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Abstract Diuron is a widely used pesticide for weed
control in Brazil, Australia, the USA, and EU; therefore,
environmental consequences are of concern. The aim of
the present study was to determine the potential toxic
effects of diuron (as formulation Diuron Nortox® 500
SC) on tadpoles of the bullfrog Lithobates catesbeianus,
considering three endpoints: lethality, swimming behavior,
and avoidance (ability to escape from contaminant).
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Secondly, it was intended to compare the sensitivity of
tadpoles with to fish and other amphibian species by
applying species sensitive distribution (SSD). Five diuron
concentrations (20, 30, 35, 40, and 45 mg a.i/L) were
tested in triplicate to evaluate mortality, swimming speed,
and distance traveled after 96 h of exposure to the herbi-
cide. Two avoidance tests were conducted using a
multicompartmented system (7 = 6) containing three tad-
poles per compartment. Dilution gradients were
established at 0; 5; 25; 50; 75; and 100% for both systems,
corresponding to 0; 0.5; 2.5; 5; 7.5; and 10 mg a.i./L in an
experiment, taking into account the results of the acute
toxicity test and 0; 5; 25; 50; 100; and 150 pg a.i/L for
another experiment, considering reported environmentally
relevant concentrations in Brazilian water bodies. The
acute toxicity tests (n=3) with diuron revealed an 96 h-
LCsy of 31+3.7 mg a.i/L. The decreased maximum
speed was only observed in tadpoles exposed to 30 mg
a.i/L (0.15+0.04 m/s) when compared to the control
(0.28 £0.06 m/s). In the avoidance tests, concentrations
of 2.5 and 5 mg a.i/L caused the escape behavior of
L. catesbeianus tadpoles. However, tadpoles were also
able to avoid diuron contamination at environmental rele-
vance, especially in concentrations of 25 and 50 pg a.i./L.
As expected, avoidance and effects on swimming behavior
ocurred at lower diuron concentrations than mortality.
Sublethal diuron concentrations may thus lead to the dis-
placement of organisms to more favorable areas when they
are available and the ability to swim is not affected.

Keywords Amphibians - Pesticide - Contamination
gradient - Behavior - Habitat disturbance
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1 Introduction

Large-scale conversion of native habitats to agriculture
represents one of the main threats to biodiversity in
continental waters around the world (Lacher and
Goldstein 1997; Vorosmarty et al. 2010). This is of
particular concern when the expansion or intensification
of agriculture takes place in biodiversity-rich tropical
countries (Sanchez-Bayo and Hyne 2011). Brazil is a
global leader in the production of sugarcane ethanol
since the 1970s, but the worldwide interest in biofuels
fostered the expansion of sugarcane in the country es-
pecially since the early 2000s. Sugarcane is now the
third largest crop in the country with more than 10
million hectares planted (UNICA 2015). Pesticide ap-
plication has been both an important tool in pest and
weed control for agricultural commodities in general
and an important contributor to the degradation of fresh-
waters in rural landscapes (Lewis et al. 2016). In 2008,
Brazil became the largest world consumer of pesticides
(Rigotto et al. 2014), and pesticide consumption
remained on the rise since then (Gomes and Barizon
2014; Albuquerque et al. 2016).

There are 441 commercial formulations containing
85 active ingredients registered for pest and weed con-
trol in sugarcane plantations in the country (AGROFIT
2017), many of which are toxic to aquatic organisms
and capable of eliciting effects of priority concern in-
cluding carcinogenicity, neurotoxicity, and endocrine
disruption among others (Schiesari and Grillitsch
2011). Because pesticide residues were detected in the
atmosphere (Moreira et al. 2012), dry and moist precip-
itation (Nogueira et al. 2012), and surface and ground-
water (Dores et al. 2009), there is the potential of non-
target organisms to be exposed. The active ingredients
most frequently used in the state of Sdo Paulo—the most
important sugarcane producing region in the country—
are the herbicides 2,4-D, diuron, clomazone, ametryn,
hexazinone, MSMA, ethephon, and the insecticide/
formicide fipronil (2009-2015; IEA 2016).

Diuron (3-(3.4-dichlorophenyl)-1.1-dimethylurea)
is a pre- and post-emergence phenylurea herbicide
inhibiting photosynthesis by blocking the electron
transport chain at photosystem II (Giacomazzi and
Cochet 2004). It is slightly toxic to mammals and
birds as well as moderately toxic to aquatic inverte-
brates (Giacomazzi and Cochet 2004). The com-
pound is bioaccumulative (Mhadhbi and Beiras
2012) and persistent in the environment (half-life
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>30 days—aqueous photolysis at pH 7) (PPDB,
Pesticide Properties Database 2018). Several studies
report contamination of surface and groundwater by
diuron in Brazil, highlighting the need for ecotoxi-
cological studies with this herbicide. In Ribeirdo
Preto (SP), the traditionally most important
sugarcane-producing region of Brazil, diuron con-
centrations of 0.26 to 7.12 ug/L (Dantas et al. 2011)
were detected in public supply wells located near
sugarcane plantations, reaching the value of
408 pg/L (Paschoalato et al. 2008). At the headwa-
ters of the Poxim River watershed in the Brazilian
state of Sergipe, Britto et al. (2012) found diuron at
concentrations of 0.90 pg/L, mainly during the rainy
season. In a recent review assessing the occurrence
of pesticides in surface water in Brazil, the herbi-
cides 2.4-D, bentazone, imazethapyr, and diuron
were found to be commonly recorded in the state
of Rio Grande do Sul, probably associated with rice
plantation (Albuquerque et al. 2016).

In recent decades, amphibian population declines
have been interpreted as a warning sign of global envi-
ronmental degradation (Wake and Vredenburg 2008;
Hayes et al. 2010; Blaustein et al. 2011). Because sev-
eral instances of amphibian population declines and
extinctions occurred in spatially isolated preserves, en-
vironmental pollution was postulated as one of the con-
tributing factors. Even though many if not most of the
declining amphibian species have not been assessed yet
for their sensitivity to any contaminants (Schiesari et al.
2007; Awkerman and Raimondo 2018), pesticides are
known to impair amphibian growth, development, re-
production, and survivorship (McCoy et al. 2008;
Blaustein et al. 2011; Freitas et al. 2016), and there are
some compelling cases linking pesticide contamination
with amphibian population declines (Davidson et al.
2002; Hayes et al. 2010; Fryday and Thompson 2012).
However, even though amphibians in all continents are
likely to be exposed to a variety of pesticides given the
ubiquity of agriculture (~40% of global land surface is
covered by agriculture and cattle ranching; Foley et al.
2005), the effects of many compounds, such as diuron,
have not been extensively studied. This herbicide is
used for weed control in important food and feed pro-
ducers including Brazil, the USA, Australia, and the
European Union (PPDB 2018).

The aim of the present study was to determine the
potential toxic effects of diuron (as formulation Diuron
Nortox® 500 SC) on tadpoles of the bullfrog Lithobates
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catesbeianus, considering three endpoints: lethality,
swimming behavior (speed and distance moved), and
avoidance (ability to escape from contaminant). Second-
ly, it was intended to compare the sensitivity of tadpoles
with to fish and other amphibian species by applying
species sensitive distribution (SSD). L. catesbeianus
(Anura, Ranidae) is native to North America that was
introduced in South America (Giovanelli et al. 2009)
and is commonly used as an experimental model in
biomedical and ecotoxicological research. Generated
results of the acute bioassays were compared with those
of other published studies with aquatic and semi-aquatic
vertebrates to determine the relative sensitivity of
L. catesbeianus and to determine whether the employ-
ment of fish as the sole standard aquatic vertebrate test
organism in risk assessments sufficiently protects larval
amphibians from diuron exposure.

2 Materials and Methods
2.1 Test Organism

All experiments were performed in the laboratory of the
Water Resource and Environmental Research Center
(CRHEA), located in Itirapina, Sao Paulo State, Brazil.
The authorization for animal experimentation is present-
ed in Supplementary Material 1. Tadpoles of
L. catesbeianus were obtained from a commercial frog
farm (Ranamat Raniculture, Matdo, Brazil) at Gosner’s
stage 25 (Gosner 1960) with mean (+ standard devia-
tion) weight of 0.262 +0.097 g (n = 10). Tadpoles were
kept in 500-L polypropylene water tanks containing
natural well water under constant aeration (density, 1
animal/L). Two-thirds of the water was renewed every
3 days. Animals were fed daily with commercial fish
food (Total®, protein content 32%) ad libitum up to 24 h
before the beginning of test. Water tanks were kept at 24
+2 °C following a 12:12-h light: dark photoperiod with
+ 1000 Ix light intensity.

2.2 Acute Toxicity Tests

Acute toxicity tests were conducted exposing
L. catesbeianus larvae to diuron for 96 h. Froma 5 g
a.i./L stock solution and based on a bibliographic review
(see section 2.5 below), five test concentrations of diu-
ron were prepared (20, 30, 35, 40, and 45 mg a.i./L;
applied as Diuron Nortox® 500 SC) in natural well

water control. The natural well water was also used as
dilution water. Each experimental unit consisted of a
plastic bucket containing 5 L test solution and five test
organisms (density, 1 animal/L), with four replicates per
treatment. The water was not renewed during the exper-
iment, the feces were removed daily, and the buckets
were aerated for 1 min every 24 h. Mortality was deter-
mined daily for the exposure period of 96 h. Acute tests
were carried out under the same conditions of the or-
ganisms culture (24 +2 °C and 12:12-h light: dark pho-
toperiod). Basic water physicochemical parameters in-
cluding pH (micronal B374), conductivity (ORION 145
plus), temperature, and dissolved oxygen (YSI 55-25 ft)
were measured at the beginning and at the end of the
test. Three independent tests with three replicates each
were performed, to determine the mean value of 96 h-
LCso (mean =+ standard deviation).

2.3 Swimming Behavior Analysis

At the end of the acute toxicity test, video analyses were
performed to record the swimming behavior of three
randomly selected surviving individuals from each test-
ed concentration. One tadpole at the time was placed in
a transparent plastic tray (147 x 100 x 40.5 mm) and
filmed under high definition for 1 min, being the obser-
vations made under light. The tadpoles were acclimated
for 10 min before the videos were started. During the
filming time, the organism was stimulated 3 times with a
slight touch with a Pasteur pipette. Videos were ana-
lyzed using the software Kinovea (2018) v. 0.8.26
(https://www.kinovea.org/). This software was
calibrated, using the measurements of the tray, to
measure maximum speed (m/s) and distance traveled
(cm) as swimming behavior endpoints.

2.4 Avoidance Tests

Tests assessing the avoidance behavior of
L. catesbeianus tadpoles to diuron were conducted
using the methodology developed by Moreira-Santos
etal. (2008). In summary, a multicompartmented system
was constructed by glueing six 300-mL vials in a row
(Fig. 1). Vials were open at both ends so that tadpoles
could move freely between them. Initially, a calibration
procedure was performed in duplicate with sodium
chloride (NaCl) to verify the stability of the concentra-
tion gradient over time. Five NaCl concentrations (17,
33, 50, 66, and 83 mg/L) were prepared using a stock
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Upper opening 37.5 x 145 mm
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Fig. 1 Schematic diagram of the unconfined multicompartment avoidance system

solution of 100 mg/L (considered 100%) plus a control
(0%) of natural well water used in the dilutions. The
initial and final concentrations of NaCl and conductivity
were measured. Subsequently, a distribution control
experiment was performed in triplicate to validate the
assumption that in the absence of a chemical stressor
tadpoles had no preferences and distributed randomly
among the six compartments. Three tadpoles were trans-
ferred to each of the compartments containing water
only, and their distribution was recorded after 12 h.

The avoidance of tadpoles of L. catesbeianus to
diuron was tested in two separate experiments. In
the first experiment, performed in triplicate, a con-
centration gradient was established by diluting a
stock solution (1 g a.i. /L) to yield concentrations
of 0; 0.5; 2.5; 5; 7.5; and 10 mg a.i./L in each
compartment. The highest tested concentration
(10 mg a.i./L) corresponded to half of the lowest
concentration in the acute toxicity test not leading to
any toxic effect. A second experiment, performed in
duplicate, was carried out with environmentally rel-
evant diuron concentrations, comprising the range of
concentrations most detected in the environment, as
shown in the introduction: 0; 5; 25; 50; 100; and
150 pg a.i./L, obtained by diluting a stock solution
of 1 g a.i./L. Tests were performed at 24 +2 °C in
the dark to avoid any possible influence of light on
swimming behavior and orientation. As before, three
tadpoles were placed in each compartment. Initially,
the concentration gradient was established by filling
each individual compartment with the corresponding
test solution at each dilution percentage.

To avoid mixture of test solutions between adja-
cent compartments, compartments were isolated
from each other with non-toxic modeling clay.
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Subsequently, the tadpoles were introduced and fi-
nally the modeling clay divisions were removed.
The distribution of individuals among experimental
compartments was recorded after 12 h.

2.5 Species Sensitivity Distribution

To compare the sensitivity of L. catesbeianus to
diuron with that of other freshwater vertebrates, a
species sensitivity distribution (SSD) was construct-
ed using mean 96 h-LCs, derived for L. catesbeianus
and for other amphibian and fish species reported in
the US-EPA database (US-EPA 2019), see references
used in Supplementary Material—Table S1. Geomet-
ric means were calculated when more than one tox-
icity value was reported for a given species. The log-
normal distributions of the values were constructed
using the ETX program, version 2.0 (Van
Vlaardingen et al. 2004). Since the model assumes a
lognormal distribution of the data, log-normality was
tested with the Anderson-Darling test included in the
ETX software, which was evaluated at the 5% sig-
nificance level.

2.6 Chemical Analysis

The 5 g/l and 1 g/L stock solutions used in acute
toxicity test and avoidance experiment, respectively,
were filtered using a syringe filter (nylon 0.22 um),
diluted 50,000 and 10,000 times, respectively, in
water/MeOH 50:50 v/v mixture after and transferred
to a vial of 2.0 mL of lid capacity with septum
(Agilent). Diuron quantification was performed by
liquid chromatography coupled to tandem mass
spectrometry (LC-MS/MS). An Agilent 1200 model
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chromatograph, equipped with a binary pump, auto-
matic injector, and thermostatized column compart-
ment, was used in this analysis. The chromatograph-
ic separation was performed with a Zorbax SB-C18
column (2.1 x30 mm, particle size of 3.5 um) at
30 °C, injection volume of 10 pL, mobile phase
flow of 0.3 mL/min and running time of 2 min. It
was used as mobile phase ultrapure water containing
0.1% (v/v) of formic acid (additive that favors the
formation of ions that ionize in the positive mode)
and methanol (isocratic elution 40:60 v/v). The sol-
vents were previously filtered in membranes with
0.2 um of porosity. The identification and quantifi-
cation of the compound were performed by mass
spectrometry in an Agilent equipment with triple
quadrupole (model 6410b). The analytical curve
was constructed according to the area obtained for
each compound in function of its concentration in
the column.

Regarding the validation of the analytical method,
the quantification limit (LOQ) was obtained by the
signal-to-noise method comparing the analytical sig-
nal of samples at low diuron concentrations with
baseline noise. It was considered the concentration
where the signal-to-noise ratio was observed in the
proportion 10:1. It was determined that the LOQ of
the method is 0.5 pg/L. Accuracy and precision
were evaluated using recovery and repeatability as-
says, respectively.

2.7 Data Analysis

Values of 96 h-LCsq were calculated by nonlinear re-
gression, using the logistic curve of three parameters in
the software Statistica 7.0 (StatSoft 2004).

For the swimming behavior data (maximum
speed and distance moved) were carried out through
the analysis of variance (one-way ANOVA) using
the SigmaPlot v11.0 software (Systat Software Inc.
2008). The normality of data was tested using the
Shapiro-Wilk test. A Dunnett test was carried out
when differences were obtained in data that follow-
ed a normal distribution. For data that did not meet
these requirements, the nonparametric Kruskall-
Wallis test, followed by Dunn’s post hoc test, was
used. All statistical tests were considered signifi-
cantly different when p <0.05 (Systat 2008).

For the avoidance experiments, the number of
avoiders was determined for each compartment as

the difference between the expected (NE) and the
observed numbers (NO): Avoiders = NE-NO. NE
was determined as described by Moreira-Santos
et al. (2008): for the compartment with the highest
diuron concentration, NE was equal to the number of
tadpoles introduced into the compartment at the be-
ginning of the test. For the remaining compartments,
NE included the organisms initially introduced into
the compartment, plus the organisms introduced from
the adjacent compartment(s) with higher concentra-
tion(s). The percentage of avoidance in each com-
partment was calculated as follows: (NA/NE) x 100.

3 Results and Discussion
3.1 Test Performance

Water physicochemical conditions remained stable over
the course of the experiments for all treatments, with
temperatures ranging from 23.8 to 24.3 °C; pH from 6.9
to 7.6; electrical conductivity from 26 to 82 uS/cm, and
dissolved oxygen from 6.4 to 7.0 mg/L.

The NaCl calibration procedure in the avoidance test
indicated that the gradient of concentrations in the six
compartments was closely maintained over the course
of the experiment, since conductivity values 12 h after
the start of the experiment were 82—102% (minimum-
maximum) of those measured at the beginning of the
test (Table 1). These results indicate that the redistribu-
tion of contaminants between adjacent compartments by
swimming tadpoles was minimal. No mortality or un-

Table 1 Conductivity values and NaCl concentrations (+ standard
deviation) in each compartment used for calibration of the avoid-
ance test system without tadpoles at 0 h and 12 h

Compartment Conductivity (uS/cm) NaCl (mg/L)
0h 12h 0h 12 h
1 28 37.5(1.4) 0 1.9 (2.6)
2 63.8 58.5(0.5) 17 15.6 (1.8)
3 98.8 99.3 (2.1) 33 33.5(0.7)
4 137.6 129 (4.6) 50 49.3(0.8)
5 169 168.4 (0.3) 66 65.9 (0.1)
6 204 202 (1.4) 83 82 (1.4)
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usual behavior was observed in the control treatments of
any of the experiments.

Regarding the chemical analysis, concentrations
measured in the stock solutions (0.9 and 5.6 g a.i./L)
differed by less than 12% (11 £ 1.41) (mean =+ standard
deviation) from the nominal concentrations (1 and 5 g
a.i./L), respectively. For the avoidance tests, concentra-
tions measured in each compartment at the end of the
experiments differed by less than 31% from the nominal
concentrations (30.46+ 18.91 mg a.i./L) (mean =+ stan-
dard deviation). For the avoidance experiment based on
environmental concentrations, the measured concentra-
tions were 5; 25; 50; 100; and 150 pg a.i/L and nominal
concentrations were 4.8; 24.1; 41.7; 80.5; and 162.5 ug
a.i/L, respectively. For other avoidance experiment
based on the result of acute toxicity tests, the measured
concentrations were 0.8; 2; 3.4; 6.8; and 6.9 mg a.i./L
and nominal concentrations were 0.5; 2.5; 5; 7.5; and
10 mg a.i./L, respectively. Therefore, the toxicity values
were calculated based on nominal concentrations.

3.2 Acute Diuron Toxicity to L. catesbeianus and Its
Sensitivity Compared with Other Amphibians and Fish

The acute toxicity tests of L. catesbeianus exposed to the
pesticide Diuron Nortox® 500 SC resulted in a 96 h-
LCsy (mean + SD) of 31 +3.7 mg a.i./L (95% CI, 23—
39 mg a.i./L) (n = 3). The percentages of mortality for the
concentrations tested of 20, 30, and 35 mg a.i./L were
respectively 8.87 +0.07%; 46.65 £0.40%, and 73.30 +
0.2% with 100% mortality in the concentrations of 40 and
45 mg a.i./L. This 96 h-LCs value is considerably higher
than those reported for 18 fish species, including the
rainbow trout Oncorrhynchus mykiss (7.0 mg a.i./L),
commonly employed as a model freshwater vertebrate
species for determination of environmental quality stan-
dards (e.g., EFSA 2013; Fig. 2). These results indicate
that a toxicity assessment for diuron based on the toxicity
value of rainbow trout is also protective for
L. catesbeianus. Whether environmental quality stan-
dards for diuron based on toxicity data of rainbow trout
are protective for a larger range of amphibian taxa re-
mains uncertain, considering that only two other amphib-
ian species—Xenopus laevis (Schuytema and Nebeker
1998) and Agalychnis callidryas (Ghose et al. 2014)—
have been tested so far. This observation echoes previous
quantitative studies documenting that amphibian ecotox-
icological knowledge is almost exclusively based on a
handful of common, widely distributed generalist species,
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usually from the northern hemisphere (Schiesari et al.
2007; Ortiz-Santaliestra et al. 2018). However, there are
analyses that systematically compared the relative sensi-
tivity of amphibians and fish and have suggested that
additional amphibian tests are not necessary during
chemical risk assessment (Weltje et al. 2013).

Although diuron has a specific mode of action for
primary producers, e.g., Mansano et al. (2017) verified
that diuron significantly inhibited R. subcapitata growth
and caused physiological alteration (chlorophyll a con-
tent) and morphological changes in cells (complexity
and cell size), some studies have shown that this com-
pound can cause deleterious effects in non-target het-
erotrophic organisms. For example, a low concentration
of diuron (1 pg/L) may affect the immune parameters in
the oyster Crassostrea gigas by inhibiting the activity of
antioxidant enzymes (Luna-Acosta et al. 2012). The
toxicity of pure diuron and its commercial formulation
was similar for the protozoan Paramecium caudatum,
with 6 h-LCsq of 64.6+3.3 mg/L and 62.4+2.5 mg/L,
respectively. Chronic tests showed that the diuron
(1.75 mg/L) cause significant decrease on population
growth, generation number, and biomass of P. caudatum
(Mansano et al. 2016a). Another study by Mansano
et al. (2016b) evaluated the toxicity of diuron and the
insecticide carbofuran (active ingredient and commer-
cial formulation) to the Neotropical cladoceran
Ceriodaphnia silvestrii. The 8-day lowest observed ef-
fect concentration (LOEC) for diuron was 8000 and >
800 pg/L for active ingredient and commercial formu-
lation, respectively. The authors indicated that this cla-
doceran is the most sensitive species to both compounds
when compared to other invertebrates.

Freitas et al. (2016) reported the thyroidogenic effects
of diuron in tadpoles of L. catesbeianus, especially at
high test temperatures. Moreover, degradation of diuron
to metabolites, such as the 3.4-DCA, does not minimize
the deleterious effects of this compound to the tadpoles,
especially when associated with temperature changes
(Freitas et al. 2016). Orton et al. (2009) verified the
inhibition of testosterone and ovulation levels in the
amphibian Xenopus laevis after exposure to diuron.
The lowest values NOAELs (NOEC) calculated for
different species of tadpoles according Schuytema and
Nebeker (1998) were Pseudacris regilla, 14.5 mg/L
(14 days); Rana catesbeiana, 7.6 mg/L (21 days); Rana
aurora, 7.6 mg/L (14 days); and Xenopus laevis,
29.1 mg/L (14 days). P. regilla and X. laevis embryos
had reduced growth and developed increased
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Fig. 2 Species sensitivity distribution (SSD) constructed based on 96 h-LCs, values for diuron obtained in the present study for Lithobates
catesbeianus (in bold), supplemented with data for other amphibian and fish species (geometric means) from the US-EPA database (US-EPA 2019)

deformities in diuron concentrations over 20 mg/L.
Hindlimb bud and forelimb development were retarded
in R. aurora after 14 days exposure to diuron concen-
trations of 7.6 mg/L (Schuytema and Nebeker 1998).
For fish, diuron was reported to cause teratogenic
effects in embryo-larva stages of Psetta maxima. Labo-
ratory studies with P maxima showed a significant de-
crease in hatching success, malformations (embryos),
pericardium edema, and deformation of the skeleton
(larvae) (Lazhar et al. 2012). For zebrafish (Danio rerio)
embryos and larvae diuron presented 96 h-LCsy of
6.5 mg/L and values of 96 h-ECs, of approximately
4 mg/L (Velki et al. 2017a). It was observed a decrease
in spontaneous embryo coiling movements and reduction
of thigmotaxis in larvae when exposed to diuron. Abnor-
malities were observed at 48 h, showing lack of pigmen-
tation (4 mg/L) and occurrence of edema (8 mg/L). The
enzymatic activity and alterations of gene expression in
zebrafish embryos and larvae exposed to diuron were
evaluated by Velki et al. (2017b), where biochemical
and molecular changes were detected. For example,
prolonged exposure to diuron (2 hpf-98 hpf) lead to

increased carboxylesterase activity (CES) at concentra-
tions of 0.086 uM and 2.15 uM and expression of the
corresponding ces2 gene at the concentrations of 0.086,
2.15, and 8.6 M. This was not observed after the early
exposure to diuron (2 hpf=50 hpf) for CES; however, in
the treatment of 8.6 UM, ces2 was induced. A possible
explanation, according to the authors, is that exposure to
diuron induces detoxification and stimulates the expres-
sion of ces2 which leads to an increase in CES activity.

3.3 Swimming Behavior of L. catesbeianus Exposed
to Diuron

Tadpoles of L. catesbeianus exposed to the concentra-
tions used in the acute toxicity tests presented 100%
mortality at concentrations of 40 and 45 mg a.i./L.
Subsequently, swimming velocity and distance could
only be determined in the treatment of 35 mg a.i./L
and lower. Although mean maximum speed and dis-
tance traveled were lower in all treatments relative to
the control, only tadpoles exposed to 30 mg a.i./L
showed a significant decrease in their speed (0.15+
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0.04 m/s) when compared with the control (0.28 +
0.06 m/s; Fig. 3; one-way ANOVA; F;9=4.89;
p <0.05; Dunnett’s test, p < 0.05).

The tadpoles exposed to 30 and 35 mg a.i./LL showed
low swimming activity and weaker reaction to stimuli.
This response is possibly related to the neurotoxic effects
of diuron, as Bretaud et al. (2000) observed inhibition of
acetylcholinesterase activity in juveniles of the fish
Carassius auratus exposed to diuron at concentrations
600 times lower (500 pg/L). Exposure to diuron may
have caused alterations in neuro-muscular function and
consequently affected their ability to swimming (Chen
et al. 2007). When exposed to concentrations in which
the orientation response is impaired, they cannot escape
from the toxic habitat, thus, the organisms would be more
susceptible to suffer the effects of the contaminant, and
feeding efficiency would be reduced, and hence, the
energy available for general metabolism, growth, and
reproduction as demonstrated by Denoél et al. (2012)
when exposing the species Rana temporaria to endosul-
fan. The ecological relevant consequence of this is that the
contaminated animals would be more vulnerable to some
predators; they could explore smaller portions of their
habitat and suffer reductions in the foraging and fitness.

3.4 Avoidance Behavior of L. catesbeianus Exposed
to Diuron

As can be deduced from Fig. 4, the 2.5 and 5 mg a.i./L
diuron concentrations caused the greatest avoidance be-
havior in tadpoles. At these test concentrations, they

presented the lowest numbers of tadpoles per compart-
ments (on average < 1). Interestingly, little avoidance
behavior was observed for the higher test concentrations
(7.5 and 10 mg a.i./L). It is probable that the consequent
exhaustion of available energy and the increased physio-
logical damage caused a reduction ability to escape.
Similar observations of a lack of behavioral avoidance
to high contaminant concentrations has been similarly
recorded in cladocerans and copepods exposed to metals
and the insecticide endosulfan (Gutierrez et al. 2012).
Several other studies evaluating other contaminants have
shown that the ability of organisms to escape is often
diminished when the swimming capacity of tadpoles is
affected (Wojtaszek et al. 2004; Chen et al. 2007; Shinn
et al. 2008; Denoél et al. 2013).

The results of the present study also showed that
diuron at environmentally relevant concentrations may
trigger an avoidance response in L. catesbeianus tad-
poles (Fig. 5). At the end of the experiment, the lowest
number of tadpoles was observed in the compartments
with the concentrations of 25 and 50 pg a.i./L. Avoid-
ance behavior can potentially lead to the displacement
of organisms towards most favorable areas, when they
occurred. Avoidance has been shown to be a sensitive
sublethal response, which may have important repercus-
sions as such concentrations of effect can be considered
as habitat deregulators, by making the latter, at least
partially, unsuited to accommodate aquatic life
(Vasconcelos et al. 2016).

The ability to detect and avoid contaminants has been
observed for different fish species exposed to metals

Fig. 3 Avoidance of tadpoles T T T 140
Lithobates catesbeianus to a 0.35 ;I]\D/llasﬁnmct:?n ?Veee; I
concentration gradient of diuron L 120
after 12 h (?f exposure. The 0.30
reference line indicates the
number of tadpoles in each @ - 100 e
compartment at the beginning of £ 025 S
the experiment. Bars represent the B g0 B
mean + SD of avoidance rates § 0.20 N 2
recorded in three replicates of = E
each treatment g 0.15 - 60 %
E z
= 0.10 F40 QA
0.05 - 20
0.00 -0
Control 20 30 35
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Fig. 4 Avoidance of tadpoles T
Lithobates catesbeianus to an 14
environmentally relevant
concentration gradient of diuron 12 4
after 12 h of exposure. The
reference line indicates the ]
. Q
number of tadpoles in each 5 104
compartment at the beginning of -8‘
the experiment. Bars represent the 8 g
mean + SD of avoidance rates G
recorded in two replicates of each o
treatment 'g 6
=]
Z 4
2 -
0+

1 Ll
[ Number of tadpoles
| Avoidance

%

Avoidance (%)

0

(Svecevicius 1999; Hartwell et al. 1989), domestic and
industrial effluents (Smith and Bailey 1990), ammonia
and low dissolved oxygen (Richardson et al. 2001), and
different herbicides, such as 2,4-D, glyphosate, diquat,
and Aquathol® K (Folmar 1976). Recently, Aratjo et al.
(2018) also demonstrated avoidance behavior of the gup-
py Poecilia reticulata when exposed to atrazine at envi-
ronmental concentrations. Likewise, the ability to detect
and avoid contaminants has been observed for different
species of larval amphibians exposed to insecticide
abamectin (Vasconcelos et al. 2016) for copper and the
fungicide pyrimethyl (Aragjo et al. 2014a, 2014b).

o | M

0.5 25 5 7.5 10
Concentration of diuron (mg a.i./L)

4 Concluding Remarks and Indications for Future
Research

The sensitivity comparison between amphibians and fishes
for the herbicide diuron in the present study indicated that
standard acute tests using the rainbow trout and other fishes
as model organism adequately cover the sensitivity of larval
amphibians such as L. catesbeianus. However, it is impor-
tant to emphasize that only a limited number of amphibian
species and compounds have been tested so far, and there is
an urgent need to increase the toxicity dataset for neotrop-
ical and endemic amphibians (Schiesari et al. 2007).

Fig. 5 Swimming behavior of 10

exposed to diuron (0, 20, 30, and
35 mg a.i/L) as indicated by
maximum speed (m/s, light gray)
and distance traveled (cm, dark
gray). Asterisk indicates a
significant difference between the
concentration tested and the
control (p <0.05)

Number of tadpoles

T T T T T
[0 Number of tadpoles

] Avoidance

|
Avoidance (%)

T
tadpoles Lithobates catesbeianus
8 -
6 -
44
24
0+
0

5

Concentration of diuron (ug a.i./L)

25 50 100 150
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As pointed out by other researchers (Vasconcelos et al.
2016), our results highlight that acute toxicity tests that
solely evaluate mortality may underestimate adverse ef-
fects on amphibians, as sublethal effects can seriously
affect individual performance under real field conditions.
The sublethal effects observed in this study at low and
environmentally relevant concentrations, for example,
are tightly linked to possible effects of foraging rate and
predator avoidance, seriously affecting growth, develop-
ment, and survival in natural environments.

Tadpoles of L. catesbeianus were able to detect and
avoid diuron at environmentally relevant concentra-
tions. Therefore, it is possible to conclude that the non-
forced exposure system can help to understand how
contaminants can affect the spatial distribution of organ-
isms. Further research is needed to evaluate the real
implications of avoidance behavior on tadpoles in the
environment, such as vulnerability to some predators,
reductions in the foraging, and fitness. As previously
recommended by Aragjo et al. (2016), avoidance tests
can be an important tool evaluating toxicity of environ-
mental contaminants to amphibians, and then its inclu-
sion as laboratory test could be considered in the risk
assessments of aquatic contaminants in the future.
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