effects of water contamination on native fish 

species from the Pantanal. 

2. MATERIAL AND METHODS 

2.1. Study area 

The study was carried out in the BNEPA, a conservation unit located on the banks of the 

Paraguay River within the Pantanal Sul-Mato-Grossense region (Figure 1). 

 
Figure 1. Geographical location of the study area within the Baía Negra Environmental 

Protection Area (BNEPA), located in the Upper Paraguay River Basin, Mato Grosso do Sul, 

Brazil. 

The Baía Negra Environmental Protection Area (BNEPA), established by Decree N° 1,735 

of 2010, is located in the municipality of Ladário, Mato Grosso do Sul, Brazil. To evaluate the 

impact of anthropogenic activities, sampling was conducted at three selected sites along the 

banks of the Paraguay River during the dry season of 2022, a period characterized by lower 

water levels that facilitate the detection of metal concentrations and their effects on aquatic 

biota. The sites were selected based on their proximity to potential sources of contamination, 

including agricultural runoff, urban wastewater discharges, and past mining activities. 

2.2. Land use and cover 

Land use and land cover analyses were performed using data from the MapBiomas Brasil© 

platform (Collection 9, Mapbiomas, 2024), which provides high-resolution satellite imagery in 

GeoTIFF format. The data, representing land use for the year 2022, were processed using 
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QuantumGIS 3.28 software. In order to assess the influence of human activities in the study 

area, a 20 km buffer was created around each sampling site. This approach was taken to obtain 

information on the land use and land cover in the surrounding area, while also considering the 

large extension of the river. The classification of land use and land cover was performed based 

on the categories established by MapBiomas. This approach allowed the identification of land 

use patterns, such as agriculture, mining, and urbanization, which are critical to understanding 

the environmental pressures affecting water quality and aquatic biota in the BNEPA. 

2.3. Physicochemical parameters of water 

Physicochemical parameters of the water were measured in situ at the three sampling sites 

using a Hanna HI98194 multiparameter probe. The parameters assessed included dissolved 

oxygen (mg L⁻¹), electrical conductivity (µS cm⁻¹), total dissolved solids (TDS, mg L⁻¹), 

temperature (°C) and pH. These variables are critical indicators of water quality, reflecting both 

natural conditions and potential anthropogenic impacts, such as nutrient enrichment or heavy 

metal contamination. The measurements were conducted immediately to provide an accurate 

snapshot of the environmental conditions in the Paraguay River at the time of sampling in the 

BNEPA. 

2.4. Collection and analysis of metals in water and aquatic macrophytes 

At each sampling site, 200 mL of surface water was collected from the Paraguay River at 

a depth of approximately 5 cm using sterilized bottles. Samples were immediately acidified 

with nitric acid (1% v/v) to pH <2, according to ANA (2011) and USEPA (1994) 

recommendations, to ensure metal stabilization for subsequent analysis. They were transported 

in thermal boxes under refrigeration (4°C) until laboratory processing. 

For digestion, 10 mL of each water sample was mixed with 10 mL of P.A. nitric acid and 

2.5 mL of concentrated perchloric acid (HClO₄) and allowed to stand for 24 h. The samples 

were then heated on a hot plate at 120°C to near dryness, cooled, and dissolved in 3 mL of 

ultrapure water (Human UP 900/Scholar-UV) with 1 mL of concentrated hydrochloric acid 

(HCl). The final volume was adjusted to 5 mL in a volumetric flask. 

Macrophyte samples (Eichhornia sp., stem and roots) were dried in an oven at 60°C for 48 

h and ground to a homogeneous powder. Approximately 4 g of dried material was digested with 

20 mL of concentrated HNO₃ (1:1 v/v) at 100°C under reflux for 30 min. After cooling, 10 mL 

of HNO₃ and 6 mL of 30% H₂O₂ were added and heated until effervescence ceased. The 

digested samples were filtered through a 0.45 µm membrane filter and the final volume was 

adjusted to 5 mL in a volumetric flask. 

Both water and macrophyte samples, along with analytical blanks, were analyzed in 

triplicate using a Shimadzu AA7000 atomic absorption spectrophotometer. Flame atomization 

was used for Fe, Mn, Cu, Ni, Cr, and Zn, while graphite furnace atomization was used for Cd 

and Pb due to their lower detection limits. The detection limits for water samples were Cu = 

0.003; Cd = 0.0004; Cr = 0.001; Fe = 0.05; Mn = 0.02; Ni = 0.005; Pb = 0.01; and  

Zn = 0.02 µg M-1. For macrophyte samples, the limits of detection were: Cu = 0.06; Cd = 0.01; 

Cr = 0.01; Fe = 0.05; Mn = 0.03; Ni = 0.04; Pb = 0.04; and Zn = 0.08 µg g-1. 

2.5. Risk assessment for aquatic biota  

In order to assess the potential ecological risks to aquatic biota in the Pantanal, the risk 

quotient (RQ) was calculated. The RQ is defined as the ratio between the concentration of each 

metal quantified in the water samples and the corresponding threshold established by 

CONAMA Resolution N° 357 (CONAMA, 2005) for freshwater Class II. This classification is 

established for waters intended for the protection of aquatic life, recreational activities and 

public supply after conventional treatment. Given the ecological and socio-economic 
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importance of the studied section of the Paraguay River, this classification was considered 

appropriate for risk assessment.  

An RQ value ≥ 1 indicates a potential risk to aquatic life (Godoy et al., 2015). In addition, 

the risk index (RI) was calculated as the sum of the RQ values for all metals analyzed, providing 

an integrated measure of cumulative contamination. Although there is no absolute threshold for 

RI, higher values indicate an increased likelihood of adverse ecological effects due to metal 

interactions and combined toxicity (Evans et al., 2015; Gustavsson et al., 2017; Viana et al., 

2022). 

2.6. Collecting and Analyzing of Genotoxicity in Fish 

Fish specimens were collected concurrently with water samples using gill nets with mesh 

sizes ranging from 1.5 to 8.0 cm and fishing rods. After capture, the standard length (cm) and 

total weight (g) of each specimen were measured in the field using an ichthyometer and a digital 

scale, respectively. To facilitate blood sample collection, fish were immersed in cold water to 

reduce activity. Blood samples were obtained by caudal vein puncture using heparinized 

syringes. Two blood smears per specimen were placed on glass slides, air-dried for 15 min, and 

fixed in absolute ethanol (100%) for 10 min to ensure proper cell preservation for subsequent 

genotoxic analyses.  

Taxonomic identification of the specimens was initially performed in the field following 

Britski et al. (2007). Morphological identification was later confirmed in the laboratory based 

on diagnostic taxonomic characteristics. The collected fish included twelve specimens of three 

omnivorous species: Astyanax lacustris (Lütken, 1875), Mylossoma duriventre (Cuvier, 1818), 

and Leporinus friderici (Bloch, 1794), representing different size and weight classes (Table 1). 

The procedures for animal handling were approved by the Ethics Committee under protocol  

N° 08/2018. 

Table 1. Fish species sampled in the Paraguay River at BNEPA. 

Fish species N Feeding habit Standard length (cm) Total weight (g) 

Astyanax lacustris 5 Omnivorous 5.4±0.0447 5.8±1.4832 

Leporinus friderici 3 Omnivorous 14.4±2.0809 66.0±26.2869 

Mylossoma duriventre 4 Omnivorous 9.2±0.5701 33.8±5.7184 

Values are presented as mean ± standard deviation. N represents the number of individuals 

collected for each species. 

Nuclear changes in erythrocytes of the fish species listed in Table 1 were evaluated 

according to the protocols of De Jesus et al. (2016) and Viana et al. (2023). The genotoxicity 

index (GI) was determined based on the frequency of nuclear abnormalities in erythrocytes and 

was calculated according to Viana et al. (2023). This index provides an estimate of cumulative 

DNA damage in individuals exposed to environmental contaminants. 

2.7. Statistical analysis 

Statistical analysis was conducted using the R programming language (R Core Team, 

2022). The normality of the data was assessed prior to hypothesis testing, using the Shapiro-

Wilk test. Due to deviations from normality, the Kruskal-Wallis test was used to compare 

nuclear alterations and genotoxicity index (GI) among fish species. Significant results from the 

Kruskal-Wallis test (p<0.05) were further examined using Dunn's post-hoc test to identify 

specific group differences. Spearman's correlation was performed between metal 

concentrations in water and macrophytes. This approach is consistent with standard practices 

for nonparametric data analysis and ensures robust and reliable conclusions.  
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3. RESULTS AND DISCUSSION 

3.1. Land use and cover 

The analysis of land use and cover around the three sampling sites shows the following 

distribution: Forest Formation > Grassland > Pasture > Savanna > Wetland > Urban Area > 

River > Mining (Figure 2). Forest Formation represents the most significant area surrounding 

the sampled sites, followed by Grassland and Pasture. It is important to highlight mining 

activities near the BNEPA, where companies extract elements such as Fe and Mn (Mato Grosso 

do Sul, 2023).  

 

Figure 2. Land use and cover will be distributed around the three sampling sites in 

BNEPA. 

Brazil's abundant mineral resources position it as a leading global producer and exporter, 

especially of Fe (Araujo et al., 2014). While mining contributes to the national economy, it also 

leads to environmental problems such as deforestation, soil erosion, and water contamination 

in mining regions (Araujo et al., 2014). 

The banks of the Paraguay River have minimal to no vegetation cover. This lack of riparian 

vegetation compromises the natural protective barrier, making the aquatic environment more 

vulnerable to contamination. Riparian vegetation plays a critical role in maintaining water 

quality by filtering contaminants and stabilizing river banks (Melo et al., 2022). According to 

Marmontel and Rodrigues (2015), the presence of riparian vegetation in a basin reduces 

nitrogen concentrations by 38%, phosphate by 94%, dissolved phosphorus by 42%, total 

infiltrated Al by 21%, and Fe entering the waterways by 54%. 

In addition, the annual expansion of pastureland and cultivation of crops such as soy, corn, 

and sugarcane have contributed to the degradation of natural vegetation. This agricultural 

growth has become a source of contamination to aquatic environments through the introduction 
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of metals (Neame and Galpern, 2025). These elements may be released naturally due to 

environmental characteristics or as a result of increased use of fertilizers and pesticides (Viana 

et al., 2021a; 2021b; Sharma et al., 2024b). 

In watersheds with natural forest cover, vegetation serves as a protective barrier that 

reduces soil erosion, sedimentation, and excessive nutrient leaching. This natural filtration 

system plays a critical role in maintaining water quality and highlights the importance of 

maintaining riparian zones, especially in agricultural landscapes (Donadio et al., 2005). 

3.2. Physicochemical parameters and metals in water  

At the three sampling sites, the physicochemical parameters dissolved oxygen (DO), pH, 

and total dissolved solids (TDS) were within the limits established for Class II freshwater bodies 

according to Brazilian legislation (Resolution CONAMA N° 357/2005) (Table 2). However, 

the legislation does not specify maximum permissible values for electrical conductivity (Cond) 

and temperature (Temp) (Table 2). 

Table 2. Physicochemical parameters (average) measured at the three 

BNEPA, Upper Paraguay River Basin collection sites. 

 Sampling sites Brazil (2005) 

Physicochemical parameters S1 S2 S3 BML* 

DO (mg L-1) 6.10 6.60 6.29 >5 

pH 6.70 6.90 6.99 6-9 

Cond (μS cm-1) 54.00 56.00 57.00 - 

Temp (ºC) 28.00 28.80 28.69 - 

TDS (mg L-1) 27.00 28.00 28.00 500.00 

*BML: Brazilian maximum limits, for freshwater Class II following 

Resolution CONAMA N° 357/2005 (Brazil, 2005). Dissolved oxygen 

(DO), hydrogen ion potential (pH), electrical conductivity (Cond), 

temperature (Temp), and total dissolved solids (TDS). – No values 

established.  

The observed values of DO, pH, and TDS are insufficient for conclusively determining the 

quality of a body of water. To ensure a more reliable diagnosis of water quality, it is necessary 

to complement these analyses with other data. In the case of parameters for which no established 

values exist, it is necessary to update the relevant legal resolutions in order to include these 

parameters, given that they can influence the characteristics of a body of water and indicate 

environmental stresses that affect aquatic biota. A study conducted by da Silva Gomes et al. 

(2023) on the Paraguay River, values for physicochemical parameters similar to the results of 

the present study were observed. 

The concentrations of metals, Cd, Pb, Cr, Ni, Fe, and Cu, in the water samples from the 

three sampling sites exceeded the maximum limits established by Brazilian legislation to 

conserve aquatic life (CONAMA, 2005). Conversely, the concentrations of Mn and Zn were 

within acceptable limits for Class II freshwaters (Table 3). 

Fish are known to accumulate elements in their tissues, particularly in muscle, where these 

elements can trigger redox reactions that generate free radicals. This process leads to 

physiological and morphological changes in the tissues, ultimately resulting in environmental 

oxidative stress (Kolarova and Napiórkowski, 2021). Although metals are naturally present in 

the aquatic environment, their concentrations are often increased by anthropogenic activities 

such as agriculture, mining, and industrial operations (Rocha et al., 2024). Some metals, 

including Cu, Zn, and Mn, are essential for the metabolic processes of organisms. Others, such 

as Cd and Pb, have no known biological function and are considered toxic (Rocha et al., 2024). 
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Table 3. Concentrations of metals in water (mg L-1) (mean ± standard deviation) 

at the three sampling sites in the BNEPA, Upper Paraguay River Basin.    

 Sampling sites Brazil (2005) 

Metals S1 S2 S3 BML* 

Cd 0.0015±0.0000 0.0015±0.0000 0.0014±0.0000 0.0010 

Pb 0.0467±0.0058 0.0433±0.0058 0.0400±0.0000 0.0100 

Cr 0.3100±0.0000 0.3133±0.0058 0.3200±0.0100 0.0500 

Ni 0.2167±0.0058 0.2100±0.0000 0.2033±0.0058 0.0250 

Fe 22.2600±0.0173 22.3667±0.0153 23.0400±0.0361 0.3000 

Cu 0.4567±0.0153 0.4433±0.0153 0.4667±0.0058 0.0090 

Mn 0.0900±0.0000 0.0867±0.0058 0.0833±0.0058 0.1000 

Zn 0.1133±0.0058 0.1033±0.0058 0.1233±0.0058 0.1800 

*BML: Brazilian maximum limits for freshwater Class II following Resolution 

CONAMA N° 357/2005 (Brazil, 2005). Values in bold exceed Brazilian water 

quality standards for the conservation of aquatic life. 

Cd contamination of aquatic environments is a major environmental concern. This metal 

is bioaccumulative and can induce cellular toxicity in a wide range of organisms (Xie et al., 

2024). Cd enters aquatic systems from various sources, including industrial waste discharges, 

resource extraction activities, and urbanization-related processes (Zhang et al., 2024). In 

aquatic organisms, Cd exposure has been associated with behavioral changes, such as irregular 

swimming patterns and hyperactivity (Ferro et al., 2019), and genotoxic effects, including 

micronuclei formation (Ossana et al., 2016). 

Pb enters the environment through various anthropogenic activities, including the 

discharge of wastewater and the use of herbicides, pesticides, and insecticides. In fish, Pb 

exposure can lead to physiological changes such as impaired growth, reproductive dysfunction, 

and immunosuppression (Sharma et al., 2024a). A study reported Pb accumulation in the 

intestines of Cyprinus carpio after exposure to 0.25 mg L-1 of Pb (Hu et al., 2023). In addition, 

Viana et al. (2022) reported the bioaccumulation of metals in the muscle tissue of native 

Pantanal fish species (Hypostomus regani, Prochilodus lineatus, Brycon hilarii, Mylossoma 

duriventre) collected in the waters of the Aquidauana River. In the same study, the presence of 

metals was also observed in concentrations that did not comply with CONAMA N° 357/2005 

legislation. 

Soil leaching processes can increase Cr concentrations in aquatic environments (Sharma 

et al., 2024b). Cr is a relatively abundant metal on earth, with environmental releases resulting 

from activities such as drainage and fertilizer application (Kolarova and Napiórkowski, 2021). 

Ni, primarily associated with mining activities, has been shown to affect fish health by 

weakening the immune system and causing reproductive problems (Sharma et al., 2024a). 

Fe is essential for metabolic processes in aquatic organisms, including fish. However, 

excessive concentrations may result in toxicity (Lau and Chris Le, 2023). Lima (2023) reported 

Fe concentrations of up to 1.36 mg L-1 in water samples from headwater streams. Similarly, 

Viana et al. (2021a) found Fe concentrations ranging from 0.97 to 3.68 mg L-1 in the Dourados 

River and from 1.48 to 3.04 mg L-1 in the Brilhante River. In addition, Sampaio (2003) recorded 

Fe values ranging from 1 to 35 mg L-1 in rivers of the Upper Paraguay River Basin. These 

values are lower than those observed in the present study, where Fe concentrations exceeded 

the limits set by Brazilian legislation by more than twenty times.  

Waste discharges and agricultural activities contribute to elevated Cu concentrations in 

aquatic environments. While Cu is essential for various enzymatic functions, excessive levels 

can damage fish gills twenty times. Multiple chemical elements in aquatic systems can lead to 
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combined toxicity, where interactions between these elements cause biological responses that 

differ from those observed with individual exposures (Kou et al., 2021; Amachree et al., 2024). 

3.3. Metal concentrations in a macrophyte species 

The elements quantified in Eichhornia sp. samples exhibited a decreasing order of 

concentration: Fe > Mn > Zn > Cu > Cr > Ni > Pb > Cd (Table 4). Among them, Fe showed the 

highest concentrations, ranging from 456 to 467 µg g-1, followed by Mn, which remained 

constant at 5.37 µg g-1 among the three sampling sites. Zn concentrations varied slightly, 

ranging from 3.25 to 3.33 µg g-1 (Table 4). 

Table 4. Concentrations of metals in Eichhornia sp (µg g-1) (mean ± 

standard deviation) were sampled at the three collection sites of 

BNEPA, Upper Paraguay River Basin. 

 Sampling sites 

Metals S1 S2 S3 

Fe 456.7567±0.4313 467.4100±0.7000 462.9267±1.6128 

Mn 5.3700±0.0000 5.3700±0.0000 5.3700±0.0000 

Zn 3.3300±0.0200 3.2967±0.0058 3.2500±0.0200 

Cu 1.9200±0.0265 1.8967±0.0153 1.9200±0.0173 

Cr 1.8033±0.0058 1.8500±0.0173 1.8200±0.0100 

Ni 1.2900±0.0265 1.3167±0.0115 1.3533±0.0153 

Pb 0.1533±0.0058 0.1433±0.0058 0.1400±0.0000 

Cd 0.0500±0.0000 0.0500±0.0000 0.0467±0.0058 

In Brazil, no legislation establishes maximum allowable metal concentrations in aquatic 

plants. However, Outridge and Noller (1991) proposed reference values for certain metals in 

vascular aquatic plants. A comparison of the results of this study with these reference values 

indicates that all metals quantified are within the established limits, except for Fe, for which no 

reference value exists. 

Metals can induce severe toxicity in higher plants, with their absorption and utilization 

regulated by plant cellular mechanisms. Metals such as Cd, Cr and Pb are toxic even at very 

low concentrations because they have no physiological role and disrupt cellular processes 

(Kolarova and Napiórkowski, 2021). Plants possess an ability to adapt to contaminated 

environments by absorbing and accumulating elements from water and soil (Negrão et al., 

2021). In particular, aquatic plants are considered bioindicators of aquatic ecosystems due to 

their ability to sequester metals in their tissues, which can subsequently be transferred along the 

food chain.  Both essential and non-essential elements for metabolism of life organisms in high 

concentrations have the potential to induce toxic effects in plants, leading to adverse outcomes 

such as reduced biomass accumulation, chlorosis, inhibited growth and photosynthesis, 

disrupted water balance, impaired nutrient assimilation, and, ultimately, plant death (Kolarova 

and Napiórkowski, 2021). 

The macrophyte species Eichhornia sp. is notable for its capacity to accumulate metals 

relative to its biomass and its ability to modify its physiology and anatomy under stressful 

conditions (Rodrigues et al., 2016). While metals like Zn and Cu are essential for plant 

metabolism and enzymatic activity, they can become toxic at elevated concentrations 

(Rodrigues et al., 2016). The initial toxic effects of metals often target the plasma membrane, 

resulting in a cascade of physiological and structural consequences for the plant (Rodrigues et 

al., 2016). 

Vitória et al. (2015) quantified the concentrations of Cd, Cr, Cu, and Zn in the roots of 
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Eichhornia crassipes, reporting values of 1.60, 27.6, 16.7, and 73.5 µg g⁻¹, respectively, from 

samples collected in the Paraíba do Sul and Itabapoana Rivers. The study revealed that metals 

affected the anatomical characteristics of the plants but did not affect their photosynthetic 

capacity. Oliveira et al. (2024) documented exceptionally high Fe concentrations of 2077.21 

µg g⁻¹ in E. crassipes samples collected from a site in the Apodi-Mossoró River Basin. In the 

same study, a Mn concentration of 2564.04 µg g⁻¹ was recorded at another sampling site within 

the same watershed.  

Furthermore, Oliveira et al. (2024) did not observe a direct relationship between metal 

concentrations in water and in E. crassipes. The authors emphasized that metal accumulation 

in aquatic plant biomass is not only determined by metal concentrations in the water but is also 

influenced by the metals' bioavailability and the plant species' specific absorption properties. A 

comprehensive evaluation of metal concentrations across diverse aquatic ecosystems 

necessitates a consideration of the mobility of metals between these compartments. This 

approach facilitates a holistic assessment of metal contamination and its repercussions on 

ecosystem health (Oliveira et al., 2024). A positive correlation was demonstrated between the 

concentrations of all metals measured in both water and macrophytes (Figure 3A, S1). The 

results also underscore the potential of aquatic macrophytes as bioindicators, offering a dual 

perspective: their ability to sequester high concentrations of metals and their role in highlighting 

spatial heterogeneity in contamination across the BNEPA.  

3.4. Risk assessment of aquatic biota 

The individual risk assessment revealed that concentrations of Cd, Pb, Cr, Ni, Fe, and Cu 

posed risks to aquatic biota (RQ > 1) at all three sampling sites in the Paraguay River. Fe 

exhibited the highest individual risk, with the highest RQ value observed at site 3 (RQ = 76.8) 

due to the high quantified values of this element. In contrast, RQ values for Mn and Zn were 

less than 1, indicating a lower individual risk to aquatic biota (Figure 3A).  

 
Figure 3. Aquatic life risk assessment of water samples from BNEPA S1, S2 and S3 on the 

Paraguay River, Upper Paraguay River Basin, Mato Grosso do Sul, Brazil. (A) Individual metal 

Risk Quotients (RQs); (B) Cumulative Risk Index (RI), representing the sum of individual 

metal RQs. The red dashed line represents RQ = 1. 

When considering the combined effects of Cd, Pb, Cr, Ni, Fe, Mn, Cu, and Zn, the 

calculated Risk Index (RI) values were elevated, indicating risks to the conservation of aquatic 

life in the Pantanal at all sampling sites (Figure 3B). The average RQs, ranked in descending 

order of their contribution to the overall risk, were:  Fe (RQs ~75) > Ni (RQs ~8.4) > Cr (RQs 
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~6.30) > Cu (RQs ~5.06) > Pb (RQs~4.33) > Cd (RQs ~1.47) > Mn (RQs ~0.87) > Zn (RQs 

~0.63) (Figure 3A). 

Fe exhibited the highest individual risk, with the peak RQ value observed at site 3 (RQ = 

76.8). In contrast, the RQ values for Mn and Zn were below 1, indicating a lower individual 

risk to aquatic biota (Figure 3A). The risk values observed indicate that aquatic biota is 

susceptible to the adverse effects of metals in the water. Elevated concentrations of Fe can 

accumulate on fish gills, leading to respiratory impairment and possible suffocation. For 

instance, a study reported that Fe concentrations in river water exceeded safe limits for aquatic 

life, posing a risk to fish health.  

Melo et al. (2022) conducted a risk analysis for aquatic biota based on the metals quantified 

in water samples from Córrego São José, MS. The results indicated that Fe presented a risk, 

with values exceeding the maximum indicative risk limit by more than tenfold. Similarly, Viana 

et al. (2022) identified risks to aquatic biota associated with Fe, Pb, Cu, and Cd in Aquidauana 

River, MS water samples. 

3.5. Genotoxicity in fish 

In the fish species collected in situ, six types of nuclear alterations were identified: nuclear 

invagination, nuclear budding, vacuolated nuclei, binucleated cells, lobulated nuclei and 

micronuclei (Table 5). The most frequent nuclear alterations across the three species were 

nuclear budding, vacuolated nuclei, and micronuclei. No significant differences were observed 

among the species for nuclear invagination and nuclear budding (p>0.05; Table 5). However, 

for vacuolated nuclei, binucleated cells, and micronuclei, A. lacustris differed significantly 

from L. friderici and M. duriventre (p<0.05), while L. friderici and M. duriventre did not show 

significant differences between them (p>0.05; Table 5). Regarding lobulated nuclei, M. 

duriventre differed significantly from both A. lacustris and L. friderici (p < 0.05; Table 5). 

Table 5. Frequencies of nuclear alterations (median and interquartile range) in 

erythrocytes from three fish species collected in the Paraguay River. 

 Fish species 

Nuclear alterations  Astyanax lacustris Leporinus friderici Mylossoma duriventre 

Nuclear invagination 0.0500|0.0000a 0.0500|0.0100a 0.1500|0.2250a 

Nuclear budding 0.1500|0.1000a 0.3000|0.3250a 0.3750|0.2125a 

Vacuolated nucleus 0.1000|0.1000a 0.0500|0.0250b 0.0000|0.0125b 

Binucleated cells 0.1000|0.2000a 0.0000|0.0000b 0.0000|0.0000b 

Lobulated nucleus 0.0000|0.0000a 0.0000|0.0000a 0.1000|0.0375b 

Micronuclei 0.0500|0.0500a 0.1500|0.1500b 0.3250|0.5125b 

Different superscript letters in the row indicate significant species differences (p < 0.05). 

No statistically significant differences (p > 0.05) were observed between the three fish 

species for the genotoxicity index, although the sample number was reduced (Figure 4). 

This study evaluates three species of omnivorous Pantanal fish as bioindicators of 

environmental health, emphasizing their ecological and economic importance. Astyanax 

lacustris is highlighted for its suitability as a bioindicator due to its opportunistic behavior, high 

abundance, migratory nature, and wide distribution in the Upper Paraná and Paraguay Basins 

(Viana et al., 2018). Previous studies have reported genotoxic effects in this species. For 

instance, Silva et al. (2021) showed micronuclei formation, binucleated cells, lobulated nuclei, 

and DNA degradation in A. lacustris exposed in situ to water from a Brazilian Cerrado river. 

Similarly, Silva et al. (2020) observed increased DNA damage in A. lacustris from urbanized 

streams in the Brazilian Midwest and linked these effects to urbanization-related contamination. 

Da Rocha et al. (2018) further corroborated these findings, demonstrating micronuclei 
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formation in A. lacustris from the Curral de Arame Stream, Dourados, MS, and associating 

these changes with elevated metal concentrations.  

 
Figure 4. The median and interquartile range of the 

genotoxicity index based on nuclear alterations in 

erythrocytes of fish species sampled in situ at BNEPA, 

Paraguay River. 

Leporinus friderici, or the three-spotted piau, is another key species characterized by its 

generalist, opportunistic, and long-distance migratory behavior (Riveros et al., 2021). Research 

conducted on the Pantanal Plateau identified six nuclear alterations in erythrocytes of this 

species (nuclear invagination, nuclear budding, vacuolated nuclei, pyknosis, binucleated cells, 

and lobulated nuclei) (Riveros et al., 2021). These findings align with the results of this study. 

Furthermore, agricultural expansion in the Upper Paraguay River Basin causes habitat 

degradation, which has consequences for local aquatic biota and species such as L. friderici 

(Guerra et al., 2020). 

Myllossoma duriventre is a migratory and omnivorous species that feeds on small 

invertebrates, fruits, seeds, and zooplankton (Lima, 2021; Viana et al., 2022). Previous studies 

have documented nuclear alterations, such as nuclear invagination, nuclear budding, lobulated 

nuclei, and binucleated cells, in M. duriventre collected in the Pantanal of Mato Grosso do Sul. 

These alterations were associated with genotoxic agents present in the Aquidauana River (Viana 

et al., 2022).  

Fish are recognized as bioindicators for assessing the health of aquatic ecosystems because 

contaminants bioaccumulate through the food chain, often causing adverse effects (Kolarova 

and Napiórkowski et al., 2021). Excess metals in aquatic environments can interfere with cell 

division, leading to cellular alterations. For instance, bioaccumulated metals can disrupt 

reproductive rates and endocrine functions, contributing to health issues such as failed cell 

division and genotoxic effects (Mustafa, 2020).  

The nuclear alterations observed in the erythrocytes of the fish in this study reflect the 

quality of the water, indicating that the contaminants present may induce nuclear defects. 
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Although the BNEPA is a protected area, pollution sources such as untreated domestic effluents 

and boat traffic persist. Fossil fuel residues and other contaminants introduced by these 

activities contribute to the presence of genotoxic agents in the aquatic environment. These 

nuclear alterations serve as reliable indicators of environmental stress, highlighting the potential 

for disrupted cell division, mutations, and cell death. It is important to acknowledge the fact 

that the riverside population of BNEPA relies on this water source for sustenance, as it serves 

as a primary source of fish. These fish are not only utilized for personal consumption but also 

for commercial purposes, further emphasizing the significance of this water body. 

4. CONCLUSIONS 

The analysis of land use and cover in the BNEPA revealed sparse riparian vegetation along 

the riverbanks, despite a larger forested area in hectares. The presence of mining and urban 

areas near the sampling sites contributed to environmental stress, likely affecting water quality. 

In the water, Cd, Pb, Cr, Ni, Fe, and Cu exceeded the limits of Brazilian legislation, indicating 

risks to conserving aquatic life in the Pantanal. Similarly, the macrophytes accumulated Fe, 

emphasizing the potential of macrophytes as bioindicators of metal contamination.  

The risk assessment to aquatic biota revealed that metal concentrations pose substantial 

risks, with Fe showing the highest individual risk. When considering the combined effects of 

multiple metals, the cumulative risk to aquatic biodiversity was significant, underscoring the 

ecological threats posed by metal contamination.  

The blood analysis of Astyanax lacustris, Myllossoma duriventre, and Leporinus friderici 

confirmed the genotoxic impact of contaminants providing us with a preliminary result of the 

environmental conditions of the BNEPA.  

This study integrates landscape analysis, genotoxic biomarkers, and risk assessments, 

providing a replicable framework for evaluating environmental health in wetland ecosystems. 

Implementing public policies, establishing environmental monitoring programs, and adopting 

sustainable management practices are crucial to mitigating these impacts and preserving the 

integrity of the Pantanal. In conclusion, the practical contribution of the study could be 

reinforced by explicitly proposing continuous monitoring or adaptive management actions. 
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