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Abstract
Anthropogenic interference the ecosystem unavoidably changes the physical and biological environment. The biodiversity of 
the Amazon region has been threatened by increased agricultural production and pesticide use. Considering that monitoring 
pesticides in environments close to their application is one of the ways to preserve the ecosystem, this study investigated the 
levels of pesticide residues in different environmental compartments (soil, sediment, and water samples). Thirty-one active 
ingredients of pesticides of different classes were analyzed by UHPLC-MS/MS. For this purpose, we performed quarterly 
collections in dry and rainy seasons in the region, which helped to evaluate the impact of pesticides on the biodiversity 
of the study site. Sampling points were the river banks in the area of an agricultural project in Formoso do Araguaia city, 
Tocantins State. After analysis, we detected the following substances in the water matrix: clomazone, fluazifop-p-butyl, 
flutolanil, metsulfuron-methyl, propanil, and imidacloprid. Nevertheless, we did not detect any active ingredient in sediment 
and soil matrices. The active ingredient clomazone was present in all points in the trials, with concentrations reaching up 
to 0.538 μg L−1. These substances have potential for groundwater contamination. Even at low concentrations in the aquatic 
ecosystem, these substances can damage human populations and wildlife species, given their toxicological classification. 
Thus, the study showed an environmental risk of bioaccumulation and/or biomagnification in the region, which may affect 
environmental biodiversity as well as human health.

The increase in agriculture and livestock production in the 
Cerrado has been underpinned by the use of pesticides to 
ensure good productivity, raising concerns about environ-
mental degradation and biome quality. Proximity to crop 
fields, mobility, and environmental persistence are all factors 
affecting surface water contamination by pesticides. These 
factors correlate with water body characteristics, such as 
surface, depth, and flow, and climatic conditions, such as 
ambient temperature, humidity, wind, and rainfall. In addi-
tion, soil physical, chemical, and biological processes are 
dynamic and complex (De Gerónimo et al. 2014; Azevedo 
et al. 2016; Mondal et al. 2018).

Pesticide pollution in aquatic environmental compart-
ments usually occurs through routes, such as leaching, 
spray drift, runoff, and cotransport, and can extend far from 
the application site (Loewy et al. 2011; De Gerónimo et al. 
2014).

The fate of pesticides in the environment is governed by 
different processes, such as transformation, retention, and 
transport, or by interactions between these processes (Vieira 

 * Patricia M. Guarda 
 patriciaguarda@uft.edu.br

 Antonina M. S. Pontes 
 antonina.pontes@hotmail.com

 Raquel de S. Domiciano 
 raqueldomiciano@hotmail.com

 Larissa da S. Gualberto 
 larissagualberto.eng@gmail.com

 Danylo B. Mendes 
 danylo@uft.edu.br

 Emerson A. Guarda 
 emersonprof@uft.edu.br

 José E. C. da Silva 
 jecs@uft.edu.br

1 Laboratório de Química ambiental e biocombustíveis, 
Universidade Federal do Tocantins, Palmas, TO 77001-090, 
Brazil

http://orcid.org/0000-0003-0937-6779
http://orcid.org/0000-0003-2288-9421
http://orcid.org/0000-0002-9428-1127
http://orcid.org/0000-0002-7335-1771
http://orcid.org/0000-0002-2115-9796
http://orcid.org/0000-0003-0227-3881
http://orcid.org/0000-0002-8776-389X
http://crossmark.crossref.org/dialog/?doi=10.1007/s00244-020-00770-7&domain=pdf


525Archives of Environmental Contamination and Toxicology (2020) 79:524–536 

1 3

2012). Pesticide transformation can occur by chemical deg-
radation, that is, degradation of pesticide molecules by dif-
ferent breakdown mechanisms and factors such as light and 
soil pH. Another possibility is biological degradation (from 
organisms), being a route of pesticide removal in the envi-
ronment (Dellamatrice and Monteiro 2014).

The mobility and persistence of pesticides in the envi-
ronment correlate with water runoff intensity, rainfall, and 
environmental temperature (Azevedo et al. 2016). Retention 
of pesticides in the soil occurs by adsorption and desorption 
(Dellamatrice and Monteiro 2014).

Pesticide transport can be divided into drift, volatiliza-
tion, leaching, and surface carryover. Drift is nothing more 
than the shift in the trajectory of pesticide drops, preventing 
them from reaching their target during or after application. 
These drops can reach large distances depending on temper-
ature, wind, formulation type, application pressure, droplet 
size, and the type of pesticide (Vieira 2012).

Volatilization occurs by rapid evaporation of pesticides. 
As in the case of drift, the formed vapors also may reach 
nontarget locations. Leaching and runoff occur when rain-
water follows two different paths. When water seeps into 
the soil and percolates deep, we have what we call leach-
ing. This is how pesticides can reach groundwater. The ten-
dency of a pesticide to leach depends on soil adsorption 
capacity, water solubility, and the soil type. These physical 
chemical parameters are extremely important in the study of 
groundwater contamination capacity. Some environmental 
conditions, such as porous soil, annual rainfall greater than 
250 mm, and confined aquifer favor percolation (Rebelo and 
Caldas 2014).

Runoff is the process where water does not seep into the 
soil, but rather flows into rivers during or shortly after rain, 
thus reaching surface waters. The following factors influ-
ence this process: soil type, preservation of vegetation cover, 
riparian forest, agricultural management, slope relief, and 
incidence of rainfall (Dellamatrice and Monteiro 2014).

The environmental behavior of pesticides in the envi-
ronment will depend their on physicochemical properties. 
Notwithstanding, factors, such as environmental character-
istics and ways of use, also influence this dynamics (Amaral 
2011).

The properties of greatest interest in the study of pes-
ticides are: water solubility, adsorption coefficient (Koc), 
octanol/water partition coefficient (Kow), ionization constant 
(Ka and Kb), Henry’s law constant (KH), vapor Pressure (VP), 
and half-life time (DT50) (Milhome et al. 2009; Amaral 
2011). These properties directly influence the transforma-
tion, removal, and transport processes described in the previ-
ous item, hence the importance of knowing them.

Dilution and low solubility of pesticides in water account 
for their low concentration. However, after heavy rainfall, 

high concentrations may occur when high doses have been 
applied (Dores and Lamonica-Freire 2001).

There are different mathematical modeling methods to 
assess the potential for pesticide contamination of water 
bodies. These methods differ regarding the physicochemi-
cal properties addressed, which contribute to indicating 
the environmental behavior of the substance, characteriz-
ing higher or lower risk of environmental contamination 
(Amaral 2011; Martini et al. 2012).

Some methods indicate the potential for pesticide con-
tamination in surface waters, such as the GOSS method 
(GOSS 1992). Other methods relate to groundwater con-
tamination, such as the Groundwater Ubiquity Score (GUS) 
(GUSTAFSON 1989) and the criteria proposed by the US 
Environmental Protection Agency (EPA) (Cohen et  al. 
1995). All these methods were used in this study.

The literature presents other methods to assess leaching 
potential, such as retardation factor (RF) and attenuation 
factor (AF), leaching index (LIX), and temperature leaching 
potential index (TLPI) (Amaral 2011).

According to Martini et al. (2012), models for predicting 
the behavior of pesticides in the environment are very use-
ful for estimating the risk of environmental contamination 
of some substances. These models assist in the preliminary 
analysis of the choice of pesticides to be monitored. Several 
monitoring studies confirm the behavioral trend of various 
substances in different environmental compartments.

Considering that quantitative determination of pesticides 
is costly and that the number of active ingredients to quan-
tify is large, these models have been a useful and widely 
used resource.

Many factors must be considered in classifying a target 
organism as vulnerable and in saying that an active ingredi-
ent will affect the biodiversity of the environment. Ecologi-
cal risk assessment is a process that assists in verifying the 
likelihood of an environment being impacted as a result of 
exposure to one or more environmental stressors, such as 
chemicals used in agriculture (De Gerónimo et al. 2014).

The assessment of environmental risk or ecological risk 
of pesticides is determined by considering the concentration 
value and the ecological effect of an active ingredient on a 
living being and is determined experimentally. Because pes-
ticides are used and synthesized to biologically affect living 
organisms, there is clearly a risk associated with their use, 
as they can reach nontarget organisms (Hanson and Starky 
2011).

Environmental risk analysis is intended to help under-
stand and predict the relationship between pesticides and 
their ecological effects. Ecological effects are adverse effects 
that may alter important structural or functional characteris-
tics of an ecosystem. The assessment of ecological adversity 
caused by pesticides considers the type, intensity, and scale 
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of the effect, as well as the recovery potential of the system 
(Rebelo and Caldas 2014).

Ecological risk assessment can range from qualitative 
judgments to quantitative probabilities. This assessment is 
used to decide on the risks caused, although the way these 
risks are estimated varies. The acceptance of this risk is 
determined by the risk manager, who must balance the ben-
efits and risks of these substances (Rebelo and Caldas 2014).

In this case, risk management is nothing more than a 
comparison between the environmental cost of using these 
substances and the benefits they bring. However, this analy-
sis is not always performed seriously, impartially, and by 
qualified people (Hanson and Starky 2011).

The effects of pesticides on nontarget organisms depend 
on exposure and sensitivity to the agent; individual charac-
teristics of these organisms; population structure and den-
sity; interactions with other species; among other factors 
(Forbes et al. 2009).

Frequency of exposure also affects the toxicity of chemi-
cal compounds. Acute exposure to a single concentration 
may result in an immediate adverse effect on an organism. 
In turn, two successive cumulative exposures corresponding 
to the same amount of exposure of the acute exposure may 
have little or no effect due to organism metabolism between 
exposures or to organism acclimatization to the compound 
(Rand and Petrocelli 1985).

The biological cycle of a pesticide includes its biocon-
centration in plants and animals, and its incorporation into 
the food chain via water or soil (Oliveira and Silva 2013).

Bioaccumulation is the process in which living beings 
absorb and retain substances, and biomagnification is the 
increase in the concentration of a given substance in the 
body as trophic level increases (Isherwood 2000). Concen-
tration in body tissues can reach levels much higher than 
those of the environments in which these organisms inhabit 
(De Gerónimo et al. 2014).

Despite the common occurrence of pesticide mixtures, 
legislation usually considers the risk of a substance in isola-
tion. Nevertheless, all compounds can contribute to the tox-
icity of the overall mixture, even if individually they occur 
at safe concentrations for freshwater biota (Di Lorenzo et al. 
2018).

Only with scientific knowledge on the use of these sub-
stances in the Cerrado can the reduction, loss, modification, 
or degradation of habitats strongly affected by their use be 
avoided. Research can provide actions to protect the biodi-
versity of this biome (Azevedo et al. 2016).

Cultivation of crops near watershed areas is a risk factor 
for water quality. The Formoso river, object of this study, 
is surrounded by agricultural land. Cultivation in this area 
includes the use of many chemicals (fertilizers and pesti-
cides). Considering the increase of agricultural production 
in Tocantins and the growth of pesticide and fertilizer use for 

this purpose, this study investigated the levels of pesticide 
residues in different environmental compartments (soil, sedi-
ment, and water samples) of the Formoso River.

Government environmental control and supervision agen-
cies in Brazil fail to efficiently monitor pesticides in natural 
environments due to lack of financial, structural, and per-
sonal resources. Academic research is thus responsible for 
this control. Regarding the quantification of pesticides in 
this region and in this river, no data were found to address 
the evaluation of possible contamination, which shows the 
importance of the present study. The analysis of these sub-
stances enables a diagnosis of some different environmental 
compartments of the Formoso River, in the region of the 
Formoso River Agricultural Project.

Methods and Materials

The research for information on pesticide residue levels was 
performed in soil, sediment, and surface water from April 
2018 to February 2019. The study included two samplings 
in the dry season and two in the rainy season.

Study site and sampling

According to the hydrographic division of the Brazilian 
National Water Agency (ANA 2018), the Formoso River 
basin has a drainage area of 21,328.57 km2, corresponding 
to approximately 7.7% of the total area of Tocantins State 
and 5.6% of the Araguaia river basin.

Tocantins is one of the Brazilian states that make up 
the Amazon Region. The Formoso River basin covers part 
of the territory of 21 cities in the states of Tocantins and 
Goiás. The economy of this basin relies on agriculture and 
livestock, with a strong presence of irrigated agriculture. 
Among other crops, rice, bean, corn, soybean, melon, and 
watermelon prevail on the banks of the Formoso river.

The Formoso River Irrigation Project is located within 
the tropical floodplain, at the western end of the Bananal 
basin, in a low-lying flat area in Formoso do Araguaia city, 
southwest of Tocantins State. It is considered the largest 
flooded irrigated rice project in the world. The project com-
prises a continuous area with subirrigation system for certi-
fied soybean production in the dry season (SILVA 2015).

According to Mattos et al. (2013), the Formoso do Ara-
guaia region and surrounding municipalities are home to one 
of the largest indigenous territories in Tocantins State, with 
1825 indigenous people. The area comprises villages of the 
Javaé, Karajá, and Avá-canoeiro peoples.

The study area is located in an agricultural frontier. The 
Formoso River Agricultural Project is located on the banks 
of the Formoso River, and has an area of 27,800 hectares, 
with two annual harvests. In the rainy season (October to 
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April), the project focuses on irrigated rice. In 2018, 18,000 
hectares were cultivated with rice in this region, with an 
average yield of 7500 kg per hectare. In the dry season 
(May–September), the area is mainly intended for: subir-
rigated soybean seed production (sanitary void), with an 
average yield of 3300 kg per hectare in a cultivated area of 
16,000 hectares; and subirrigated watermelon production, 
with an average yield of 25,000 kg per hectare in an area of 
2000 hectares.

The samples were collected at seven points of the For-
moso river in the Formoso River Agricultural Project 
region, in Formoso do Araguaia—TO. Collection points 

were chosen to check the influence of the project on river 
contamination. The following points were selected: a river 
point before the agricultural project, located 25 km before 
the start of the project region (P1); five points along the 
project (P2–P6); and one point after the project (P7), located 
45 km away from P2. The trials were conducted in April 
(Trial 1—T1), during the rainy season of 2018; July (Trial 
2—T2) and October (Trial 3—T3), during the dry season of 
2018; and February (Trial 4—T4), during the rainy season 
of 2019. Table 1 shows the geographical coordinates of the 
sampling points. Figure 1 shows the map with the agricul-
tural project and the points chosen for sample collection.

The choice of the monitoring months took place at the 
beginning of the research project. The concern was to moni-
tor periods when climatic conditions were different, with 
different crops in the agricultural area.

The study region has two distinct periods of variations in 
rainfall and water levels, which are determining factors for 
the concentration of water-soluble substances.

The rainfall conditions on the days of collection were: 
11.4 mm in T1, 0 mm in T2 and T3, and 0.6 mm in T4. The 
depth of the river reflects these climatic conditions. Only 
two points (P1 and P5) have depth data, as they have real-
time monitoring. During the trials, the following depths 
were recorded: T1: 830 cm in P1, 650 cm in P5; T2: 275 cm 

Table 1  Location of the sampling points in the Formoso River 
region, Tocantins State

Sampling points Coordinates

S W

1 12° 45′ 45.48″ 49° 38′ 46.76″
2 11° 58′ 40.76″ 49° 42′ 21.21″
3 11° 55′ 29.74″ 49° 42′ 2.71″
4 11° 51′ 47.93″ 49° 45′ 36.56″
5 11° 47′ 53.00″ 49° 45′ 53.29″
6 11° 44′ 4.08″ 49° 43′ 34.12″
7 11° 40′ 45.18″ 49° 38′ 59.21″

Fig. 1  Area of the sampling points (SEPLAN 2012)
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in P1, 183 cm in P5; T3: 233 cm in P1, 158 cm in P5; T4: 
413 cm in P1, 249 cm in P5 (Semarh 2017, 2018a, b, c, d).

Each sampling campaign lasted 48 h. The collection was 
performed by boat, at the same time in each point. Rainy 
season sampling took place on days without strong rain.

Quarterly trials were randomly selected considering: two 
samplings in the rainy season, in which the agricultural pro-
ject basically focuses on irrigated rice; and two samplings 
in the dry season, where 70% of the project is intended for 
soybean seed production, and the other 30% for cultivation 
of beans, watermelon, and melon.

Pesticides analyzed were: 2,4-D, bentazone, cyhalo-
fop-butyl, clomazone, chlorimuron-ethyl, chlorpyrifos, 
dimethoate, diuron, fention, fluazifop-p-butyl, fluroxypyr, 
flutolanil, imidacloprid, linuron, metalaxyl, metsulfu-
ron-methyl, monolinuron, nicosulfuron, oxyfluorfen, 
penoxsulam, pyrazosulfuron-ethyl, pyridaben, pyridate, 
pirimiphos-methyl, profenofos, propanil, propargite, quin-
clorac, quizalofop-p-ethyl, saflufenacil, thiomethoxam, and 
tolcophos-methyl.

For the analysis of the pesticides, soil, sediment, and 
water samples were collected and stored according to Fili-
zola et al. (2016) and CETESB (2011). All analyses were 
performed within 48 h after collection.

For soil samples, approximately 2 kg of topsoil was col-
lected from the 0 to 20 cm layer, at 5–10 m from the river 
bank, in a composite sampling design. The samples were 
placed in plastic bags in an ice-cold environment until ready 
for laboratory preparation.

For sediment samples, approximately 2 kg of sediment 
was collected from the surface layer, at 5–10 m from the 
river bank, in a composite sampling design, using a modi-
fied Petersen stainless steel grab sampler. This distance from 
the bank chosen for collection varied as a function of river 
depth, which changes considerably depending on the time 
of year. The samples were placed in decontaminated poly-
ethylene bottles and stored in an ice-cold environment until 
ready for laboratory preparation.

Water samples were collected before sediment samples, in 
the surface layer of the water body, at 5–10 m from the river 
bank due to the large difference in river depth at different 
collection times, but always at the same location. A simple 
sampling was performed and the samples were packed in 
new 500-mL Amber flasks, kept refrigerated until ready for 
laboratory preparation.

Pretreatment of Soil and Sediment Samples

Sediment and soil samples were prepared for extraction 
analysis by the modified QuEChERS method. Acidified 
acetonitrile was used as extraction solvent, and magnesium 
sulfate and sodium chloride were the salts used for the par-
titioning step. After addition of salts, the tubes were shaken 

and centrifuged. The extracts were cleaned by dispersive 
solid phase extraction (d-SPE). For the d-SPE step, magne-
sium sulfate, octadecylsilane (C18) sorbents, and primary 
secondary amine (PSA) were employed. The extracts were 
then shaken, centrifuged, and filtered. Prior to UHPLC-MS/
MS analysis, samples were diluted five times in ultrapure 
water (Prestes et al. 2009).

Pretreatment of Water Samples

For pesticide analysis in water samples, solid phase extrac-
tion (SPE) was performed. For the SPE procedure, Oasis® 
HLB cartridges were used, in which 100 mL of sample was 
percolated and eluted with the acidified mixture of solvents 
MeOH:MeCN (1:1, v/v). Before chromatographic injection, 
samples were diluted twice in ultrapure water (Donato et al. 
2015).

Instrumental Analysis

Analyses were performed by ultra-high performance liquid 
chromatography coupled with tandem mass spectrometry 
(UHPLC-MS/MS). The samples were analyzed using a 
UHPLC-MS/MS system from Waters (USA), equipped with: 
liquid chromatograph; Xevo-TQ triple quadrupole MS detec-
tor; electrospray ionization interface source; Peak nitrogen 
generator; solvent controller system (binary pump system) 
for high pressure operation; Acquity UPLC® BEH C18 ana-
lytical column (50 × 2.1 mm, 1.7 μm) from Waters (USA); 
and MassLynx 4.1 software for data acquisition (Waters, 
USA). Selected reactions were monitored for quantification 
and identification of analytes.

The mobile phases employed were (A) water:methanol 
(98:2, v/v) and (B) methanol, both containing 5 mmol L−1 
ammonium formate and 0.1% (v/v) formic acid, with 
0.225 mL min−1 flow rate and 10 µL injection volume. The 
gradient elution mode was [time (min), %A, %B]: [0, 95, 5], 
[0.25, 95, 5], [7.75, 5, 95], [8.5, 5, 95], [8.51, 95, 5], [10, 95, 
5], respectively (KEMMERICH 2017).

Calibration curves were prepared in the solvent and in 
the white extract of the matrix with adequate linearity and 
coefficients of determination greater than 0.99.

Tables 2 and 4 show the limit of quantification (LOQ) 
and limit of detection (LOD) for water analysis, with sat-
isfactory precision, recovery between 70 and 110%, and 
relative standard deviations below 19.7%. For soil and sedi-
ment analyses, recovery values were between 70 and 120%, 
and relative standard deviations were below 20%. The limit 
of quantification (LOQ) and limit of detection (LOD) are 
described in the discussion section.

Each analysis comprised the quality control of 
the method. Different LOD and LOQ were obtained 
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depending on the sampling campaign and the active ingre-
dient analyzed.

Results and Discussion

Pesticides in Sediment and Soil

In the analysis of soil and sediment samples, all results were 
below the limits of detection (LOD) and limits of quantita-
tion (LOQ) of the method, which varied depending on the 
trial and active principle, as shown in Table 2. It is note-
worthy that although no active ingredient was detected in 
the environmental compartments during the monitoring 
period, this does not indicate that these substances are not 

contaminating these compartments of the water body. It 
should be considered that detection of pesticides in natural 
(uncontrolled) environments is difficult due to the various 
dynamic processes involved therein (dilution, dispersion, 
decomposition, hydrolysis, photolysis) (Calheiros et  al. 
2018).

Pesticides in Water

Water analysis results showed the presence of some active 
ingredients, namely clomazone, fluazifop-p-butyl, flutolanil, 
imidacloprid, metsulfuron-methyl, and propanil (Table 3).

The results show that the dry period accounted for the 
highest number of substances in both soil and water samples. 
Trial 3 (T3) was performed in the dry period in the region 

Table 2  Limits of detection and 
limits of quantification obtained 
for the analysis of pesticides in 
sediment and soil (µg kg−1)

LOQ limit of quantification, LOD limit of detection, NA not analyzed; unit: µg kg−1

T1 T2 T3 T4

LOD LOQ LOD LOQ LOD LOQ LOD LOQ

2,4-D NA NA 0.100 0.333 0.025 0.083 0.050 0.165
Bentazone 0.010 0.033 0.025 0.083 0.005 0.017 0.010 0.033
Cyhalofop-butyl 0.005 0.017 0.005 0.017 0.003 0.008 0.003 0.008
Clomazone 0.003 0.008 0.003 0.008 0.003 0.008 0.003 0.008
Chlorimuron-ethyl 0.005 0.017 0.050 0.167 0.003 0.008 NA NA
Chlorpyrifos 0.003 0.008 0.005 0.017 0.003 0.008 0.003 0.008
Dimethoate 0.003 0.008 0.003 0.008 0.003 0.008 0.003 0.008
Diuron 0.003 0.008 0.003 0.008 0.003 0.008 0.003 0.008
Fention 0.003 0.008 0.005 0.017 0.003 0.008 0.010 0.033
Fluazifop-p-butyl 0.003 0.008 0.003 0.008 0.003 0.008 0.003 0.008
Fluroxypyr 0.010 0.033 0.100 0.333 0.005 0.017 0.010 0.033
Flutolanil 0.003 0.008 0.003 0.008 0.003 0.008 0.003 0.008
Imidacloprid 0.005 0.017 0.003 0.008 0.003 0.008 0.003 0.008
Linuron 0.025 0.093 0.025 0.083 0.010 0.033 0.010 0.033
Metalaxyl 0.003 0.008 0.003 0.008 0.003 0.008 0.003 0.008
Metsulfuron-methyl 0.003 0.008 0.003 0.008 0.003 0.008 0.003 0.009
Monolinuron 0.003 0.008 0.003 0.008 0.003 0.008 0.003 0.008
Nicosulfuron 0.003 0.008 0.003 0.008 0.003 0.008 0.003 0.008
Oxyfluorfen 0.010 0.033 0.005 0.017 0.005 0.017 0.005 0.017
Penoxsulam 0.003 0.008 0.003 0.008 0.003 0.008 0.003 0.008
Pyrazosulfuron-ethyl 0.003 0.008 0.050 0.167 0.003 0.008 0.003 0.008
Pyridaben 0.003 0.008 0.003 0.008 0.003 0.008 0.003 0.008
Pyridate 0.003 0.008 0.003 0.008 0.003 0.008 0.003 0.008
Pirimiphos-methyl NA NA 0.003 0.008 0.003 0.008 0.003 0.008
Profenofos 0.003 0.008 0.003 0.008 0.003 0.008 0.003 0.008
Propanil 0.003 0.008 0.003 0.008 0.003 0.008 0.003 0.008
Propargite 0.003 0.008 0.003 0.008 0.003 0.008 0.003 0.008
Quinclorac 0.005 0.017 0.005 0.017 0.003 0.008 0.003 0.008
Quizalofop-p-ethyl 0.025 0.083 0.003 0.008 0.003 0.008 0.005 0.017
Saflufenacil 0.003 0.008 0.003 0.008 0.003 0.008 0.003 0.008
Thiomethoxam 0.005 0.017 0.005 0.017 0.003 0.008 0.003 0.008
Tolcophos-methyl 0.003 0.008 0.005 0.017 0.003 0.008 0.003 0.008
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and coincided with the end of the harvest of soybean for seed 
production in tropical lowland. At this time the river was 
very low, thus increasing the concentration of substances 
in the water, which may justify the higher number of sub-
stances in this campaign.

The study region has two distinct periods, with variations 
in rainfall and water levels that are determining factors for 
the concentration of water-soluble substances. Pesticides 
were detected more frequently at points where the flow and 
depth are smaller, thus with a trend for higher concentration, 
making the dry season critical to the aquatic biodiversity. 
Table 4 shows the LOQ and LOD values of the method for 
all active principles in the water matrix.

Fluazifop-p-butyl was detected at point 2 in the dry 
season. In that same trial (T3), flutolanil and metsulfuron-
methyl were detected with values below the LOQ of the 
method, being detected even far from the agricultural project 
area (Table 5).

In the dry season, propanil (T3) was detected below the 
LOQ of the method. Imidacloprid (T2) was detected at a 
concentration of 0.065 µg L−1 before the Formoso river 
flows through the agricultural project, not being detected 
further.

At this time the river was very low, which allows the 
concentration of substances in water and may justify the 
presence of a larger number of substances found in this trial. 
River flow and depth varied greatly depending on the time 
of collection. The flow at P1 ranged from 1 m3 s−1 in T3 
(dry season) to 55 m3 s−1 in T4 (rainy season), as well as 
the depth at P1 ranged from 233 to 414 cm, respectively, in 
these two trials.

At P5, in turn, the river flow ranged from 1 m3 s−1 in T3 
(dry season) to 9 m3 s−1 in T4 (rainy season), and the depth 
ranged from 158 to 249 cm, respectively, in these two trials. 
Pesticides were detected more frequently in areas where the 
flow and depth are lower, accounting for a likely concentra-
tion thereof, placing the dry period as critical for the biodi-
versity of the aquatic environment.

The active ingredient clomazone was quantified at all col-
lection points, in all monitoring trials (Table 6). Contamina-
tion by this active ingredient is critical in the river as it was 

already found at P1, the point before the river flows through 
the agricultural project. This finding indicates contamination 
even before the influence of the river, although it increases 
up to five times at P4 and P5, along the project area.

Although P1 was chosen as a control point since it is an 
area outside and far from the agricultural project and with 
a more closed riparian forest, it is located within a region 
surrounded by plantations, which may justify the presence 
of clomazone already at this sampling point. In turn, P4 and 
P5 are located very close to plantations and irrigation chan-
nels, contributing to the higher concentration of substances.

It is of great importance to emphasize that the active 
ingredients of the pesticides are more concentrated during 
the dry season due to lower river flow and depth. This indi-
cates that the use of pesticides becomes more risky for the 
environment in this period.

Potential for Surface and Groundwater 
Contamination

Table 7 shows the physicochemical properties of the active 
ingredients that are being used in the region for agricultural 
production, in addition to the results of the environmental 
behavior models for potential surface and groundwater con-
tamination. Although found at low concentrations in the sur-
face waters of Formoso river, pesticides metsulfuron-methyl, 
flutolanil, and imidacloprid may contaminate groundwater, 
as they have GUS values that indicate potential for contami-
nation. According to EPA criteria, clomazone and propanil 
also fall into this group of likely groundwater contaminants. 
The results indicate that these active principles also need to 
be monitored in the water table.

GOSS values (Table 7) indicate that none of the sub-
stances has high potential for surface water/sediment con-
tamination. Nonetheless, regarding dissolved contamination, 
clomazone, metsulfuron-methyl, imidacloprid, and flutolanil 
have a high potential for surface water contamination.

Analyses of some physicochemical properties of pes-
ticides confirm the results of this monitoring. One exam-
ple is water solubility, which is high for clomazone, 

Table 3  Pesticides found during the monitoring period

T1—Trial 1 (rainy season), T2—Trial 2 (dry season), T3—Trial 3 (dry season), T4—Trial 4 (rainy season)

P1 P2 P3 P4 P5 P6 P7

T1 Clomazone Clomazone Clomazone Clomazone Clomazone Clomazone Clomazone
T2 Clomazone 

Imidacloprid
Clomazone Clomazone Clomazone Clomazone Clomazone Clomazone

T3 Clomazone
Flutolanil
Propanil

Clomazone
Fluazifop-p-butyl
Flutolanil

Clomazone
Flutolanil

Clomazone
Flutolanil,
Metsulfuron-methyl

Clomazone Clomazone Clomazone

T4 Clomazone Clomazone Clomazone Clomazone Clomazone Clomazone Clomazone
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Table 4  Limits of detection and 
limits of quantitation obtained 
for the analysis of pesticides in 
water (µg L−1)

NA not analyzed; unit: µg L−1

T1 T2 T3 T4

LOD LOQ LOD LOQ LOD LOQ LOD LOQ

2,4-D 0.120 0.400 0.240 0.800 0.060 0.200 0.120 0.400
Bentazone 0.024 0.080 0.060 0.200 0.012 0.040 0.012 0.040
Cyhalofop-butyl 0.006 0.020 0.006 0.020 0.006 0.020 0.006 0.020
Clomazone 0.006 0.020 0.006 0.020 0.006 0.020 0.006 0.020
Chlorimuron-ethyl 0.060 0.200 0.060 0.200 NA NA NA NA
Chlorpyrifos 0.006 0.020 0.012 0.040 0.006 0.020 0.006 0.020
Dimethoate 0.006 0.020 0.006 0.020 0.012 0.040 0.006 0.020
Diuron 0.006 0.020 0.006 0.020 0.006 0.020 0.006 0.020
Fention 0.006 0.020 0.012 0.040 0.006 0.020 0.024 0.080
Fluazifop-p-butyl 0.006 0.020 0.006 0.020 0.006 0.020 0.006 0.020
Fluroxypyr 0.060 0.200 0.024 0.080 0.024 0.080 0.024 0.080
Flutolanil 0.006 0.020 0.006 0.020 0.006 0.020 0.006 0.020
Imidacloprid 0.012 0.040 0.006 0.020 0.006 0.020 0.012 0.040
Linuron 0.012 0.040 0.024 0.080 0.006 0.020 0.024 0.080
Metalaxyl 0.006 0.020 0.006 0.020 0.006 0.020 0.006 0.020
Metsulfuron-methyl 0.012 0.040 0.006 0.020 0.006 0.020 0.006 0.020
Monolinuron 0.006 0.020 0.006 0.020 0.006 0.020 0.006 0.020
Nicosulfuron 0.006 0.020 0.006 0.020 0.006 0.020 0.006 0.020
Oxyfluorfen 0.006 0.020 0.006 0.020 0.012 0.040 NA NA
Penoxsulam 0.012 0.040 0.012 0.040 0.006 0.020 0.012 0.040
Pyrazosulfuron-ethyl 0.120 0.400 0.006 0.020 0.006 0.020 0.024 0.080
Pyridaben 0.006 0.020 NA NA NA NA NA NA
Pyridate NA NA NA NA NA NA NA NA
Pirimiphos-methyl 0.006 0.020 0.006 0.020 0.006 0.020 0.006 0.020
Profenofos 0.006 0.020 0.006 0.020 0.006 0.020 0.006 0.020
Propanil 0.006 0.020 0.006 0.020 0.006 0.020 0.006 0.020
Propargite 0.006 0.020 0.006 0.020 0.006 0.020 NA NA
Quinclorac 0.006 0.020 0.012 0.040 0.006 0.020 0.006 0.020
Quizalofop-p-ethyl 0.060 0.200 0.012 0.040 0.006 0.020 0.006 0.020
Saflufenacil 0.006 0.020 0.006 0.020 0.006 0.020 0.006 0.020
Thiomethoxam 0.024 0.080 0.012 0.040 0.006 0.020 0.006 0.020
Tolcophos-methyl 0.006 0.020 0.006 0.020 0.006 0.020 0.006 0.020

Table 5  Results obtained 
from concentrations of active 
ingredients in water (µg L−1)

T1—Trial 1 (rainy season), T2—Trial 2 (dry season), T3—Trial 3 (dry season), T4—Trial 4 (rainy season)
LOQ limit of quantification; LOD limit of detection; unit: µg L−1

P1 P2 P3 P4 P5 P6 P7

T1 Clomazone 0.376 0.274 0.373 0.413 0.351 0.310 0.408
T2 Clomazone 0.252 0.273 0.214 0.173 0.188 0.310 0.163

Imidacloprid 0.065 < LOQ < LOQ < LOQ < LOQ < LOQ < LOQ
T3 Clomazone 0.149 0.307 0.253 0.468 0.485 0.538 0.368

Fluazifop-p-butyl < LOD < LOQ < LOD < LOD < LOD < LOD < LOD
Flutolanil < LOQ < LOQ < LOQ < LOQ < LOD < LOD < LOD
Metsulfuron < LOD < LOD < LOD < LOQ < LOD < LOD < LOD
Propanil < LOQ < LOD < LOD < LOD < LOD < LOD < LOD

T4 Clomazone 0.230 0.313 0.265 0.314 0.215 0.,307 0.185
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Table 6  Clomazone 
concentrations in water

T1—Trial 1 (rainy season), T2—Trial 2 (dry season), T3—Trial 3 (dry season), T4—Trial 4 (rainy sea-
son), unit: µg L−1

P1 P2 P3 P4 P5 P6 P7

T1 0.376 0.274 0.373 0.413 0.351 0.310 0.408
T2 0.252 0.273 0.214 0.173 0.188 0.301 0.163
T3 0.149 0.307 0.253 0.468 0.485 0.538 0.368
T4 0.230 0.313 0.265 0.314 0.215 0.307 0.185

Table 7  Identification, classification, physicochemical properties, and contamination potential of pesticides found in the Formoso River water. 
Source: Adapted from Martini et al. (2012), PRADO (2013), Gama et al. (2013), PPDB (2018), ARIADNE (2019)

SolW—solubility in water at 20 °C; Log Kow—octanol/water partition coefficient at pH 7 and 20 °C; Koc—adsorption coefficient; KH—Henry’s 
constant at 25 °C; T1/2 water—hydrolysis half-life at pH 7 and 20 °C; T1/2 soil—half-life in soil; T1/2 sediment—half-life in water/sediment; environ-
mental toxicity—ANVISA

Characteristics Physicochemical properties Environmental behavior Potential for contamination

CLOMAZONE
C12H14ClNO2
CAS No. 81777-89-1
(Isoxazolidinone)
Herbicide
Environmetal toxicity III

SolW: 1212 mg L−1

Log Kow: 2.58
Koc: 300;  Kfoc: 128.3
KH: 5.9 × 10–3

T1/2 water: stable
T1/2 soil: 22.5 days
T1/2 sediment: 54 days

High solubility in water
Low bioaccumulation
Moderately mobile in soil
Nonvolatile
Stable in water
Not persistent in soil
Moderate degradation in sediment

GUS: (2.56) transition range
EPA: potentially contaminant
Both: potentially contaminant
GOSS sediment: low
GOSS dissolved: high

FLUAZIFOP-P-BUTYL
C19H20F3NO4
CAS No. 79241-46-6
(Aryloxyphenoxypropionic acid)
Herbicide

SolW: 0.93 mg L−1

Log Kow: 4.5
Koc: 3394
KH: 4.9 × 10–2 Pa m3 mol−1

T1/2 water: 78 days
T1/2 soil: 1 day
T1/2 sediment: 0.1 day

Low solubility in water
High bioaccumulation
Not mobile in soil
Nonvolatile
Moderately persistent in water
Not persistent in soil
Rapid degradation in sediment

GUS: (0) transition range
EPA: not contaminant
Both: not contaminant
GOSS sediment: average
GOSS dissolved: average

METSULFURON-METHYL
C14H15N5O6S
CAS No. 74233-64-6
(Sulfanylurea)
Herbicide

SolW: 2790 mg L−1

Log Kow: 1.87
Koc: 12
KH: 2.9 × 10–6 Pa m3 mol−1

T1/2 water: stable
T1/2 soil: 10 days
T1/2 sediment: 224.3 days

High solubility in water
Low bioaccumulation
Mobile in soil
Nonvolatile
Stable in water
Not persistent in soil
Slow degradation in sediment

GUS: 3.99 potentially leaching
EPA: potentially contaminant
Both: potentially contaminant
GOSS sediment: average
GOSS dissolved: high

PROPANIL
C9H9Cl2NO
CAS No. 709-98-8
(Anilide)
Herbicide
Environmental toxicity II

SolW: 95 mg L−1

Log Kow: 2.29
Koc: 149
KH: 4.4 × 10–4 Pa m3 mol−1

T1/2 water: stable
T1/2 soil: 0.4 day
T1/2 sediment: 1.25 days

Moderate solubility in water
Low bioaccumulation
Moderately mobile in soil
Nonvolatile
Stable in water
Not persistent in soil
Rapid degradation in sediment

GUS: − 0.51 not leaching
EPA: potentially contaminant
Both: transition range
GOSS sediment: low
GOSS dissolved: average

IMIDACLOPRID
C17H22ClN3O
CAS No. 138261-41-3
(Neonicotinoid)
Insecticide
Environmental toxicity III

SolW: 610 mg L−1

Log Kow: 0.57
Koc: 225
KH: 1.7 × 10−10 Pa m3 mol−1

T1/2 water: stable
T1/2 soil: 191 days
T1/2 sediment: 123 days

High solubility in water
Low bioaccumulation
Moderately mobile in soil
Nonvolatile
Stable in water
Persistent in soil
Slow degradation in sediment

GUS: (3.74) potentially leaching
EPA: potentially contaminant
Both: potentially contaminant
GOSS sediment: average
GOSS dissolved: high

FLUTOLANIL
C17H16F3NO2
CAS No. 66332-96-5
(Carboxamide)
Fungicide

SolW: 8.01 mg L−1

Log Kow: 3.17
Kfoc: 735
KH: 1.65 × 10–5

T1/2 water: stable
T1/2 soil: 400 days
T1/2 sediment: 320 days

Low solubility in water
High bioaccumulation
Slightly mobile in soil
Nonvolatile
Stable in water
Highly persistent in soil
Slow degradation in sediment

GUS: (2.95) potentially leaching
GOSS sediment: average
GOSS dissolved: high
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metsulfuron-methyl, and imidacloprid. Fluazifop-p-butyl 
is the only substance that is not stable in water.

Only imidacloprid and flutolanil are persistent in soil. 
Furthermore, as observed for metsulfuron-methyl, these 
substances show slow degradation in sediment. Notwith-
standing, they were not detected in these compartments.

Table 7 highlights that flutolanil and fluazifop-p-butyl 
are likely to bioaccumulate, which is worrisome.

This study focused on the environmental compartments 
of the Formoso River (surface water, soil, and sediment). 
Groundwater was not analyzed in the region; however, as 
the substances under study reached the water body, they 
will likely contaminate surface water. The GUS method 
and EPA criteria can be used for predicting groundwa-
ter contamination in the region. Table 7 shows that com-
pounds found in the water of the Rio Formoso may be 
contaminating the groundwater of the region, which is of 
extreme concern. Only propanil and trifloxystrobin have 
no leaching potential according to the GUS method. Flu-
azifop-p-butyl is not a potential contaminant of ground-
water according to EPA criteria. When considering the 
two contamination risk models together, fluazifop-p-butyl 
stands as a potential contaminant.

Ecotoxicology of Pesticides in Aquatic Environments 
and Ecological Risk Assessment

The toxicity of pesticides in aquatic environments can be 
assessed by ecotoxicological tests. Table 8 shows the eco-
toxicity of the substances found in the Formoso River water. 
This toxicity indicates the effects that pesticides have on 
some aquatic organisms.

The toxicological classification of the Brazilian National 
Health Surveillance Agency (ANVISA) considers fluazifop-
p-butyl as highly toxic, whereas clomazone, imidacloprid, 
and metsulfuron-methyl are moderately toxic (Table 8) 
(ANVISA 2017). The values help us to understand and 
prevent toxic effects on natural communities and are based 
on laboratory experiments that test for acute and/or chronic 
effects.

In acute toxicity, the effect is observed in a short period 
(0–96 h) after contact with a dose of the tested substance. 
In chronic toxicity, organisms are exposed for a long period, 
thus accounting for a prolonged effect (Maziero et al. 2016).

Effective concentration (EC) and lethal concentration 
(LC) values are expressed in relation to 50% of the organ-
isms in question, referring to doses or concentrations of an 

Table 8  Ecotoxicity of 
pesticides found in the 
monitoring of Formoso river 
waters. Source: PPDB (2018)

Algae  EC50 (72  h), Fish  LC50 (96  h), aquatic plants  EC50 (7  days), aquatic invertebrates  EC50 (48  h), 
aquatic crustaceans  LC50 (96 h), animals in the sediment  LC50 (96 h)

Identification Effective and lethal concentration Ecotoxicity

CLOMAZONE
Toxicological Class: III

Algae  EC50 0.136 mg L−1

Fish  LC50 14.4 mg L−1

Aquatic plants  EC50 34.0 mg L−1

Aquatic invertebrates  EC50 12.7 mg L−1

Aquatic crustaceans  LC50 0.53 mg L−1

Moderate
Moderate
Low
Moderate
Moderate

FLUAZIFOP-P-BUTYL
Toxicological Class: II

Algae  EC50 > 0.67 mg L−1

Fish  LC50 > 1.41 mg L−1

Aquatic plants  EC50 > 1.4 mg L−1

Aquatic invertebrates  EC50 > 0.62 mg L−1

Aquatic crustaceans  LC50 0.54 mg L−1

Moderate
Moderate
Moderate
Moderate
Moderate

METSULFURON-METHYL
Toxicological Class: III

Algae  EC50 0.875 mg L−1

Fish  LC50 > 113 mg L−1

Aquatic plants  EC50 0.00036 mg L−1

Aquatic invertebrates  EC50 > 120 mg L−1

Moderate
Low
High
Low

PROPANIL
Toxicological Class: III

Algae  EC50 0.11 mg L−1

Fish  LC50 5.4 mg L−1

Aquatic plants  EC50 64 mg L−1

Aquatic invertebrates  EC50 2.39 mg L−1

Aquatic crustaceans  LC50 0.35 mg L−1

Moderate
Moderate
Moderate
Moderate
Moderate

IMIDACLOPRID
Toxicological Class: III

Algae  EC50 > 10 mg L−1

Fish  LC50 0.83 mg L−1

Aquatic invertebrates  EC50 85 mg L−1

Aquatic crustaceans  LC50 0.034 mg L−1

Animals in the sediment  LC50 0.055 mg L−1

Low
Moderate
Moderate
High
High

FLUTOLANIL
Toxicological Class: III

Algae  EC50 0.97 mg L−1

Fish  LC50 5.40 mg L−1

Aquatic plants  EC50 8 mg L−1

Aquatic invertebrates  EC50 > 6.8 mg L−1

Aquatic crustaceans  LC50 0.080 mg L−1

Moderate
Moderate
Moderate
Moderate
High



534 Archives of Environmental Contamination and Toxicology (2020) 79:524–536

1 3

agent capable of producing a response in a test organism 
from 24 to 96 h (Costa et al. 2008).

The fact that a substance has no toxic effect on a particu-
lar aquatic organism does not indicate that this substance is 
not harmful to it, because the evaluation does not indicate 
how these substances affect biological functions (e.g., egg 
reproduction, development, growth, and maturation) (Costa 
et al. 2008).

Substances in Table  8 are moderately toxic to most 
aquatic organisms, but these results refer to their isolated 
appearance.

Mixtures of toxic substances may lead to additive effects, 
when the toxicity of the mixture is equal to the sum of the 
individual toxicities of each substance alone, or to synergis-
tic effects, when the toxicity of the mixture is higher than 
the sum of the toxicities of the substances alone (Costa et al. 
2008).

The occurrence of these effects will depend on both the 
type of mixture and the mode of interaction between the 
components of the mixture.

Therefore, although toxicity was moderate and the values 
found in the study are low, these effects need to be consid-
ered when evaluating the presence of various substances pre-
sent in the aquatic environment. This shows that the quan-
tification of these substances and these ecotoxicity values 
together are important when assessing environmental risk. 
These interactions should be evaluated to predict the toxic 
effects of these pesticides on the environment (Costa et al. 
2008).

Pesticide Tolerance Limits

It is noteworthy that all active ingredients are authorized 
for use in Brazil (ANVISA 2017). We emphasize, however, 
that propanil is not authorized for use in the European Union 
(PPDB 2018).

CONAMA Resolution No. 357, of March 17, 2005 
(BRASIL 2005), does not establish limit values for the 
active ingredients found in Formoso river during the moni-
toring period of this study. Likewise, Ordinance MS No. 
05, of September 28, 2017—Consolidation Ordinance MS 
No. 2,914, of 12/12/2011, of the Brazilian National Agency 
for Health Surveillance (ANVISA), also does not establish 
values for these substances (BRASIL 2017). The European 
Community, on the other hand, accepts as a maximum con-
centration limit the value of 0.1 μg L−1 for any pesticide in 
drinking water, and 0.5 μg L−1 for total residues (Armas 
et al. 2007).

The amount of clomazone found over the monitoring 
period in the sampled points exceeds by four times the maxi-
mum concentration limit of the European community.

The surface water analyzed in the region of Formoso do 
Araguiaia is nonpotable. Notwithstanding, this region is 

home to indigenous people, being one of the largest indig-
enous territories in Tocantins State. Mattos et al. (2013) 
draw attention to the worrying fact that the region of the 
Indigenous Lands of Parque do Araguaia shelters the Javaé, 
Karajá, and Avá Canoeiro peoples, who use this water for 
cultivation, hygiene, and food.

It is not possible to establish acceptable limits for the risk 
of contamination of the environment by toxic substances. 
For most compounds, there is no accurate information about 
the effects of chronic or acute exposure (Carneiro 2015). 
However, low the level of concern about toxicity and biodi-
versity will always be threatened by the action of substances 
outside the natural environment. The effects of one active 
ingredient can be synergistically potentiated in the pres-
ence of others. Studies on both this issue and the cumula-
tive effects of pesticides are limited (Calheiros et al. 2018).

Thus, the results highlight the increasing threat to the 
biodiversity of the Cerrado Tocantinense, the visible degra-
dation of the Cerrado biome, and the population and agri-
cultural expansion in the region.

The facts that other active ingredients were not detected 
in this matrix and that none of the active ingredients were 
detected in soil and sediment do not mean that they are not 
present in the samples, instead they can be at concentrations 
below the limit of quantification of the method used in the 
analysis.

Conclusions

The study region comprises six active ingredients: cloma-
zone, fluazifop-p-butyl, metsulfuron-methyl, propanil, imi-
dacloprid, and flutolanil. The active ingredient clomazone 
was quantified at all points in all trials, with concentrations 
reaching up to 0.538 μg L−1, five times the maximum value 
permitted by the European Union.

These substances are contaminating the surface waters of 
Formoso River, because they should not be present. Their 
presence can cause irreversible damage to human popula-
tions and wildlife species.

This study evidenced that agricultural practices in the 
region are putting the environment at risk, because they are 
occurring in a region of enormous biodiversity (Legal Ama-
zon) and close to indigenous lands. These practices threaten 
not only the environment in which these people live, but also 
their security.

There is a need for constant monitoring of surface and 
groundwater in the studied region. Pesticide analysis in the 
different environmental compartments of the Formoso River 
is essential, because these substances reduce biodiversity 
in these ecosystems. Only then it will be possible to imple-
ment actions that contribute to the sustainability of natural 
resources.
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