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of 2019. The herbicides atrazine and clomazone and 
insecticide imidacloprid were identified in water 
throughout the sampling period—only atrazine has 
the maximum concentration established for surface 
water by Brazilian legislation. Redundancy analysis 
(RDA) mainly showed the effects of seasonality on 
biochemical responses such as pH and water tempera-
ture. Also, most A. jacuhiensis biomarkers alterations 
were associated with winter and autumn periods. Fur-
thermore, it was possible to verify the relationship 
between non-enzymatic antioxidants (non-protein 
thiols) and oxidative damage (lipid peroxidation and 
protein carbonylation). Therefore, the results of pesti-
cides detected in water emphasize the need to update 
Brazilian legislation for compounds registered in the 
country. Changes in the physicochemical variables 
of water can influence the responses of biomarkers 

Abstract  Brazil has been leading the consumer 
market for pesticides, mainly due to greater flexibil-
ity in registration for agricultural use. The constant 
application of chemicals increases the likelihood of 
contaminating adjacent aquatic environments. Fur-
thermore, fluctuations in abiotic variables, especially 
in subtropical countries, can enhance the effects of 
pesticides on the aquatic community. The aims of 
the current study are to investigate the incidence of 
pesticides in a river in southern Brazil and to evalu-
ate the water quality and toxicity biomarkers on fish 
species Astyanax jacuhiensis (Cope, 1894), in differ-
ent crop seasons. Water, sediment, and fish samples 
were collected in the summer, autumn, and winter 
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in addition to pesticides. Finally, biomonitoring stud-
ies are important and necessary mainly in subtropical 
regions where there is variation in climatic conditions 
between periods of the year.

Keywords  Aquatic pollution · Astyanax 
jacuhiensis · Biomonitoring · Brazilian legislation · 
Pesticides · Seasonality

1  Introduction

Pesticides are used for pest control in agricultural 
crops grown worldwide. Population growth and the 
consequent need of increasing food production are 
the factors influencing the increased use of pesti-
cides (Elibariki & Maguta, 2017). It happens due 
to increase in the number of cultivated areas and to 
intensification of crop systems (Mottes et al., 2017). 
The intensive agricultural model adopted in South 
America, which is based on the technological pack-
age GMO (genetically modified organisms), has 
been applied since the 1990s. The use of this model 
is associated with favorable regional features—such 
as extensive territories, medium to excellent quality 
soils, few or moderate climatic extremes, and techno-
logical adoption capacity—mainly in Brazil, Argen-
tina, Paraguay, and Uruguay (Pengue, 2016). How-
ever, it has intense use and adopts a wide variety of 
pesticides (López et al., 2012).

Brazil is the largest pesticide consumer worldwide 
(Albuquerque et  al., 2016), and such a consumption 
significantly increases on a yearly basis. Soy crops 
lead the pesticide consumption ranking in Brazil, 
since they account for more than half of pesticide 
trading in the country. They are followed by sugar-
cane and corn (10%), cotton (7%), and wheat (4%) 
crops (Bombardi, 2017). Approximately 95% of the 
agricultural area in Rio Grande do Sul State, southern 
Brazil, is used for grain production such as soybean, 
rice, corn, and wheat which are the main agricultural 
crops grown in this state (Feix et al., 2016). In south-
ern Brazil, the largest volume of pesticides applied 
per area in the region is featured by the cultivation of 
soybean, corn, and wheat crops (Barreto et al., 2012).

Although the use of these chemicals has contrib-
uted to agricultural yield, water contamination with 
pesticides is a recurrent issue observed in rivers 
and lakes, and it has costly (Choudhary et al., 2018; 

Vieira et  al., 2017; Loro et  al., 2015, Amaral et  al., 
2020; Cerezer et  al., 2020) and large-scale implica-
tions at global level. Pesticides mainly get to aquatic 
ecosystems through diffuse sources such as runoff, 
leaching, drainage, drift, atmospheric deposition, and 
groundwater flow (Dabrowski et  al., 2014; Holvoet 
et al., 2007), since Brazil lacks monitoring programs, 
diffuse contamination of water resources becomes 
even more concerning. In addition, the National Envi-
ronment Council Resolution (CONAMA, 2005) does 
not set maximum values allowed in surface waters for 
all active ingredients of pesticides registered in the 
country—values established for certain pesticides are 
much higher than values allowed in other countries, 
such as the one established by the Ministry of the 
Environment of Portugal (1998).

Thus, aquatic organisms such as fish are often 
exposed to a wide variety of pesticides, and, given 
their ability to metabolize and accumulate chemical 
pollutants, they have become one of the most suit-
able models to estimate likely risks to aquatic envi-
ronments (Botelho et  al., 2015). Biomarker use as 
biomonitoring tool is efficient and increasingly used 
to provide early information about river pollution 
to help prevent severe damage to these ecosystems 
(Amaral et  al., 2018, 2020). The evaluation of indi-
vidual substances, rather than mixtures found in the 
environment, is a limiting factor observed in chemical 
toxicity tests (Beyer et al., 2014). In addition, studies 
conducted in situ are increasingly relevant and neces-
sary, mainly because they combine ecological impor-
tance and toxicity tests under natural field conditions 
(Vieira et al., 2014, 2017). Therefore, the use of tools 
that encompass contaminants and biomarkers pro-
vides an integrated and more comprehensive cause-
and-effect response (Amaral et  al., 2020; Cerezer 
et al., 2020).

Exposure of fish to pesticides can alter their metab-
olism and trigger disturbances in cellular components 
and tissues. These changes in organisms, induced 
by xenobiotics, are called biomarkers and reflect the 
water quality conditions in which the fish inhabit 
(Barata et  al., 2007). Furthermore, fluctuations in 
abiotic variables can also affect biomarker responses 
(Lushchak, 2011; Lushchak & Bagnyukova, 2006). In 
addition, abiotic variables determine the behavior of 
pesticides in the aquatic environment, such as solubil-
ity, toxicity, and persistence. Therefore, it is neces-
sary to conduct ecotoxicological studies focused on 
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evaluating the effects of seasonality and pesticides 
in  situ by taking into consideration the intense agri-
cultural activity in southern Brazil, in association 
with the wide use of pesticides in prominent crops in 
the Brazilian scenario.

These studies are important mainly due to the lack 
of maximum values allowed for aquatic environments 
in Brazilian legislation, for all active ingredients of 
pesticides that are registered in the country. Thus, this 
study is a preliminary assessment of the area to assess 
the interaction between pesticides, abiotic variables, 
and non-target aquatic organisms (Astyanax jacuhien-
sis) in order to predict the impacts that may be gener-
ated by them and that are likely to trigger a series of 
adverse effects on the entire ecosystem. The current 
study aimed to evaluate the physicochemical vari-
ables in water and to investigate the presence of pesti-
cides in water and sediment and biomarkers’ toxicity 
responses in fish species A. jacuhiensis in a river in 
southern Brazil, in different agricultural seasons.

2 � Materials and Methods

2.1 � Study Site

Potiribu River is the main river in the investigated basin 
(Potiribu River Basin), which is located in Rio Grande 
do Sul State (RS), southern Brazil; its total area covers 
approximately 600 km2 (Fig.  1). The main economic 
activities carried out in this region are associated with 
the primary sector. The main agricultural crops grown in 
the region comprise soybeans in summer and, to a lesser 
extent, corn (from September/October to April). On the 
other hand, wheat, oat, barley, triticale, and canola crops, 
among others, are grown at small scale in winter (from 
May to August/September).

According to Köppen’s classification, almost all 
RS territory has dubtropical temperate climate clas-
sified as humid mesothermal (Cfa). Thus, it presents 
great variation in temperature among seasons, such as 
hot summers and colder winters. Rainfall indices pre-
sent balanced distribution throughout the year (Rio 
Grande do Sul, 2002). Soil in the investigated basin is 
classified as Oxisol (Soil Survey Staff, 2014).

Water, sediment, and fish sample collection place 
in Potiribu River is located upstream the urban region 
(Fig. 1). Consequently, it receives all the agricultural 
influence of the hydrographic basin. As the basin is 

inserted in essentially agricultural region, it was not 
possible determining a reference location without 
contamination, since places located far from anthropic 
activities, which have preserved riparian forest, can 
present contaminants in water (Cerezer et al., 2020). 
In addition, attempts were made to sample fish else-
where in the river, upstream from the urban region, 
but no fish were found. Collections were carried out 
in summer (late January), autumn (early June), and 
winter (early September) of 2019.

2.2 � Organisms

The genus Astyanax is one of the dominant fish genera in 
South America (Moreira-Filho & Bertollo, 1991) and the 
most diverse genus belonging to the family Characidae 
in Neotropical regions (Orsi et al., 2004). These fish are 
widely used as bioindicators in ecotoxicological studies 
conducted in situ (Bergmann et al., 2020; Lemos et al., 
2008; Marins et  al., 2020; Santana et  al., 2015; Silva 
& Martinez, 2007) due to their abundance, sensitivity 
to variations in water quality, easy capture, small size, 
and lifestyle (Bueno-Krawczyk et al., 2015; Ghisi et al., 
2017; Marcon et  al., 2017; Rossi et  al., 2011), as well 
as because they show preference for a specific site and 
do not present long-distance migratory behavior (Costa 
et al., 2013; Ghisi et al., 2014).

Female and male A. jacuhiensis individuals 
were collected with the aid of 2-mm-mesh fishing 
net (summer, n = 11; length, 8.32 ± 1.08 cm; mass, 
9.09 ± 4.44 g; autumn, n = 10; length, 10.00 ± 1.50 
cm; mass, 15.00 ± 8.00 g; and winter, n = 08, length, 
7.00 ± 0.63  cm; mass, 5.67 ± 1.86 g). Fish of both 
sexes were collected to increase n, given the small 
size of these fish for biological analysis and to the 
small number of fish in the study site. Collected spec-
imens were subjected to euthanasia through the spinal 
cord section. Brain, gill, liver, intestine, and muscle 
tissues were removed and stored in liquid nitrogen 
for further biochemical analysis. The current project 
was approved by Chico Mendes Biodiversity Con-
servation Institute (ICMBio), under license number 
66994–1.

2.3 � Water and Sediment Sample Collection and 
Analysis

Surface water samples were collected (around 10-cm 
deep) in plastic bottles for physical–chemical analysis. 
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On the other hand, some samples were stored in amber 
borosilicate glass vials and kept under refrigeration for 
pesticide incidence analysis. An Ekman dredger was 
launched from the river bank to collect the sediments 
to a depth of around 2  m. Then, the sediments were 
packed in plastic containers and kept under refrigera-
tion until analysis time (CETESB, 2011).

Water physicochemical variables such as temper-
ature, pH, oxidation potential, electrical conductiv-
ity, turbidity, and total dissolved solids were deter-
mined in  situ with the aid of Horiba® U-52 probe. 
Total ammonia was determined based on Verdouw 
et  al. (1978), whereas total nitrogen, total carbon, 
total phosphorus, total hardness, and orthophosphate 
levels were determined based on the Standard Meth-
ods for the Examination of Water and Wastewater 
(APHA, 2012). Dissolved oxygen concentration 
along Potiribu River was ≥ 6 mg L−1 (SEMA, 2012).

Water and sediment samples were sent to the Labo-
ratory for Analysis of Pesticide Residues—LARP—at 
UFSM (Universidade Federal de Santa Maria), for pes-
ticide analysis, based on the methodology described 
by Sabin et al. (2009) and Martins et al. (2013). Water 
samples were analyzed based on the pesticide residue 
determination method by using solid phase extraction 
(SPE) and on liquid chromatography/tandem mass 
spectrometry analysis (LC–MS/MS). On the other 
hand, sediments were analyzed based on the modified 
QueChERS method and on LC–MS/MS. Pesticide 
incidence in fish muscle was also analyzed in the afore-
mentioned laboratory, based on the modified QueCh-
ERS method and on LC–MS/MS, according to the 
methodology described by Munaretto et al. (2013).

Brazilian standards set for surface freshwater 
quality were defined by the National Environmental 
Council Resolution (CONAMA, 2005), which clas-
sifies water quality based on its use. Thus, values 
recorded for water physical–chemical variables, as 
well as for pesticide concentrations in it, were com-
pared to those of the referred law (CONAMA, 2005).

2.4 � Biochemical Analyses

Brain, gill, liver, intestine, and muscle tissues of the 
collected fish were homogenized with Tris–HCl buffer 

[50  mM] at pH 7.5 and centrifuged at 1400 × g, for 
10  min. The supernatant was used for all analyses. 
Protein concentration in these tissues was determined 
based on Bradford (1976). Methodologies used for 
biochemical analyses were modified for microplate 
(except for catalase). Catalase (CAT) activity in the 
liver was determined according to Aebi (1984), based 
on the principle of decreasing hydrogen peroxide 
(H2O2) absorbance by CAT metabolism; results were 
expressed as µmol min−1 mg of protein−1. Glutathione 
S-transferase (GST) activity in the liver was meas-
ured based on Habig et al. (1974), by using 1-chloro-
2,4-dinitrobenzene (CDNB) as substrate; results were 
expressed as µmol GS-DNB min−1  mg of protein−1. 
Acetylcholinesterase (AChE) activity in brain and 
muscle was determined based on Ellman et al. (1961); 
results were expressed as µmol min−1 mg of protein−1. 
Non-enzymatic antioxidants were determined through 
non-protein thiol (NPSH) levels in all tissues, based 
on the reaction of 5,5′-dithio-bis(2-nitrobenzoic 
acid) (DTNB) to thiol groups, as described by Ell-
man (1959); results were expressed as µmol SH g of 
tissue−1. Oxidative damage was measured through 
lipid peroxidation, based on Draper and Hadley (1990), 
by measuring substances reactive to thiobarbituric acid 
(TBARS) in all tissues; results were expressed as nmol 
MDA mg of tissue−1. Carbonyl protein (CP) assay in 
all tissues was carried out, as described by Yan et al. 
(1995); results were expressed as nmol carbonyl mg of 
protein−1.

2.5 � Statistical Analysis

Shapiro–Wilk test and Bartlett test were used to test 
biochemical data normality and homogeneity, respec-
tively. One-way analysis of variance (ANOVA), fol-
lowed by Tukey post-test, was used to investigate 
the influence of time of the year on biochemical 
responses; results were expressed as mean ± standard 
deviation. Significant results presented p ≤ 0.05.

Two redundancy analyses were performed to assess 
biomarker responses: one analyzing the variables of 
water quality and pesticides and the other only pesti-
cides. A matrix with 6 biomarkers (response variables), 
12 environmental, and 3 pollutant parameters (predictor 
variables) was used. As it was not possible to collect the 
same number of fish in each investigated period in which 
resulted in a different number of samples collected for 

Fig. 1   Region where water, sediment, and fish samples were 
collected in Potiribu River, southern Brazil, in the summer, 
autumn, and winter of 2019

◂
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some tissues, we estimated the missing data using the 
“imputePCA” function from the missMDA package 
(Josse & Husson, 2016). Values missing in the data 
matrix were estimated through the “regularized iterative 
PCA algorithm,” whereby missing entries are imputed 
from a Gaussian distribution with mean and standard 
deviation calculated from the observed values (Josse & 
Husson, 2012). Posteriorly, redundancy analysis (RDA) 
was applied to simultaneously determine to what extent 
differences in the fish biomarkers’ response were related 
with differences in the water quality (pH, turbidity, 
among others) and pollutants (pesticides). RDA is an 
appropriate procedure to our data because the dominant 
gradient length revealed by the DCA (detrended corre-
spondence analysis) was below 3 (ranging from 0.518 
to 1.080; Leps & Smilauer, 2003). In addition, to assess 
the possible isolated relationship of pesticides on bio-
markers, another RDA was carried out to 6 biomarkers 
(response variables) and pesticides (predictor variables). 
RDA analysis was carried out using the vegan package 
(Oksanen et al., 2020). Both missing data estimates and 
RDA procedures were performed in R software (R Core 
Team 2021).

3 � Results

3.1 � Water Quality Variables

Results recorded for physical–chemical variables of 
Potiribu River water are shown in Table  1. Accord-
ing to data analyzed in the current study, such as total 
dissolved solids, total phosphorus, total ammoniacal 

nitrogen, turbidity, and pH, the water quality in sum-
mer was classified as class 3 according to Brazilian 
legislation (CONAMA, 2005). Water qualities in the 
autumn and winter periods were classified into class 2 
(CONAMA, 2005).

Pesticides such as atrazine (Atz), clomazone (Clo), 
and imidacloprid (Imi) were identified in water sam-
ples collected in summer; Clo and Imi were identified 
in samples collected in autumn; and Atz and Clo, in 
winter (Table  2). Pesticides were not found in sedi-
ment and fish muscle samples (the full list of pesti-
cide residues analyzed in the current study can be 
found in supplementary material).

3.2 � Biomarkers

Lipid peroxidation levels (TBARS) in fish’s gills 
and muscle tissues; NPSH levels in gills, brain, and 
intestine; brain AChE activity; and GST activity in 
liver were significantly higher in winter, compared 
to the summer and autumn periods. CP content in 
fish’s brain, in winter, was significantly lower. CP 
levels in fish’s brain, muscle, intestine, and liver tis-
sue and CAT activity in the liver were significantly 
higher in autumn. On the other hand, AChE activity 
and NPSH levels in muscle were significantly lower 
compared to the other periods analyzed. In sum-
mer, it was possible to observe that TBARS levels 
in brain and NPSH levels in intestine were signifi-
cantly lower than in the other periods. However, in 
this same period, NPSH levels in fish’s livers were 
significantly higher compared to autumn and winter 
(Figs. 2, 3, and 4).

Table 1   Physical–chemical 
variables of Potiribu River 
water, southern Brazil, in 
the summer, autumn, and 
winter of 2019

Variable Summer Autumn Winter

Temperature (°C) 22.1 ± 0.01 15.8 ± 0.01 14.8 ± 0.01
pH 6.3 ± 0.16 7.5 ± 0.11 7.4 ± 0.17
Oxidation potential (mV) 305.5 ± 17.68 264.5 ± 33.23 318 ± 4.24
Electrical conductivity (mS cm−1) 0.047 ± 0.00 0.045 ± 0.00 0.050 ± 0.00
Turbidity (NTU) 70.1 ± 0.71 65 ± 0.28 42.2 ± 2.12
Total dissolved solids (mg L−1) 30 ± 0.00 29 ± 0.00 33 ± 0.00
Total hardness (mgCaCO3 L−1) 20 ± 1.41 26 ± 5.56 26 ± 1.41
Total nitrogen (mg L−1) 0.75 ± 0.01 0.78 ± 0.00 0.74 ± 0.01
Total ammonia (mg L−1) 0.19 ± 0.001 0.12 ± 0.003 0.18 ± 0.007
Total carbon (mg L−1) 3.44 ± 0.01 5.41 ± 0.01 6.39 ± 0.00
Total phosphorus (mg L−1) 0.125 ± 0.081 0.025 ± 0.000 0.035 ± 0.03
Orthophosphate (mg L−1) 0.016 ± 0.001 0.008 ± 0.002 0.012 ± 0.003
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3.3 � Redundancy analysis (RDA)

Redundancy analysis (RDA) was conducted to reveal 
more accurately the connection between biomarker 
response and environmental parameters (i.e., water 
quality and pollutants). Overall, the first two axes of 
the RDA accounted for 46% of the total variation and 
clearly separated samples by seasonality (Fig.  5A). 
The first canonical axis explained 26% of data vari-
ation and mainly distinguished samples collected 
in winter from those ones collected in autumn. In 
addition, pH and water temperature were the most 
important factors affecting biomarkers responses in 
the first axis. In fact, both variables were located in 
negative loadings, whereby temperature was clearly 
associated with summer samples. The second RDA 
axis explained 20% of data variation and separated 
samples collected in autumn–winter from those col-
lected in summer. Similarly, pH and temperature 
were the predictor variables presenting the greatest 
positive and negative loadings in this axis, respec-
tively. More specifically, pH was closely associated 
with the autumn–winter gradient, whereas tempera-
ture was closely associated with summer. In addi-
tion, the response of some biomarkers was associated 
with seasonality. For example, autumn has influenced 
A. jacuhiensis responses such as CAT and CP in 
the liver, and CP in the intestine, muscle, and brain 
of fish. NPSH and AChE in the brain, NPSH in the 
intestine and gills, TBARS in the muscle, and GST in 
the liver were influenced by winter season. Intestinal 
TBARS and gill CP were more associated with sum-
mer season.

On the other hand, when we evaluated biomarkers 
and pesticides, without water quality variables, the 
first two axes of the RDA accounted for 46% of the 
total variation and also separated the samples by sea-
sonality (Fig. 5B). The first canonical axis explained 
26% of data variation and mainly distinguished sam-
ples collected in winter from those ones collected in 

autumn. Clo and Atz, located in negative and positive 
loadings, respectively, were the predictor variables 
with the greatest contribution in the first axis. The 
second RDA axis explained 20% of data variation and 
separated samples collected in autumn–winter from 
those collected in summer. Similarly, Clo and Atz 
were the predictor variables with the greatest positive 
and negative loadings in this axis, respectively. Spe-
cifically, Clo was more associated with autumn while 
Atz was more associated with the summer–winter 
gradient. Also, the response of some biomarkers was 
clearly influenced by Clo and Atz pesticides. Clo 
influenced the responses of A. jacuhiensis biomarkers 
such as liver CAT activity, and CP content in fish’s 
intestine, muscle, liver, and brain tissues. Muscle 
AChE activity, NPSH levels in muscle and liver, and 
TBARS levels in liver and gill were influenced by 
Atz.

4 � Discussion

4.1 � Water Physical–Chemical Variables

Overall, water physical–chemical variables did not 
show significantly different values between collec-
tion seasons (Table  1). Water temperature in sum-
mer was higher due to seasonality itself. According 
to INMET (2019), based on data provided by the 
Automatic Meteorological Station of Cruz Alta—
RS: A853—which is the county where the head of 
the investigated basin is inserted in—air tempera-
ture in the 30  days preceding the summer collec-
tion date ranged from 17 to 33  °C; in autumn, it 
ranged from 7 to 25  °C, and in winter, from 0 to 
30° C. Rainfall rate recorded in the aforementioned 
seasons was 263 mm, 304 mm, and 63 mm, respec-
tively (INMET, 2019). The highest turbidity values 
recorded in summer and autumn were associated 
with high rainfall rates recorded in these seasons, 

Table 2   Pesticides detected in Potiribu River water, southern Brazil, in the summer, autumn and winter of 2019

* Detection limit (LOD) = 0.006, and quantification limit (LOQ) = 0.020 µg L−1 of method.

Pesticides (µg L−1)* Class Group Summer Autumn Winter

Atrazine Herbicide Triazine 0.035 - 0.035
Clomazone Herbicide Isoxazolinone 0.198 0.224 0.213
Imidacloprid Insecticide Neonicotinoid  < LOQ  < LOQ -
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which carried external particles into the river. Total 
phosphorus and orthophosphate concentrations 
were higher in summer, which is often featured by 
intense agricultural activity. Soils in agricultural 
regions often present higher phosphorus concentra-
tions due to fertilizer using. Thus, water resources 
close to crops can be subjected to discharges deriv-
ing from runoff and erosion processes resulting 
from intense rainfall events (Bender et  al., 2018; 
Tiecher et al., 2017, 2019).

In Brazilian legislation, surface fresh waters are 
classified according to the degree of pollution in 
classes 1, 2, 3, and 4, with class 1 being the lowest 
levels of pollution and class 4 the highest. In the cur-
rent study, the Potiribu River water quality in summer 
was classified as class 3. The water of this class can 
be used for human consumption, after conventional 
or advanced treatment; as well as for tree, cereal, and 
forage crop irrigation; amateur fishing; secondary 
contact recreation; and animal desedentation. Win-
ter and autumn received the water quality classifica-
tion in class 2. Class 2 water can be used for more 
demanding purposes in comparison to that of the 
summer season, namely, supply for human consump-
tion, after conventional treatment; aquatic community 
protection; primary contact recreation; vegetable, 
fruit plant and park, gardening, and sports and leisure 
field irrigation, whose water may have direct contact 
with humans; and aquaculture and fishing activity 
(Conama, 2005).

4.2 � Pesticides

The most intense agricultural cultivation period in 
southern Brazil is in summer (IBGE, 2019) and as 
a consequence the greater use of pesticides. Sev-
eral pesticides used in Brazil were banned in other 
countries. Among them, one finds Atz (Piancini 
et  al., 2015), which was found in water analyzed in 
the current study. Atz is widely used to control cer-
tain broadleaf weeds, mainly in corn, sorghum, and 
sugarcane crops (Solomon et  al., 1996), and Atz 

and its metabolites are well dispersed and persistent 
in the environment (Jablonowski & Schäffer, 2011). 
Atz identified in the water analyzed in the current 
study (in summer) likely derived from corn crops, 
which are often grown in the spring/summer season. 
Atz found in winter was likely associated with corn 
crops, since soil preparation for growing this crop has 
already started again at this time.

Clomazone (Clo) is widely used in agriculture to 
control pre- and post-emergent weeds (Pereira et al., 
2013). It is mainly used in rice fields in southern Bra-
zil (Jonsson et  al., 1998; Menezes et  al., 2014), as 
well as in soybean and cotton crops, among others 
(Liu et al., 1996). Residues of this herbicide can per-
sist in agricultural water for up to 130 days (Zanella 
et al., 2002). According to Zanella et al. (2002), Clo 
was found in 90% of water samples collected from 
rivers in the central region of RS, which is character-
ized by irrigated rice culture. Clo was identified in all 
water samples collected in Potiribu River, in all sea-
sons analyzed in the current study. This herbicide is 
recommended for some spring/summer crops grown 
in the region; however, it was not possible to accu-
rately determine its origin in all collections. Although 
it can be used in soybean crops in RS, this active 
ingredient is mainly used to grow irrigated rice and it 
is not often found in the investigated region.

Imidacloprid (Imi) belongs to one of the most 
important chemical classes in the global market. In 
addition, it is the best-selling insecticide in the world 
(Nauen et  al., 2008). Imi is used to control insects 
such as aphids, whiteflies, grasshoppers, and beetles, 
among other sucking and perforating insects (Jeschke 
et  al., 2011). It is also used for seed, soil, and leaf 
applications (Tisler et al., 2009). There was incidence 
of Clo, Imi, and Atz in the investigated river in south-
ern Brazil, which is a region featured by tobacco cul-
ture (Becker et al., 2009). Amaral et al. (2020) have 
found Atz in all collection seasons (summer, autumn, 
winter, and spring), whereas Imi was observed in 
autumn, winter, and spring in a reservoir in southern 
Brazil. Imi found in Potiribu River water (< LOQ) 
may be associated with agricultural corn and soybean 
cultivation in summer, as well as with wheat cultiva-
tion in autumn.

Among pesticides found in water during the sam-
pling seasons, only Atz has the maximum limit value 
allowed for surface water (2 µg L−1) set by the Bra-
zilian legislation (Conama, 2005). Although Atz 

Fig. 2   Biochemical analyses applied to Astyanax jacuhiensis 
gills and intestine collected in Potiribu River, southern Brazil, 
in the summer, autumn and winter of 2019. A Carbonyl protein 
content, B TBA-reactive substance levels, C non-protein thiol 
levels. Different letters correspond to significant difference 
between the point and the analyzed seasons, at 95% probability 
level (p ≤ 0.05)
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concentrations found in the current study were in 
compliance with that established by law, it should 
be emphasized that these products are used intermit-
tently throughout the year, as well as that they encom-
pass a wide range of active ingredients depending on 
the crop grown in a given season. In addition, most 
of these products do not have maximum values estab-
lished by law (Amaral et al., 2018), as observed in the 
current study.

4.3 � Biomarkers and Redundancy Analysis (RDA)

The redundancy analysis (RDA) to variables of 
water quality, pesticides, and biomarkers showed 
that factors such as pH and water temperature were 
more related to biomarkers responses. However, all 
pesticides detected in this study can cause adverse 
effects on fish organism, such as changes in enzy-
matic activities (AChE, CAT, and GST), non-enzy-
matic antioxidant content (NPSH) and causing dam-
age to lipids (TBARS) and proteins (CP) (Cattaneo 
et al., 2011; Murussi et al., 2015; Santos & Martinez, 
2012; Schmidel et al., 2014; Topal et al., 2017; Vieira 
et al., 2018). And although pH and temperature had a 
greater relationship with biomarkers, we cannot rule 
out the pesticides effects, mainly because mixtures of 
these compounds occur in aquatic environment, and 
can be enhanced by abiotic fluctuations.

Both natural fluctuation of abiotic factors over 
seasons and pesticides’ toxic effect can cause 
changes in fish biomarkers. Fish are ectothermic 
animals whose metabolism is influenced by water 
temperature (Lushchak & Bagnyukova, 2006). The 
increase in temperature stimulates all metabolic pro-
cesses in fish, such as increased oxygen consump-
tion and therefore increased reactive oxygen species 
(ROS) production, which can result in oxidative 
stress (Lushchak, 2011).

Water contamination by pesticides is even more 
worrying in regions with a subtropical climate, 
such as in southern Brazil, due to the wide varia-
tion in temperature between periods of the year. The 

physicochemical characteristics of pesticide mol-
ecules depend, above all, on the temperature and pH 
values that are standardized under controlled condi-
tions in the laboratory (Lewis et al., 2016). However, 
under field conditions, abiotic fluctuations influence 
the behavior of these chemical compounds in the 
environment, and consequently the exposed organ-
isms. The direct influence of water temperature and 
pH on toxicity (Carvalho et  al., 2015; Soares et  al., 
2020; Watson & Maly, 1987; Zebral et  al., 2019) 
and on the persistence of xenobiotics in environment 
(Ragnarsdottir, 2000; Solomon et al., 1996, 2008) is 
well known. The presence of contaminants alters the 
ability of fish to adapt to seasonal changes in tem-
perature, and with that, it can compromise population 
integrity, especially species that face global warming 
(Amaral et al., 2018; Zebral et al., 2019).

According to RDA, most biomarkers were associ-
ated with winter and autumn periods. In these sea-
sons, the water temperature is colder, and as a con-
sequence, the fish metabolism is slower, and it can 
enhance the pollution effect. The RDA associated the 
CP content of most tissues analyzed with autumn, as 
well as the liver CAT in fish. In addition, the RDA 
also linked Clo to this period. Murussi et  al. (2015) 
demonstrated that Clo can increase CP levels and 
increase CAT activity in Cyprinus carpio. In fact, in 
the current study, the highest levels of CP and CAT 
activity were obtained in autumn, and this result may 
be associated with Clo. Therefore, the influence of 
pesticides on biomarkers’ responses at different times 
of the year is related to physicochemical characteris-
tics of the pesticide molecule, time of exposure, pesti-
cide concentrations, fluctuation of water abiotic vari-
ables, and fish species, in addition to indirect rainfall 
volume interference between periods.

While the RDA demonstrated the importance of 
an integrated approach to the assessed data, the iso-
lated analysis of fish biomarkers mainly emphasized 
the relationships between antioxidants and oxida-
tive damage from pollution. The highest NPSH lev-
els recorded in winter were followed by the lowest 
TBARS levels in fish’s intestine, in the same col-
lection season. This fact shows the important role 
played by non-enzymatic antioxidants in preventing 
lipid damage. On the other hand, NPSH depletion in 
A. jacuhiensis may also be linked to their exposure 
to agricultural herbicides and/or pesticides (Costa-
Silva et al., 2015). Likewise, CP content decrease in 

Fig. 3   Biochemical analyses applied to Astyanax jacuhien-
sis brain and muscle collected in Rio Potiribu River, southern 
Brazil, in the summer, autumn and winter of 2019. A Acetyl-
cholinesterase activity, B Carbonyl protein content, C TBA-
reactive substance levels, D Non-protein thiol levels. Different 
letters correspond to significant difference between the point 
and the analyzed seasons, at 95% probability level (p ≤ 0.05)
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fish gills was followed by increase in NPSH levels 
and vice versa, in the same period. This relationship 
suggests that increased content of non-enzymatic 
antioxidants in cells may have avoided damage to pro-
teins. Furthermore, higher levels of CP in gills were 
obtained in summer and autumn rainy seasons. And 
as this organ is in permanent contact with the envi-
ronment, it becomes vulnerable to variations in water 
quality and pollutants (Ghisi et  al., 2014; Paulino 
et  al., 2014), and this fact can be confirmed by the 
high levels of water turbidity in these periods.

The current study has found a significantly 
increase in liver GST activity of fish specimens col-
lected in winter. This result corroborates to described 
by Amaral et  al. (2018) in which the increased of 
GST activity may be associated with the transport 
of sex hormones in pre-reproductive period of fish 
(Zhou et al., 2009). In fact, Astyanax species have a 
reproductive period between the end of winter and 
spring (Dala-Corte and Azevedo, 2010; Hirt et  al., 
2011). Furthermore, the increase in GST activity 
may be associated with the pollutants concentration 
due to lower water dilution in rainless period. The 
lower dilution of chemical compounds found in water 
may also explain the high TBARS levels observed in 

fish’s muscles in winter. In addition, the highest brain 
AChE activity in fish was obtained in winter and may 
also be associated with Clo (Murussi et al., 2015).

5 � Conclusion

Based on the classification established by the Bra-
zilian legislation, the worst water quality recorded 
for Potiribu River was observed in summer, which 
also recorded a larger number of used pesticides 
(atrazine, clomazone, and imidacloprid). Atrazine 
is the only pesticide presenting maximum concen-
tration value allowed for surface water resources 
established by Brazilian legislation. Thus, the cur-
rent study emphasized the need of reassessing and 
including data in the legislation about all pesticides 
registered in the country in order to ensure the 
integrity and health of aquatic organisms.

Astyanax jacuhiensis biochemical biomark-
ers evaluated in this study responded differently 
to different collection periods and to different tis-
sues analyzed. The integration between agricultural 
periods, biomarkers, and pesticides showed that 
many changes observed in biomarkers were mainly 

Fig. 4   Biochemical analyses applied to Astyanax jacuhiensis 
liver collected in Potiribu River, southern Brazil, in the sum-
mer, autumn and winter of 2019. A Catalase activity, B Glu-
tathione-S-transferase activity, C Protein carbonyl content, 

D TBA-reactive substance levels, E Non-protein thiol levels. 
Different letters correspond to significant difference between 
the point and the analyzed seasons, at 95% probability level 
(p ≤ 0.05)
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Fig. 5   Redundancy 
analysis (RDA) ordination 
plot depicting the relation-
ship between Astyanax 
jacuhiensis biomarkers and 
environmental variables 
(i.e., water quality and 
pollutants) (A) and RDA 
ordination plot depicting 
the relationship between 
Astyanax jacuhiensis bio-
markers and pollutants (pes-
ticides) (B) over different 
seasons. Acronyms: CAT, 
catalase; CARB, carbonyl 
protein; NPSH, non-protein 
thiols; GST, glutathione 
S-transferase; AChE, ace-
tylcholinesterase; li, liver; 
in, intestine; mu, muscle; 
br, brain; gi, gills; Clo, 
clomazone, Atz, atrazine
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related to abiotic factors (pH and water tempera-
ture), but also to detected pesticides. Furthermore, 
pesticides’ behavior in aquatic environment is influ-
enced by changes in seasonal abiotic variables. 
Thus, the importance of biomonitoring and com-
plexity of evaluating all factors that may be con-
tributing to biochemical changes in fish is proven, 
given the diversity of chemical composition that are 
present in river waters, along with fluctuations abi-
otic. Finally, we would like to emphasize the impor-
tance of evaluating changes in the physicochemical 
characteristics of pesticides, especially in subtropi-
cal regions whose temperatures fluctuate in a wide 
range between periods of the year.
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