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Abstract
The objective of this study was to evaluate the levels of environmental contamination in a protected area in the 
Brazilian Amazon. For this, two areas were chosen along the Mearim River: the reference area (A1) and the potentially 
contaminated area (A2), where water samples were collected, for physicochemical and microbiological analyses, 
as well as specimens of Hoplias malabaricus, for the evaluation of biometric data and incidence of branchial lesions. 
The physicochemical analyzes of the water from both areas showed contamination (low levels of dissolved oxygen, 
tubidity and high iron concentrations, especially in A2). The microbiological analyzes showed that all water samples 
showed total coliform values higher than those acceptable by CONAMA and WHO (with higher values in A2), in 
addition to E. coli values higher than those allowed by legislation in A2. Regarding biometric data, male and female 
fishes were significantly longer and heavier in A1 during the dry and rain seasons and the gonadosomatic index also 
showed higher values in A1 than in A2 in both seasons. H. malabaricus showed gill lesions of minimal to moderate 
pathological importance in A1 and A2, indicating that specimens from both areas of the Mearim River showed 
biological responses to contamination. The observed changes in the water quality, bimetic parameters and the 
histological analyzes of the specimens of H. malabaricus directly reflect on the quality and health of the fishes in the 
Mearim River, and point to the urgent need for prevention and remediation of contamination in these ecosystems.

Keywords: aquatic biomonitoring, branchial lesions, river contamination, international protected areas.

Resumo
O objetivo deste estudo foi avaliar os níveis de contaminação ambiental em uma área protegida na Amazônia brasileira. 
Para isso, foram escolhidas duas áreas ao longo do rio Mearim: a área de referência (A1) e a área potencialmente 
contaminada (A2), onde foram coletadas amostras de água, para análises físico-químicas e microbiológicas, além de 
espécimes de Hoplias malabaricus, para avaliação de dados biométricos e incidência de lesões branquiais. As análises 
físico-químicas da água de ambas as áreas mostraram contaminação (baixos níveis de oxigênio dissolvido, turbidez e 
altas concentrações de ferro, principalmente em A2). As análises microbiológicas mostraram que todas as amostras 
de água apresentaram valores de coliformes totais superiores aos aceitáveis   pelo CONAMA e OMS (com valores 
superiores em A2), além de valores de E. coli superiores aos permitidos pela legislação em A2. Em relação aos dados 
biométricos, os peixes machos e fêmeas foram significativamente maiores e mais pesados   em A1 durante as estações 
seca e chuvosa e o índice gonadossomático também apresentou valores maiores em A1 do que em A2 em ambas as 
estações. H. malabaricus apresentaram lesões branquiais de importância patológica mínima a moderada em A1 e A2, 
indicando que espécimes de ambas as áreas do rio Mearim apresentaram respostas biológicas à contaminação. As 
mudanças observadas na qualidade da água, nos parâmetros biométricos e nas análises histológicas dos espécimes de 
H. malabaricus refletem diretamente na qualidade e saúde dos peixes do Rio Mearim, e apontam para a necessidade 
urgente de prevenção e remediação da contaminação desses ecossistemas.

Palavras-chave: biomonitoramento aquático, lesões branquiais, contaminação de rios, áreas de proteção 
internacional.
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monitoring studies with trahira in the Baixada Maranhense 
Environmental Protection Area are quite scarce. In this 
context, the aim of this study was to evaluate gill lesions 
and biometric data of Hoplias malabaricus, a bioindicator 
species, in a protected area in Brazilian Amazon.

2. Materials and Methods

2.1. Study area and sampling

The research was authorized by the State Department of 
Natural Research and Environment (process n°18208/2014, 
SEMA). The protocol was approved by the Ethics Committee 
of Maranhão State University (13/2017 CRMV-MA) and 
met the guidelines of the Brazilian Society of Laboratory 
Animal Science (https://www.sbcal.org.br).

Two stretches of the Mearim River were selected for 
sampling (Figure 1), both located in the Baixada Maranhense 
Environmental Protection Area. The first stretch is the 
reference area (A1), located in Vitória do Mearim, in the 
Engenho Grande village (03°7’64.1”S, 44°46’79.7”W), 
located at 188.9 kilometers from the capital São Luís. 
This site still has native flora and fauna, with minimal 
urbanization and anthropic activities. The second stretch is 
the potentially contaminated area (A2), located in Arari, in 
the Curral da Igreja village (03°27’64.1”S, 44°46’79.7”W). 
Arari is a city with intense urbanization and various 
anthropic activities, located at 175.4 kilometers from São 
Luís. Arari’s economy is predominantly related to fishing 
and agricultural activities (such as planting watermelon 
and rice on the banks of the river), hence the importance 
of Mearim River for the local population. At these sampling 
sites, water samples and specimens of H. malabaricus were 
collected in 2016 (August and November = dry season) 
and in 2017 (May and June = rainy season) at 12:00 pm. 
The collection sites were equally distant from urban centers. 
In total, 91 specimens of trahira were collected, 54 in the 
dry season and 37 in the rainy season.

2.2. Physicochemical and microbiological analyzes of 
water samples

The physicochemical parameters of the water were 
measured in triplicate at each site during each study season 
using a multiparameter HI 9829 (Hanna Instruments, 
Woonsocket, RI, USA) 12:00 pm. Water samples were 
also collected and preserved in nitric acid, for further 
quantification of contaminants by Inductively Coupled 
Plasma Optical Emission Spectrometry (ICP-OES Optima 
8300, Perkin Elmer). Microbiological analyzes were 
performed using the Colilert®/18 system method (IDEXX 
Laboratories, Inc., Westbrook, ME, USA), focusing on 
the detection and quantification of total coliforms and 
Escherichia coli in the samples.

2.3. Biometric data

H. malabaricus were stored in isothermal boxes with 
ice and transported to the Laboratory of Biomarkers in 
Aquatic Organisms (LABOAq) at the State University of 
Maranhão (UEMA). The fishes were anesthetized with 

1. Introduction

The effect of human activities on natural ecosystems 
has increased the loss of biodiversity in terrestrial and 
aquatic environments (Lutinski et al., 2023). However, the 
reduction of the biological diversity has been accompanied 
by the search for environmental conservation strategies, 
including the establishment and management of protected 
areas, which aim to preserve biodiversity in a long-term 
(Nabout et al., 2022).

Among the several protected areas of international 
interest, the Baixada Maranhense Environmental Protection 
Area stands out as part of the Legal Amazon, since it has 
a vast and important aquatic and terrestrial diversity 
(Araujo et al., 2020). The region is a wetland of interest 
designated by the RAMSAR Convention, ranking 28th in 
terms of size, comprising a complex ecological set of 
gallery forests, mangroves, various species of migratory 
birds and several species of fishes (Cardoso et al., 2019). 
In addition to all the biological diversity described, the 
Baixada Maranhense Environmental Protection Area 
is also a territory of elevated productivity and high 
economic and social importance for the local population 
(Ribeiro et al., 2020).

Biomarkers are changes at the molecular, biochemical, 
cellular, physiological, morphological or behavioral level 
that reveal current or past exposure of an organism to 
at least one pollutant (Ahmad et al., 2023; Jesus et al., 
2021). In other words, biomarkers are able to indicate 
the presence of contaminants in the environment, 
enabling the assessment and monitoring of ecosystems 
(Altenburger et al., 2019; Milinkovitch et al., 2019).

Gill lesions are commonly used as histological 
biomarkers since this organ has direct and permanent 
contact with the aquatic environment and is fundamental 
for respiration, osmoregulation, excretion and other vital 
functions in fishes (Kumar et al., 2017). These biomarkers 
are suitable to assessing the effects of human impacts 
on fishes’ species, especially carnivorous predators 
(Kroon et al., 2017). On the other hand, biometric data are 
also very useful in the assessment of aquatic organisms, 
given that changes in somatic indices are directly linked 
to the interference of pollutants in fishes’ metabolism 
and can be used in biomonitoring programs (Pinheiro-
Sousa et al., 2021).

Hoplias malabaricus (trahira) is a neotropical fish that 
is distributed from Panamá to south of Argentina and is 
widely used in the diet of the riverside Amazon population 
(Silva et al., 2019). The species is essentially carnivorous, 
which facilitates the process of biomagnification of 
contaminants through the food chain (Faria et al., 2019). 
The characteristics of this species and its sensitivity 
to pollutants indicate that this aquatic predator is an 
effective bioindicator of water quality and biomagnification 
(Jesus et al., 2014; Tesser et al., 2021).

In addition to the importance of H. malabaricus for 
environmental monitoring described above, the analysis 
of this fish is necessary, since the human consumption 
of contaminated fishes promotes an important route 
of contaminant absorption (Vicari et al., 2012). Despite 
the undeniable importance of the topic, environmental 
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0.1% benzocaine and euthanized. Medullary sections were 
submitted to biometry and opened via a vertical incision for 
observation and macroscopic classification of the gonads 
(males and females). The following biometric data were 
evaluated for each specimen: total length (TL), standard 
length (SL), total weight (TW) and gonadal weight (GW). 
In addition, we calculated the gonadosomatic index (GSI) 
according to Vazzoler (1996): GSI = 100 x Wg/Wt, where 
Wg is gonad weight and Wt is total weight.

2.4. Histological analyzes

The second right gill arch of each fish was removed, 
placed in 10% formaldehyde for 24 hours, placed in 10% 
nitric acid for 4 hours and processed according to the 
usual histological protocol (alcohol dehydration, xylol 
clearing and paraffin inclusion). Section (3-5 mm) were 
stained in hematoxylin/eosin and observed under a Zeiss 
light microscope (Carl Zeiss, Oberkochen, Germany) and 
photomicrographed using an OlympusBX51 microscope. 
Histological alterations were counted in each individual 
to obtain the histological index.

The first methodology (Bernet et al., 1999) was based 
on the pathological relevance of the histological lesion 
(w) and the extent of the observed lesions (a) calculated 
using the formula: Iorg Σrp = Σalt (a. w), where “rp” is 
the reaction pattern, “alt” is the number of alterations 
found, “a” is the score value and “w” is the importance 
factor of the lesion. The second methodology (Poleksic 

and Mitrovic-Tutundzic, 1994) classified branchial lesions 
in three stages according to the damage to the functions 
of the analyzed organ to calculate the histopathological 
alteration index (HAI) using the formula HAI: 1 × ΣI + 10 × 
ΣII + 100 × ΣIII, where “I”, “II” and “III” indicate the degree 
of severity of the lesions observed.

2.5. Data analysis

Physicochemical and microbiological analyzes, biometric 
data, gonadosomatic indexes and histological change 
index were expressed as the mean ± standard deviation. 
Significant differences between groups were checked by 
a t-test (p < 0.05 accepted as significant). The analysis of 
similarity of the branchial lesions between the studied 
areas was conducted through cluster analysis based on 
the values in paired groups (similarity) measured by 
Bray-Curtis index. These analyses were performed with 
the statistics program PAST (Hammer et al., 2001).

3. Results

3.1. Physicochemical and microbiological parameters

Several physicochemical parameters showed alterations 
in both A1 and A2 (Table 1), which suggests that both areas 
are contaminated, especially A2.

A worrying result was the low levels of dissolved oxygen 
in both areas. All the values found, with the exception of 

Figure 1. Location of the Mearim River stretches in the Baixada Maranhense Environmental Protection Area: Engenho Grande village 
(A1) and Curral da Igreja village (A2).
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sample 2 collected in A1 and sample 2 collected in A2 in 
the rainy season, were below the limits established by 
Brazilian legislation (CONAMA resolution 357/2005) 
and by the World Health Organization for water quality 
monitoring (WHO, 2011). Dissolved oxygen is one of the 
most important components in the control of water quality, 
since the presence of oxygen in water is essential for the 
survival of biological life and the effect of wastewater 
discharge on rivers is largely determined by the oxygen 
balance of the system (Salmasi et al., 2021).

Another parameter that presented results outside the 
quality standards was turbidity. Sample 2 collected in 
A1 and samples 1 and 2 collected in A2 in the dry season 
showed turbidity values superior to those established by 
CONAMA and WHO. Turbidity is characterized by large 
amounts of organic and inorganic material suspended in 
water, which can originate from domestic and industrial 
sewage discharges into the aquatic environment 
(Salvinelli et al., 2016). High levels of turbidity greatly 
affect aquatic environments, as they block the entry of 
sunlight into the water, interfering with the photosynthesis 
of aquatic plants and, consequently, the supply of food 
for herbivorous fish, causing an imbalance in food chains 
(Alves et al., 2008). The high turbidity values are directly 
linked to the high incidence of total coliforms in the water 
(Robert et al., 2016), as found in our work.

Iron also presented values above those allowed in 
both areas and periods, with higher values in A2. Iron 
is a natural component of the region’s soil as it occurs 
in the geological formation of the Mearim River Basin 
(Lima, 2013) and the acidic pH of the surface waters of 
Baixada Maranhense may favor the solubilization of this 
element (Marques et al., 2010). Globally, iron overloaded 
water sources are a problem due to natural sources of 
iron and increased human activities, which erode regions 
around water bodies and increase the concentration of 
the compound in aquatic ecosystems (Yadav et al., 2020).

Elevated environmental iron can cause several toxic 
effects that negatively impact fishes, such as oxidative 
stress and DNA damage (Tarifeño-Saldivia et al., 2018), 
as well as severe tissue damage to fishes’ livers and gills 
(Singh et al., 2019). It has been documented that tissue 
injuries caused by excess iron decrease the functional 
capacity of the gills and cause respiratory dysfunction 
in fishes (Slaninova et al., 2014). The high values of iron 
found in all sampling sites, in all seasons of the year, may 
be one of the causes of histological damage to the fishes 
analyzed in this work.

Microbiological analyzes (Table 1) showed that all water 
samples presented total coliform values higher than those 
acceptable by CONAMA and WHO, with higher values in 
A2. The presence of total coliforms was higher in the rainy 

Table 1. Physicochemical and microbiological analysis of the water collected at the Mearim River sampling points in the Baixada 
Maranhense Environmental Protection Area (Brazil).

Parameters

Reference (A1) Contaminated (A2)
CONAMA/

WHO 
limits

Dry Season Rainy Season Dry Season Rainy Season

Sample 1 
(August)

Sample 2 
(November)

Sample 1 
(May)

Sample 2 
(June)

Sample 1 
(August)

Sample 2 
(November)

Sample 1 
(May)

Sample 2 
(June)

Alkalinity total 
(mg/L CaCO3)

62 ± 0.6 32 ± 0.4 0 40 ± 0.3 90 ± 0.5 34 ± 0.7 0 38 ± 0.3 200

Chlorides 
(mg/L Cl-)

32.53 ± 0.2 31.9 ± 0.3 40.78 ± 0.5 6.9 ± 0.1 35.32 ± 0.3 51.9 ± 0.8 44.8 ± 0.6 8.9 ± 0.2 250

Conductivity 
(µJ/cm)

470 ± 0.8 74.6 ± 0.7 115.7 ± 0.9 160 ± 0.4 606 ± 0.8 104.9 ± 0.3 116 ± 0.2 298.2 ± 0.3 750

Total dissolved 
solids (ppm)

231± 0.7 37.4 ± 0.3 58 ± 0.6 209 ± 0.5 303 ± 0.3 52.6 ± 0.9 60 ± 0.5 310 ± 0.9 500

NaCl (%) 1 ± 0.03 0.2 ± 0.01 0.2 ± 0.02 0.8 ± 0.04 1.3 ± 0.08 0.2 ± 0.07 0.2 ±0.04 0.3 ± 0.06 -

pH 6.2 ± 0.2 5.21 ± 0.3a 6.8 ± 0.8 6.2 ± 0.7 6 ± 0.3 5.67 ± 0.4a 6.8 ± 0.7 6.18 ± 0.2 6.0 - 9.0

Dissolved 
oxygen  
(mg/L O2)

0.7 ± 0.02a 0 ± 0.03a 0.3 ± 0.01a 10.8 ± 0,09 0.6 ± 0,02a 0 ± 0.01a 0.3 ± 0.02a 14.3 ± 0.09 5.0

Turbidity 
(U.N.T)

26.86 ± 0.2 369 ± 9.8a 1.75 ± 0.6 0.51 ± 0.7 113 ± 1.6a 376 ± 8.2a 1.87 ± 0.6 0.73 ± 0.2 100

Nitrate  
(mg/L N)

4.43 ± 0.05 0 ± 0.02 2.21 ± 0.06 0 ± 0.07 4.43 ± 0.08 0 ± 0.04 2.21 ± 0.09 0 ± 0.03 10

Iron (mg/L Fe) 2.61 ± 0.08a 1.66 ± 0.04a 2.13 ± 0.06a 0.68 ± 0.03a 5.01 ± 0.09a 2.53 ± 0.07a 3.77 ± 0.04a 4.12 ± 0.03a 0.3

T. coliforms 
(MNP c)

3,410 ± 85a 2,481 ± 62a 24,196 ± 108a 4,352 ± 61a 5,940 ± 39a 12,033 ± 76a 24,196 ± 48a 9,208 ± 22a 1000

Escherichia coli 900 ± 32 175 ± 11 20 ± 2 20 ± 2 1,730 ± 28a 816 ± 42 41 ± 2 108 ± 6 1000

N= 3. aValues not in accordance with Brazilian legislation (CONAMA resolution 357/2005)/World Health Organization (WHO) limits.
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season. Escherichia coli was also more present in A2 than 
in A1, but it was more frequent in the dry season.

Total coliforms and E. coli are essential indicators of fecal 
pollution in aquatic environments, as they are commonly 
found in the large intestine of humans and other warm-
blooded animals (Ma et al., 2022). Thus, they are abundant 
in water systems as a result of direct discharge containing 
feces or indirect discharge via untreated wastewater 
(Osińska et al., 2017).

The low levels of dissolved oxygen, high turbidity, high 
levels of iron and a large number of total coliforms and E. 
coli found in the water samples point to environmental 
contamination, mainly due to erosion of the river banks 
and the release of domestic and industrial sewage in 
diffuse sources along the Mearim River.

In this context, the low levels of oxygen, high turbidity, 
high levels of iron and a large number of total coliforms and 
E. coli found in the water samples point to environmental 
contamination, mainly due to erosion and discharge of 
domestic and industrial sewage into diffuse sources along 
the of the Mearim River.

Modifications in aquatic environmental conditions, 
especially chemical and microbiological modifications, 
influence the health of fishes, causing histological lesions, 
mainly in the gills, which affect the respiratory and 
osmoregulatory functioning of these organisms (Pinheiro-
Sousa et al., 2019). In addition, these environmental 
alterations affect the growth and reproduction of fishes 
(Santos et al., 2016), as will be discussed in the next topic.

3.2. Biometric data

Male and female fishes were longer and heavier in 
A1 during the dry and wet seasons (Table 2), what is 

probably related to a greater retention of pollution in 
A2. Biometric data are an excellent tool for assessing 
contamination in biomonitoring studies, since pollutants 
induce changes in growth rates because energy is 
reallocated to detoxification mechanisms, which deplete 
reserves originally intended for growth (Pinheiro-
Sousa et al., 2017; Domingos et al., 2009).

The gonadosomatic index (GSI) also showed higher 
values in A1 than in A2 in both dry and rainy seasons 
(Table 2). Several studies have shown a decrease in the 
gonadosomatic index of fishes in a contaminated site, 
considering that xenobiotics cause problems in the 
endocrine and reproductive systems of fishes, which 
directly affect the development of gametes and their 
viability (Mayon et al., 2006; Hansson et al., 2014; 
Pinheiro-Sousa et al., 2021). It is also important to note 
that the GSI was higher in the dry season for both male 
and female fishes caught in A1, whereas it was not in A2. 
These data point to a superior maturational development 
of the fishes found in A1 than A2. Typically, tropical river 
fishes accumulate reserves in the dry season and spawn 
in the rainy season, when the supply of food and habitats 
is more suitable for larvae and juveniles (Alkins-Koo, 
2000). A reduced GSI may indicate that the fishes are not 
accumulating reserves for reproduction and are investing 
energy to biotransform pollutants.

3.3. Histological analyzes

The histological alterations in the gills (Figure 2), found 
using methodology 1, showed that both in the fishes 
collected in A1 and A2, the changes in the structure of the 
branchial epithelium were the most significant lesions and 
were included in the regressive changes group (Table 3).

Table 2. Mean and standard deviation of biometric data for the H. malabaricus specimens collected from the Mearim River during the 
dry and rainy seasons.

Parameters

Dry Season

A1 (mean ± SD) A2 (mean ± SD)

Females Males Females Males

TL (cm) 25.18 ± 3.87 26.31 ± 3.91 23.32 ± 3.04* 19.96 ± 3.34*

SL (cm) 21.02 ± 2.73 20.81 ± 2.90 18.36 ± 2.31* 16.10 ± 2.88*

TW (g) 162.12 ± 41.20 158.42 ± 70.87 131.6 ± 32.83* 121.46 ± 23.12*

GW (g) 5.98 ± 1.86 0.98 ± 0.39 3.06 ±1.07* 0.46 ± 0.11*

GSI 3.68 ± 0.69 0.62 ± 0.29 2.32 ± 0.32* 0.37 ± 0.17*

Parameters

Rainy Season

A1 (mean ± SD) A2 (mean ± SD)

Females Males Females Males

TL (cm) 23.6 ± 1.86 21.46 ± 2.23 16.4 ± 1.32* 16.07 ± 0.87*

SL (cm) 18.42 ± 1.53 17.56 ± 1.66 12.3 ± 1.24* 12.87 ± 0.99*

TW (g) 140.46 ± 32.76 121.43 ± 28.71 88 ± 8.23* 87.75 ± 7.97*

GW (g) 4.86 ± 1.03 0.67 ± 0.69 2.41 ± 0.93* 0.35 ± 0.14*

GSI 3.46 ± 0.32 0.55 ± 0.25 2.43 ± 0.71* 0.39 ± 0.21*

*Indicates a significant difference in relation to the reference area (p < 0.05). TL: total length; SL: standard length; TW: total weight; GW: gonad 
weight; GSI: gonadosomatic index; cm: centimeters; and g: grams. Dry season = 54 fish, and rainy season = 37.
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When methodology 2 was applied, the epithelial 
displacement, congestion and aneurysm were the lesions 
with highest percentages, with similar values in fishes 
captured in A1 and A2 (except for congestion, which had 
a significantly higher percentage in A1) (Table 3). Other 
types of injury were also found in both areas, such as: 
hyperplasia, incomplete and complete lamellar fusion, 
lamellar disorganization, mucus cell proliferation and 
dilation of venous sinus (Table 3).

The presence of gill lesions in fishes collected in A1 and 
A2 indicates that specimens from both areas of the Mearim 
River showed biological responses to contamination. 
As previously described, impacts on the Mearim River 
caused by agricultural, domestic and industrial activities 
can affect the conditions of the aquatic ecosystem, affecting 
the health of resident fishes. In a study that used the 
same species for analysis of aquatic contamination in 
the Maracanã Environmental Protection Area in São Luís 
- MA, the authors recorded the same gill lesions that are 

described in the present work: lamellar fusion, epithelial 
displacement, epithelial dilation, proliferation of mucous 
cells and aneurysms (Castro et al., 2014), which confirms 
the applicability of H. malabaricus as a bioindicator species 
of environmental contamination.

Displacement of the lining epithelium of the secondary 
lamellae is one of the first lesions found in fish and 
occurs when the respiratory epithelium is lifted, with 
the formation of edema (Santos et al., 2014). This lesion 
is related to the presence of chemical contaminants and 
causes a reduction in the surface of the gills, in addition to 
compromising the gas exchange process (Winkaler et al., 
2001). In congestion, there is the formation of a cluster 
of erythrocytes, which will affect the pillar cells and the 
structural arrangement of the cells, which may result in a 
blood leakage (Stentiford et al., 2003). The aneurism can 
be much more serious, making it irreversible if the animal 
remains in a contaminated environment (Flores-Lopes and 
Thomaz, 2011). Hyperplasia and lamellar fusion are formed 
in the gill tissue in order to reduce the stress caused by a 
polluted environment, however these changes in the tissue 
structure directly affect respiration and osmoregulation 
mechanisms (Nogueira et al., 2011).

Dilation of the gill epithelium can be generated by 
irritation of blood vessel walls caused by chemical elements 
present in the environment (Fiuza et al., 2011). This can 
seriously compromise the respiratory system of fishes, as 
it affects vascular integrity and an epithelial rupture may 
occur (Cantanhêde et al., 2016).

Lesions such as mucosal cell proliferation and lamellar 
disorganization were also found in the fishes collected 
in both areas. Intense mucus production is influenced by 
environmental stress and is responsible for protecting 
lamellae against microorganisms, contaminants and other 
particles found in the water (Menezes et al., 2015). Cell 
disorganization is characterized by an imbalance in the 
structure of gill cells, affecting the normal functioning of 
the gills, mainly in terms of O2 absorption by the fishes 
(Machado, 1999).

Figure 2. Histological lesions in H. malabaricus. (A) Normal gill 
tissue; (B) aneurysm (arrow); (C) epithelial displacement (arrow); 
and (D) congestion (arrow).

Table 3. Observed lesions and severity of the lesions relative to the methodologies used, as well as the occurrence (%) in each area.

Methodology Reaction pattern (groups) Alterations w % (A1) % (A2)

1 Circulatory disorders Aneurysm 1 17 16

Regressive changes Structural alterations 1 73 73

Progressive changes Hyperplasia 2 10 11

2 Hypertrophy and hyperplasia of gill 
epithelia

Hyperplasia 1 10 11

Incomplete fusion 1 8 10

Complete fusion 2 8 7

Epithelial displacement 1 26 28

Lamellar disorganization 1 2 7

Changes in mucous/chloride cells Mucous cells proliferation 2 1 1

Blood vessel changes Dilation of venous sinus 1 7 8

Congestion 1 21 12

Aneurysm 2 17 16

w: severity of the lesions; 1: Bernet et al. (1999); 2: Poleksic and Mitrovic-Tutundzic (1994).
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These histological changes were also found by 
Ogbeide et al. (2019) in a study that associated characteristics 
of benthic and pelagic fishes and the effects of exposure to a 
river impacted by pesticides. It is important to highlight that 
in the studied areas (especially A2), agriculture occurs close 
to the banks of the Mearim River and the use of pesticides 
in these activities can contaminate aquatic ecosystems.

The results of the indexes of the branchial lesions in 
the collected fishes showed a low and moderate degree 
of severity (Figure 3). However, gill’s changes, even at low 
levels, have significant effects on the respiratory balance of 
the animal (Martins et al., 2016). The normal functioning 
of the respiratory and osmoregulatory systems of fishes 
can be affected by minimal structural changes in the gills, 
which may become irreversible for animal health and be 
fatal (Galat et al., 1985).

The rainy season showed higher histological changes 
indexes both in A1 and A2, but mainly in A2. During the 
rainy season, environmental changes are intensified, 
influencing the use of some defense mechanisms of fishes’ 
organisms and causing histological alterations (Iida et al., 
2011; Robert et al., 2016).

The cluster analysis performed for the histological 
lesions of the fishes presented differentiated groups for 
the two sampled areas (Figure 4). The most similar groups 

of gill lesions (100%) were complete lamellar fusion and 
incomplete lamellar fusion (A1) and complete lamellar 
fusion and lamellar disorganization (A2). Cluster analysis 
showed that the grouped histological lesions represented 
mild and moderate severity.

The poor water quality of Mearim river reflected on the 
health of the analyzed fishes, which had many lesions on 
the gills. In this context, alterations in the gill tissues of H. 
malabaricus can be used to assess the effects of specific and 
non-specific pollutants on water bodies and predict future 
effects on the ichthyological communities of chronically 
contaminated rivers (Castro et al., 2018).

The branchial lesions of H. malabaricus indicate 
that the environment is under stress, probably due to 
inappropriate land uses that cause contaminants to enter 
the aquatic environments of the region. The use of native 
fish species as biomarkers is a fundamental approach for 
environmental monitoring in developing countries, as 
it is an easy and low-cost way to obtain information for 
environmental management.

4. Conclusions

Both studied areas showed signs of environmental 
contamination, since the data from the physicochemical and 
microbiological analyzes of the water samples, in addition 
to the biometric and histological data of H. malabaricus 
collected, showed results outside acceptable standards. 
The area with higher human activity (A2) still showed 
more contamination marks than the reference area (A1). 
The specimens of H. malabaricus presented gill lesions 
that differentiated the quality and health of the fishes. 
The results of the present research point to an urgent need 
for measures to prevent and remedy contamination along 
the Mearim River, in addition to show that the use of H. 
malabaricus can contribute to environmental monitoring 
actions in this region and other areas worldwide.

Acknowledgements

The authors gratefully acknowledge the staff of 
the Laboratory of Biomarkers and Aquatic Organisms 
(LABOAq) and the Microscopy Group of the State 
University of Maranhão for providing laboratory facilities 
and technical assistance. Authors extend their thanks to 
the Coordination of Higher Education Personnel (CAPES) 
and the Foundation for Research and the Scientific and 
Technological Development of Maranhão (FAPEMA) for 
financial support in the form of grants and fellowship.

References

AHMAD, B., ILAHI, I., YOUSAFZAI, A.M., ATTAULLAH, M., RAHIM, A., 
NAZ, D., HAZRAT, A., BATIHA, G.E.-S., NASSAN, M.A. and KHALIL, 
A.A.K., 2023. Protective effects of Zizyphus oxyphyla on liver and 
kidney related serum biomarkers in (CCl4) intoxicate rabbits. 
Brazilian Journal of Biology = Revista Brasileira de Biologia, vol. 
83, e246980. http://dx.doi.org/10.1590/1519-6984.246980. 
PMid:34468522.

Figure 3. Values of Bernet et al. (1999) index and Poleksic and 
Mitrovic-Tutundzic (1994) (HAI), in the dry and rainy seasons.

Figure 4. Tree of similarity of the branchial lesions observed in the 
specimens collected in the two studied areas (A1 and A2). Aneu: 
aneurysm; Hyperp: hyperplasia; Displac epith: displacement of 
the epithelium; Lamel disorg: lamellar disorganization; Dilat ven 
sin: dilation of venous sinus; Mucous cells: proliferation of mucus 
cells; Comp fusion: complete lamellar fusion; and Inc fusion: 
incomplete lamellar fusion.

https://doi.org/10.1590/1519-6984.246980
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=34468522&dopt=Abstract
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=34468522&dopt=Abstract


Brazilian Journal of Biology, 2022, vol. 82, e2630478/10

Freitas, L.C. et al.

ALKINS-KOO, M., 2000. Reproductive timing of fishes in a tropical 
intermittent stream. Environmental Biology of Fishes, vol. 57, 
no. 1, pp. 49-66. http://dx.doi.org/10.1023/A:1007566609881.

ALTENBURGER, R., BRACK, W., BURGESS, R.M., BUSCH, W., ESCHER, 
B.I., FOCKS, A., HEWITT, L.M., JACOBSEN, B.N., ALDA, M.L., 
AIT-AISSA, S., BACKHAUS, T., GINEBREDA, A., HILSCHEROVÁ, 
K., HOLLENDER, J., HOLLERT, H., NEALE, P.A., SCHULZE, T., 
SCHYMANSKI, E.L., TEODOROVIC, I., TINDALL, A.J., UMBUZEIRO, 
G.A., VRANA, B., ZONJA, B. and KRAUSS, M., 2019. Future water 
quality monitoring: improving the balance between exposure 
and toxicity assessments of real-world pollutant mixtures. 
Environmental Sciences Europe, vol. 31, no. 1, p. 12. http://dx.doi.
org/10.1186/s12302-019-0193-1.

ALVES, E.C., SILVA, C.F., COSSICH, E.S., TAVERES, C.R.G., SOUZA 
FILHO, E.E. and CARNIEL, A., 2008. Evaluation of the water 
quality of the Pirapó-Maringá river basin, state of Paraná, 
through physical, chemical and microbiological parameters. 
Acta Scientiarum. Technology, vol. 30, pp. 39-48.

ARAUJO, E.C., MARTINS, L.P., DUARTE, M. and AZEVEDO, G.G., 2020. 
Temporal distribution of fruit-feeding butterflies (Lepidoptera, 
Nymphalidae) in the eastern extreme of the Amazon region. 
Acta Amazonica, vol. 50, no. 1, pp. 12-23. http://dx.doi.
org/10.1590/1809-4392201901261.

BERNET, D., SCHMIDT, H., MEIER, W., BURKHARDT-HOLM, P. and 
WAHLI, T., 1999. Histopathology in fish: proposal for a protocol 
to assess aquatic pollution. Journal of Fish Diseases, vol. 22, no. 1, 
pp. 25-34. http://dx.doi.org/10.1046/j.1365-2761.1999.00134.x.

CANTANHÊDE, S.M., CASTRO, G.S., PEREIRA, N.J., CAMPOS, J.S.P., 
SILVA, J., TCHAICKA, L., CARVALHO-NETA, R.N.F., TORRES JÚNIOR, 
J.R.S. and SANTOS, D.M.S., 2016. Evaluation of environmental 
quality of two estuaries in Ilha do Maranhão, Brazil, using 
histological and genotoxic biomarkers in Centropomus 
undecimalis (Pisces, Centropomidae). Environmental Science and 
Pollution Research International, vol. 23, no. 20, pp. 21058-21069. 
http://dx.doi.org/10.1007/s11356-016-7294-9. PMid:27491417.

CARDOSO, R.L., SILVA, M.H.L., CARVALHO-NETA, R.N.F., CASTRO, 
A.C.L., FERREIRA, C.F.C., FERREIRA, H.R.S. and SANTOS, D.M.S., 
2019. Aspects of reproductive biology of curimba Prochilodus 
lacustris (Pisces, Prochilodontidae) in a tropical lake in 
northeastern Brazil. Journal of Applied Ichthyology, vol. 35, no. 
2, pp. 488-500. http://dx.doi.org/10.1111/jai.13868.

CASTRO, J.S., FRANÇA, C.L., FERNANDES, J.F.F., SILVA, J.S., CARVALHO-
NETA, R.N.F. and TEIXEIRA, E.G., 2018. Biomarcadores histológicos 
em brânquias de Sciades herzbergii (Siluriformes, Ariidae) 
capturados no Complexo Estuarino de São Marcos, Maranhão. 
Arquivo Brasileiro de Medicina Veterinária e Zootecnia, vol. 70, 
no. 2, pp. 410-418. http://dx.doi.org/10.1590/1678-4162-9906.

CASTRO, J.S., SILVA, J.S., FREITAS, L.C. and CARVALHO-NETA, 
R.N.F., 2014. Histopathological biomarkers in the species 
Hoplias malabaricus (Pisces, Osteichthyes, Erythrinidae) in a 
conservation unit of São Luís (MA). Brazilian Archives of Veterinary 
Medicine and Animal Science, vol. 66, no. 6, pp. 1687-1694.

DOMINGOS, F.X.V., ASSIS, H.C.S., SILVA, M.D., DAMIAN, R.C., 
ALMEIDA, A.I.M., CESTARI, M.M., RANDI, M.A.F. and RIBEIRO, 
C.A.O., 2009. Anthropic impact evaluation of two Brazilian 
estuaries through biomarkers in fish. Journal of the Brazilian 
Society of Ecotoxicology, vol. 4, no. 1-3, pp. 21-30. http://dx.doi.
org/10.5132/jbse.2009.01.004.

FARIA, M.D.R., CAVALCANTE-NETO, A., ALLAMAN, I.B., GOMES, 
A.D., MOREIRA, R.G., HALLERMAN, E.M. and HILSDORF, A.W.S., 
2019. The potential of Hoplias malabaricus (Characiformes: 
Erythrinidae), a neotropical carnivore, for aquaculture. 
Aquaculture and Fisheries, vol. 4, no. 3, pp. 89-97. http://dx.doi.
org/10.1016/j.aaf.2019.01.002.

FIUZA, T.S., SILVA, P.C., PAULA, J.R., TRESVENZOL, L.M.F., SOUTO, 
M.E.D. and SABÓIA-MORAIS, S.M.T., 2011. Análise tecidual e 
celular das brânquias de Oreochromis niloticus L tratadas com 
extrato etnólico bruto e frações das folhas da pitanga (Eugenia 
uniflora L.) Myrtaceae. Revista Brasileira de Plantas Medicinais, 
vol. 13, no. 4, pp. 389-395. http://dx.doi.org/10.1590/S1516-
05722011000400003.

FLORES-LOPES, F. and THOMAZ, A.T., 2011. Histopathologic 
alterations observed in fish gills as a tool in environmental 
monitoring. Brazilian Journal of Biology = Revista Brasileira de 
Biologia, vol. 71, no. 1, p. 179-188. http://dx.doi.org/10.1590/
S1519-69842011000100026. PMid:21437416.

GALAT, D.L., POST, G., KEEFE, T.J. and BOUCK, G.R., 1985. Histological 
changes in the gill, kidney and liver of Lahontan cutthroat 
trout, Salmo clarki henshawi, living in lakes of different salinity-
alkalinity. Journal of Fish Biology, vol. 27, no. 5, pp. 533-552. 
http://dx.doi.org/10.1111/j.1095-8649.1985.tb03200.x.

HAMMER, Ø., HARPER, D.A. and RYAN, P.D., 2001. PAST: 
paleontological statistics software package for education and 
data analysis. Palaeontologia Electronica, vol. 4, no. 1, pp. 1-9.

HANSSON, T., HANSEN, W., TJARNLUND, U., BALK, L. and BENGTSSON, 
B.E., 2014. Biomarker investigations in adult female perch (Perca 
fluviatilis) from industrialised areas in northern Sweden in 
2003. Archives of Environmental Contamination and Toxicology, 
vol. 66, no. 2, pp. 237-247. http://dx.doi.org/10.1007/s00244-
013-9974-5. PMid:24297393.

IIDA, T., INKHAMSENG, S., YOSHIDA, K. and TANJI, H., 2011. 
Characterization of water quality variation in the Mekong river 
at Vientiane by frequent observation. Hydrological Processes, vol. 
25, no. 23, pp. 3590-3601. http://dx.doi.org/10.1002/hyp.8084.

JESUS, I.S., MEDEIROS, R.L.S., CESTARI, M.M., BEZERRA, M.A. and 
AFFONSO, P.R.A.M., 2014. Analysis of metal contamination and 
bioindicator potential of predatory fish species along Contas 
river basin in northeastern Brazil. Bulletin of Environmental 
Contamination and Toxicology, vol. 92, no. 5, pp. 551-556. 
http://dx.doi.org/10.1007/s00128-013-1188-z. PMid:24389888.

JESUS, W.B., ANDRADE, T.S.O.M., SOARES, S.H., PINHEIRO-SOUSA, 
D.B., OLIVEIRA, S.R.S., TORRES, H.S., PROTAZIO, G.S., SILVA, D.S., 
SANTOS, D.M.S., CARVALHO-NETA, A.V., BENJAMIN, L.A. and 
CARVALHO-NETA, R.N.F., 2021. Biomarkers and occurrences of 
heavy metals in sediment and the bioaccumulation of metals in 
crabs (Ucides cordatus) in impacted mangroves on the Amazon 
coast, Brazil. Chemosphere, vol. 271, p. 129444. http://dx.doi.
org/10.1016/j.chemosphere.2020.129444. PMid:33445026.

KROON, F., STRETEN, C. and HARRIES, S., 2017. A protocol for 
identifying suitable biomarkers to assess fish health: a 
systematic review. PLoS One, vol. 12, no. 4, e0174762. http://
dx.doi.org/10.1371/journal.pone.0174762. PMid:28403149.

KUMAR, N., KRISHNANI, K.K., GUPTA, S.K. and SINGH, N.P., 2017. 
Cellular stress and histopathological tools used as biomarkers in 
Oreochromis mossambicus for assessing metal contamination. 
Environmental Toxicology and Pharmacology, vol. 49, pp. 137-147. 
http://dx.doi.org/10.1016/j.etap.2016.11.017. PMid:27992807.

LIMA, A.S., 2013. Análise geomorfológica da bacia hidrográfica do rio 
Mearim-MA a partir do quadro geológico regional. Belo Horizonte: 
Universidade Federal de Minas Gerais, 142 p. Doctoral thesis 
in Geography.

LUTINSKI, J.A., DORNELES, F.E., GUARDA, C., LUTINSKI, C.J., BUSATO, 
M.A., GIOVENARDI, R. and GARCIA, F.R.M., 2023. Ant diversity 
(Hymenoptera: Formicidae) in Turvo State Park, municipality of 
Derrubadas, state of Rio Grande do Sul, Brazil. Brazilian Journal 
of Biology = Revista Brasileira de Biologia, vol. 83, e239642. 
http://dx.doi.org/10.1590/1519-6984.239642. PMid:34133487.

https://doi.org/10.1023/A:1007566609881
https://doi.org/10.1186/s12302-019-0193-1
https://doi.org/10.1186/s12302-019-0193-1
https://doi.org/10.1590/1809-4392201901261
https://doi.org/10.1590/1809-4392201901261
https://doi.org/10.1046/j.1365-2761.1999.00134.x
https://doi.org/10.1007/s11356-016-7294-9
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=27491417&dopt=Abstract
https://doi.org/10.1111/jai.13868
https://doi.org/10.1590/1678-4162-9906
https://doi.org/10.5132/jbse.2009.01.004
https://doi.org/10.5132/jbse.2009.01.004
https://doi.org/10.1016/j.aaf.2019.01.002
https://doi.org/10.1016/j.aaf.2019.01.002
https://doi.org/10.1590/S1516-05722011000400003
https://doi.org/10.1590/S1516-05722011000400003
https://doi.org/10.1590/S1519-69842011000100026
https://doi.org/10.1590/S1519-69842011000100026
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=21437416&dopt=Abstract
https://doi.org/10.1111/j.1095-8649.1985.tb03200.x
https://doi.org/10.1007/s00244-013-9974-5
https://doi.org/10.1007/s00244-013-9974-5
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=24297393&dopt=Abstract
https://doi.org/10.1002/hyp.8084
https://doi.org/10.1007/s00128-013-1188-z
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=24389888&dopt=Abstract
https://doi.org/10.1016/j.chemosphere.2020.129444
https://doi.org/10.1016/j.chemosphere.2020.129444
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=33445026&dopt=Abstract
https://doi.org/10.1371/journal.pone.0174762
https://doi.org/10.1371/journal.pone.0174762
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=28403149&dopt=Abstract
https://doi.org/10.1016/j.etap.2016.11.017
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=27992807&dopt=Abstract
https://doi.org/10.1590/1519-6984.239642
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=34133487&dopt=Abstract


Brazilian Journal of Biology, 2022, vol. 82, e263047 9/10

Hoplias malabaricus: a bioindicator species in Amazon

MA, C.-Y., IHARA, M., LIU, S., SUGIE, Y. and TANAKA, H., 2022. 
Tracking the source of antibiotic-resistant Escherichia coli in the 
aquatic environment in Shiga, Japan, through whole-genome 
sequencing. Environmental Advances, vol. 8, p. 100185. http://
dx.doi.org/10.1016/j.envadv.2022.100185.

MACHADO, M.R., 1999. Use of fish gills as indicators of water quality. 
Journal of Health Science, vol. 1, no. 1, pp. 63-76.

MARQUES, F.C., CAVALCANTE, P.R.S. and BARBIERI, R., 2010. 
Qualidade das águas subterrâneas da área urbana no município 
de Santa Helena (MA). In: XVI Congresso Brasileiro de Águas 
Subterrâneas; XVII Encontro Nacional de Perfuradores de Poços, 
31-3 August-September 2010, São Luís, Brazil. São Luís: ABAS, 
pp. 1-12.

MARTINS, M., SANTOS, J.M., COSTA, M.H. and COSTA, P.M., 2016. 
Applying quantitative and semi-quantitative histopathology 
to address the interaction between sediment-bound 
polycyclic aromatic hydrocarbons in fish gills. Ecotoxicology 
and Environmental Safety, vol. 131, pp. 164-171. http://dx.doi.
org/10.1016/j.ecoenv.2016.04.019. PMid:27117279.

MAYON, N., BERTRAND, A., LEROY, D., MALBROUCK, C., MANDIKI, 
S.N.M., SILVESTRE, F., GOFFART, A., THOMÉ, J.-P. and KESTEMONT, 
P., 2006. Multiscale approach of fish responses to different types 
of environmental contaminations: a case study. The Science 
of the Total Environment, vol. 367, no. 2-3, pp. 715-731. http://
dx.doi.org/10.1016/j.scitotenv.2006.03.005. PMid:16740295.

MENEZES, C., FONSECA, M.B., LEITEMPERGER, J., PRETTO, A., 
MORAES, B.S., MURUSSI, C.R., BALDISSEROTTO, B. and LORO, 
V.L., 2015. Commercial formulation containing 2,4-D affects 
biochemical parameters and morphological indices of silver 
catfish exposed for 90 days. Fish Physiology and Biochemistry, 
vol. 41, no. 2, pp. 323-330. http://dx.doi.org/10.1007/s10695-
014-9985-9. PMid:25213788.

MILINKOVITCH, T., GEFFARD, O., GEFFARD, A., MOUNEYRAC, C., 
CHAUMOT, A., XUEREB, B., FISSON, C., MINIER, C., AUFFRET, 
M., PERCEVAL, O., EGEA, E. and SANCHEZ, W., 2019. Biomarkers 
as tools for monitoring within the Water Framework Directive 
context: concept, opinions and advancement of expertise. 
Environmental Science and Pollution Research International, 
vol. 26, no. 32, pp. 32759-32763. http://dx.doi.org/10.1007/
s11356-019-06434-x. PMid:31586314.

NABOUT, J.C., TESSAROLO, G., PINHEIRO, G.H.B., MARQUEZ, L.A.M. 
and CARVALHO, R.A., 2022. Unraveling the paths of water as 
aquatic cultural services for the ecotourism in Brazilian protected 
areas. Global Ecology and Conservation, vol. 33, e01958. http://
dx.doi.org/10.1016/j.gecco.2021.e01958.

NOGUEIRA, D.J., CASTRO, S.C., VIEIRA, R.C.A. and RIGOLIN-SÁ, 
O., 2011. Utilização das brânquias de Pimelodus maculatus 
(Lacèpéde, 1803) (Siluriformes; Pimelodidae) como biomarcador 
de poluição no reservatório da UHE Marechal Mascarenhas de 
Moraes, Minas Gerais, Brasil. Biotemas, vol. 24, no. 3, pp. 51-58.

OGBEIDE, O., UHUNAMURE, G., UWAGBOE, L., OSAKPAMWAN, T., 
GLORY, M. and CHUKWUKA, A., 2019. Comparative gill and liver 
pathology of Tilapia zilli, Clarias gariepinus and Neochanna 
diversus in owan river (Nigeria): relative ecological risks of 
species in a pesticide-impacted river. Chemosphere, vol. 234, 
pp. 1-13. http://dx.doi.org/10.1016/j.chemosphere.2019.06.055. 
PMid:31200248.

OSIŃSKA, A., KORZENIEWSKA, E., HARNISZ, M. and NIESTĘPSKI, 
S., 2017. The prevalence and characterization of antibiotic-
resistant and virulent Escherichia coli strains in the municipal 
wastewater system and their environmental fate. The Science 
of the Total Environment, vol. 577, pp. 367-375. http://dx.doi.
org/10.1016/j.scitotenv.2016.10.203. PMid:27816226.

PINHEIRO-SOUSA, D.B., ALMEIDA, Z.S. and CARVALHO-NETA, 
R.N.F., 2017. Integrated analysis of two biomarkers in Sciades 
herzbergii (Ariidae, Siluriformes) to assess the environmental 
impact at São Marcos’ bay, Maranhão, Brazil. Latin American 
Journal of Aquatic Research, vol. 41, no. 2, pp. 305-312. http://
dx.doi.org/10.3856/vol41-issue2-fulltext-9.

PINHEIRO-SOUSA, D.B., SOARES, S.H.C., TORRES, H.S., JESUS, 
W.B., OLIVEIRA, S.R.S., BASTOS, W.R., RIBEIRO, C.A.O. and 
CARVALHO-NETA, R.N.F., 2021. Sediment contaminant levels 
and multibiomarker approach to assess the health of catfish 
Sciades herzbergii in a harbor from the northern Brazilian 
Amazon. Ecotoxicology and Environmental Safety, vol. 208, 
p. 111540. http://dx.doi.org/10.1016/j.ecoenv.2020.111540. 
PMid:33157514.

PINHEIRO-SOUSA, D.B., TORRES JUNIOR, A.R., SILVA, D., SANTOS, 
R.L. and CARVALHO-NETA, R.N.F., 2019. A screening test based 
on hematological and histological biomarkers to evaluate the 
environmental impacts in tambaqui (Colossoma macropomum) 
from a protected area in Maranhão, Brazilian Amazon. 
Chemosphere, vol. 214, pp. 445-451. http://dx.doi.org/10.1016/j.
chemosphere.2018.09.146. PMid:30273878.

POLEKSIC, V. and MITROVIC-TUTUNDZIC, V., 1994. Fish gills as a 
monitor of sublethal and chronic effects of pollution. In: R. 
MULLER and R. LLOYD, eds. Sublethal and chronic effects of 
pollutants on freshwater fish. Oxford: Fishing News Books for 
FAO, pp. 339-352.

RIBEIRO, S., MOURA, R.G., STENERT, C., FLORÍN, M. and MALTCHIK, 
L., 2020. Land use in Brazilian continental wetland Ramsar sites. 
Land Use Policy, vol. 99, p. 104851. http://dx.doi.org/10.1016/j.
landusepol.2020.104851.

ROBERT, E., GRIPPA, M., KERGOAT, L., PINET, S., GAL, L., COCHONNEAU, 
G. and MARTINEZ, J.M., 2016. Monitoring water turbidity 
and surface suspended sediment concentration of the Bagre 
Reservoir (Burkina Faso) using MODIS and field reflectance 
data. Journal of Applied Earth Observation and Geoinformation, 
vol. 52, pp. 243-251. http://dx.doi.org/10.1016/j.jag.2016.06.016.

SALMASI, F., ABRAHAM, J. and SALMASI, A., 2021. Effect of 
stepped spillways on increasing dissolved oxygen in water, an 
experimental study. Journal of Environmental Management, vol. 
299, p. 113600. http://dx.doi.org/10.1016/j.jenvman.2021.113600. 
PMid:34450302.

SALVINELLI, C., ELMORE, A.C., REIDMEYER, M.R., DRAKE, K.D. 
and AHMAD, K.I., 2016. Characterization of the relationship 
between ceramic pot filter water production and turbidity in 
source water. Water Research, vol. 104, pp. 28-33. http://dx.doi.
org/10.1016/j.watres.2016.07.076. PMid:27508971.

SANTOS, D.M.S., MELO, M.R.S., MENDES, D.C.S., ROCHA, I.K.B.S., 
SILVA, J.P.L., CANTANHÊDE, S.M. and MELETTI, P.C., 2014. 
Histological changes in gills of two fish species as indicators 
of water quality in Jansen lagoon (São Luís, Maranhão State, 
Brazil). International Journal of Environmental Research and 
Public Health, vol. 11, no. 12, pp. 12927-12937. http://dx.doi.
org/10.3390/ijerph111212927. PMid:25514148.

SANTOS, R.M., WEBER, L., SOUZA, V.L., SOARES, A.R. and PETRY, A.C., 
2016. Effects of water-soluble fraction of petroleumon growth 
and prey consumption of juvenile Hoplias aff. malabaricus 
(Osteichthyes: erythrinidae). Brazilian Journal of Biology = 
Revista Brasileira de Biologia, vol. 76, no. 1, pp. 10-17. http://
dx.doi.org/10.1590/1519-6984.06714. PMid:26871747.

SILVA, S.F., OLIVEIRA, D.C., PEREIRA, J.P.G., CASTRO, S.P., COSTA, 
B.N.S. and LIMA, M.O., 2019. Seasonal variation of mercury 
in commercial fishes of the Amazon Triple Frontier, Western 
Amazon Basin. Ecological Indicators, vol. 106, p. 105549. http://
dx.doi.org/10.1016/j.ecolind.2019.105549.

https://doi.org/10.1016/j.envadv.2022.100185
https://doi.org/10.1016/j.envadv.2022.100185
https://doi.org/10.1016/j.ecoenv.2016.04.019
https://doi.org/10.1016/j.ecoenv.2016.04.019
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=27117279&dopt=Abstract
https://doi.org/10.1016/j.scitotenv.2006.03.005
https://doi.org/10.1016/j.scitotenv.2006.03.005
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=16740295&dopt=Abstract
https://doi.org/10.1007/s10695-014-9985-9
https://doi.org/10.1007/s10695-014-9985-9
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=25213788&dopt=Abstract
https://doi.org/10.1007/s11356-019-06434-x
https://doi.org/10.1007/s11356-019-06434-x
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=31586314&dopt=Abstract
https://doi.org/10.1016/j.gecco.2021.e01958
https://doi.org/10.1016/j.gecco.2021.e01958
https://doi.org/10.1016/j.chemosphere.2019.06.055
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=31200248&dopt=Abstract
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=31200248&dopt=Abstract
https://doi.org/10.1016/j.scitotenv.2016.10.203
https://doi.org/10.1016/j.scitotenv.2016.10.203
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=27816226&dopt=Abstract
https://doi.org/10.3856/vol41-issue2-fulltext-9
https://doi.org/10.3856/vol41-issue2-fulltext-9
https://doi.org/10.1016/j.ecoenv.2020.111540
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=33157514&dopt=Abstract
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=33157514&dopt=Abstract
https://doi.org/10.1016/j.chemosphere.2018.09.146
https://doi.org/10.1016/j.chemosphere.2018.09.146
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=30273878&dopt=Abstract
https://doi.org/10.1016/j.landusepol.2020.104851
https://doi.org/10.1016/j.landusepol.2020.104851
https://doi.org/10.1016/j.jag.2016.06.016
https://doi.org/10.1016/j.jenvman.2021.113600
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=34450302&dopt=Abstract
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=34450302&dopt=Abstract
https://doi.org/10.1016/j.watres.2016.07.076
https://doi.org/10.1016/j.watres.2016.07.076
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=27508971&dopt=Abstract
https://doi.org/10.3390/ijerph111212927
https://doi.org/10.3390/ijerph111212927
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=25514148&dopt=Abstract
https://doi.org/10.1590/1519-6984.06714
https://doi.org/10.1590/1519-6984.06714
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=26871747&dopt=Abstract
https://doi.org/10.1016/j.ecolind.2019.105549
https://doi.org/10.1016/j.ecolind.2019.105549


Brazilian Journal of Biology, 2022, vol. 82, e26304710/10

Freitas, L.C. et al.

Tramandaí river basin, RS, Brazil. Environmental Nanotechnology, 
Monitoring & Management, vol. 16, p. 100496. http://dx.doi.
org/10.1016/j.enmm.2021.100496.

VAZZOLER, A.E.A.M., 1996. Biologia da reprodução de peixes teleósteos: 
teoria e prática. Maringá: EDUEM.

VICARI, T., FERRARO, V.M., RAMSDORF, W.A., MELA, M., RIBEIRO, 
C.A.O. and CESTARI, M.M., 2012. Genotoxic evaluation of different 
doses of methylmercury (CH3Hg+) in Hoplias malabaricus. 
Ecotoxicology and Environmental Safety, vol. 82, pp. 47-55. 
http://dx.doi.org/10.1016/j.ecoenv.2012.05.007. PMid:22682032.

WINKALER, E.U., SILVA, A.G., GALINDO, H.C. and MARTINEZ, 
C.B.R., 2001. Biomarcadores histológicos e fisiológicos para o 
monitoramento da saúde de peixes de ribeirões de Londrina, 
estado do Paraná. Acta Scientiarum. Biological Sciences, vol. 
23, pp. 507-514.

WORLD HEALTH ORGANIZATION – WHO, 2011. Guidelines for 
drinking-water quality. Geneva: WHO.

YADAV, A.K., SINHA, A.K., EGNEW, N., ROMANO, N. and KUMAR, 
V., 2020. Potential amelioration of waterborne iron toxicity 
in channel catfish (Ictalurus punctatus) through dietary 
supplementation of vitamin C. Ecotoxicology and Environmental 
Safety, vol. 205, no. 1, p. 111337. http://dx.doi.org/10.1016/j.
ecoenv.2020.111337. PMid:32979804.

SINGH, M., BARMAN, A.S., DEVI, A.L., DEVI, A.G. and PANDEY, P.K., 
2019. Iron mediated hematological, oxidative and histological 
alterations in freshwater fish Labeo rohita. Ecotoxicology 
and Environmental Safety, vol. 170, pp. 87-97. http://dx.doi.
org/10.1016/j.ecoenv.2018.11.129. PMid:30529624.

SLANINOVA, A., MACHOVA, J. and SVOBODOVA, Z., 2014. Fish kill 
caused by aluminium and iron contamination in a natural pond 
used for fish rearing: a case report. Veterinarni Medicina, vol. 59, 
no. 11, pp. 573-581. http://dx.doi.org/10.17221/7821-VETMED.

STENTIFORD, G.D., LONGSHAW, M., LYONS, B.P., JONES, G., GREEN, 
M. and FEIST, S.W., 2003. Histopathological biomarkers in 
estuarine fish species for the assessment of biological effects 
of contaminants. Marine Environmental Research, vol. 55, no. 2, 
pp. 137-159. http://dx.doi.org/10.1016/S0141-1136(02)00212-X. 
PMid:12502035.

TARIFEÑO-SALDIVIA, E., AGUILAR, A., CONTRERAS, D., MERCADO, L., 
MORALES-LANGE, B., MÁRQUEZ, K., HENRÍQUEZ, A., RIQUELME-
VIDAL, C. and BOLTANA, S., 2018. Iron overload is associated with 
oxidative stress and nutritional immunity during viral infection 
in fish. Frontiers in Immunology, vol. 9, p. 1296. http://dx.doi.
org/10.3389/fimmu.2018.01296. PMid:29922300.

TESSER, T.T., ROCHA, C.M. and CASTRO, D., 2021. Metal contamination 
in omnivores, carnivores and detritivores fish along the 

https://doi.org/10.1016/j.enmm.2021.100496
https://doi.org/10.1016/j.enmm.2021.100496
https://doi.org/10.1016/j.ecoenv.2012.05.007
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=22682032&dopt=Abstract
https://doi.org/10.1016/j.ecoenv.2020.111337
https://doi.org/10.1016/j.ecoenv.2020.111337
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=32979804&dopt=Abstract
https://doi.org/10.1016/j.ecoenv.2018.11.129
https://doi.org/10.1016/j.ecoenv.2018.11.129
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=30529624&dopt=Abstract
https://doi.org/10.17221/7821-VETMED
https://doi.org/10.1016/S0141-1136(02)00212-X
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=12502035&dopt=Abstract
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=12502035&dopt=Abstract
https://doi.org/10.3389/fimmu.2018.01296
https://doi.org/10.3389/fimmu.2018.01296
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=29922300&dopt=Abstract

