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Abstract

Brazil is the largest producer of sugarcane and the world’s top pesticide market. Therefore, environmental consequences are
of concern. The aim of the present study was to evaluate the acute and chronic toxicity of pesticide formulations largely used
in sugarcane crops: the herbicide DMA® 806 BR (a.i. 2,4-D) and the insecticide Regent® 800 WG (a.i. fipronil), isolated and
in mixture, to the Neotropical cladoceran Ceriodaphnia silvestrii. Toxicity tests with the individual formulated products
indicated 48h-EC5, values of 169 + 18 mg a.i./L for 2,4-D and 3.9 +0.50 ug a.i./L for fipronil. In the chronic tests, the 8d-
ECs( values for reproduction were 55 mg a.i./L (NOEC/LOEC: 50/60 mg a.i./L) and 1.6 ug a.i./L (NOEC/LOEC: 0.40/
0.80 pg a.i./L) for 2,4-D and fipronil, respectively. A significant decrease in reproduction of C. silvestrii in all concentrations
tested of fipronil, except at the lowest, was observed. Regarding 2,4-D, the organisms had total inhibition of reproduction in
the two highest concentrations. Probably your energy reallocation was focused (trade-off) only on its survival. The acute
pesticide mixture toxicity (immobility) revealed a dose level dependent deviation with antagonism at low and synergism at
high concentrations. For chronic mixture (reproduction) toxicity, antagonism occurred as a result of the interaction of the
pesticides. Based on our results and concentrations measured in Brazilian water bodies, fipronil represents ecological risks
for causing direct toxic effects on C. silvestrii. These results are worrisome given that agricultural production is likely to
increase in the coming years.
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Introduction

Nowadays, Brazil is the world’s largest producer of sugar-
cane and ethanol (renewable biofuel produced by the fer-
mentation of sugarcane extract) (OECD/FAO 2019). Thus,
this monoculture farming is quite extensive, being classified
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as the third largest crop after corn and soybean (UNICA
2015). The annual production is approximately 640 thou-
sand tons and the area of occupation is 900 thousand hec-
tares. This production has a market that tends to increase
considerably due to the incentive of replacing fossil fuels
(Conab 2019).

Agricultural expansion has been considered one of the
main threats to the conservation of biodiversity in con-
tinental waters around the world (Lacher and Goldstein
1997; FAO 2019). In addition to the numerous problems
related to the destruction of natural vegetation, the intensi-
fication of agriculture has led to an exponential growth in
the use of pesticides, compounds with high environmental
toxicity (Carvalho 2006; Daam and Van den Brink 2010).
In line with this, for sugarcane there are currently 333 active
ingredients registered in Brazil, composing 2316 formulated
products (AGROFIT 2020). Among the active ingredients
most used in crops in the state of S@o Paulo, which
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represents 52% cultivated area in the country from 2009 to
2015, are the herbicide 2,4-D and the insecticide fipronil
(Institute of Agricultural Economics-IEA 2016).

The herbicide 2,4-D of the chemical group of phenox-
yacetic acids is an active ingredient that targets dicotyle-
donous plants. It acts by deregulating their growth and
subsequent death through uncontrolled cell division in
vascular tissue (Jervais et al. 2008). Currently 2,4-D is the
second most used herbicide for sugarcane in Brazil (Li et al.
2017) and can be applied in pre- or post-emergency con-
ditions for crops (MAPA 2019). Its exacerbated use is
related to low cost, selectivity, efficiency, wide spectrum
and high solubility in water (Islam et al. 2018). On the other
hand, its high application in crops leads to its presence and
persistence in the environment (Messing et al. 2014; Ismail
et al. 2015). Fipronil is an insecticide of the phenylpyrazole
class that acts on the central nervous system by blocking the
chlorine channels present in the GABA (gamma-aminobu-
tyric acid) receptor, causing the death of the target organ-
isms through paralysis and hyperexcitation (Tingle et al.
2003). However, several studies have already demonstrated
the risk of exposure of non-target organisms to this active
ingredient (Tingle et al. 2003; Gunasekara et al. 2007;
Gibbons et al. 2015). In the cultivation of sugarcane, 2,4-D
and fipronil may be concomitantly present mainly at
planting, since at this stage the monoculture is more sus-
ceptible to be attacked by pests, diseases and invasive plants
(Townsend 2000).

In natural aquatic systems located near areas with pre-
dominance of sugarcane crops in the state of Sao Paulo, 2,4-
D is commonly detected, where for example, the high
concentration of 366.6 ug/L has already been recorded
(CETESB 2018). Furthermore, 2,4-D is found in combi-
nation with several other pesticides, such as fipronil, which
has already been detected at an environmental concentration
of up to 465 ug/L (CETESB 2018). Several studies point to
the risk of pesticide mixtures occurring in the environment,
which can lead especially to biodiversity loss (Relyea 2009;
Pavlaki et al. 2011). In the aquatic environment these sub-
stances negatively affect different levels of the trophic chain
as primary producers, e.g. Raphidocelis subcapitata (Man-
sano et al. 2017), primary consumers, e.g. Macrothrix fla-
belligera (Moreira et al. 2017) and secondary consumers,
e.g. Danio rerio (Sanches et al. 2017). In this sense, this is
of especial concern when the expansion and intensification
of agriculture takes place in biodiversity-rich tropical
countries (Vorosmarty et al. 2010).

For pesticides, the geoclimatic conditions directly influ-
ence their toxic effects on non-target organisms (Silva et al.
2020). Factors such as soil quality that interferes with the
mobility of compounds, the higher temperatures that
increase the solubility of the products in water and the

absorption by organisms, intensify the environmental risks
of pesticides in the tropical region (Sanchez-Bayo and Hyne
2011). Still, there is a higher frequency of application and in
a large part of the year, compared with those of temperate
regions (Ecobichon 2001; Satapornvanit et al. 2004). Thus,
the use of temperate toxicity data in tropical risk assess-
ments has often been disputed (Pham and Bui 2018; Wang
et al. 2019).

Considering this scenario, there is a growing need to
obtain ecotoxicological data under tropical conditions using
indigenous test organisms to increase our understanding of
the sensitivity of these species and use them for the envir-
onmental risk assessment of pesticides. Most studies into
pesticides toxicity on primary consumers have focused on
species distributed in temperate regions, such as Daphnia
magna and Ceriodaphnia dubia (US EPA 2002a, b). Cer-
iodaphnia silvestrii presents a wide geographic distribution
in South America, has a short life cycle, is easy to maintain
and culture in the laboratory, and belongs to one of the most
sensitive group of organisms for a variety of toxic sub-
stances, and is therefore an excellent test organism for
tropical regions (Casali-Pereira et al. 2015; Mansano et al.
2018). In addition, guidelines for toxicity testing have
previously been developed for this species (ABNT 2017).
For these reasons, this study aimed to evaluate the acute and
chronic toxicity of two commercial pesticide formulations
commonly used in sugarcane crops in Brazil: the herbicide
DMA® 806 BR (a.i. 2,4-D) and the insecticide Regent® 800
WG (a.i. fipronil), isolated and in mixture, to the Neo-
tropical cladoceran Ceriodaphnia silvestrii.

Materials and methods
Test organism and culture conditions

The experiments were carried out at the Center for Water
Resources and Environmental Studies (NEEA/CRHEA) of
the Sdo Carlos School of Engineering, University of Sdo
Paulo (EESC/USP), located in the municipality of Itirapina,
Brazil (22°01°22”S, 43°57°38”W). The organisms used in
the tests were obtained through continuous cultures estab-
lished in the laboratory, and cultivation procedures and
toxicity tests followed the recommendations of standard
13373: 2016 (ABNT 2017).

C. silvestrii cultures were kept under controlled tem-
perature (25 =+ 2 °C) and photoperiod (12:12-h light/dark) in
reconstituted water with pH 7.0-7.6, conductivity of
160 uS/cm, and hardness of 40-48 mg/L (as CaCOj3). The
organisms were fed daily with the chlorophycean algae
Raphidocelis subcapitata (10° cells/mL), which was grown
in LC Oligo medium (AFNOR 1980), and a suspension
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containing yeast (0.5%) and fermented fish food (0.5%) was
added as a food supplement (1 mL/L) (ABNT 2017).

Chemical analysis of the pesticides

The commercial formulation DMA® 806 BR (Dow
AgroSciences Industrial Ltda., Brazil) contains 67% m/v of
active ingredient (a.i.) —2,4-D acid equivalent (80.6% m/v
of —2,4-D, dimethylamine salt) (41.9% m/v of inert ingre-
dients). Regent® 800 WG (BASF, Brazil) contains 80% m/v
of active ingredient (fipronil) and 20% m/v of inert
ingredients.

The quantification of 2,4-D and fipronil was performed
with Liquid Chromatography tandem Mass Spectrometry
(LC-MS/MS) using chromatography Agilent 1200 coupled
to a Triple Quadrupole mass spectrometer with electrospray
ionization (ESI) (Agilent 6410) in negative mode. The
Limit of Quantification (LOQ) of the method to 2,4-D and
fipronil was 1 and 0.1 pg/L, respectively.

Acute toxicity tests

Preliminary acute toxicity tests were performed to define
the sensitivity range of the species for the isolated exposure
to the pesticides. For definitive bioassays, one control and
six concentrations (100, 125, 150, 175, 200 and 225 mg a.
i./L dosed as DMA® 806 BR) of the herbicide were pre-
pared from a stock solution of 6.7 g a.i./L. For the insec-
ticide, one control and five concentrations (0.8, 1.6, 3.2, 6.5
and 13 pg a.i./L. dosed as Regent® 800 WG) were prepared
from a stock solution of 1.3 mg a.i./L. All acute toxicity
tests were made in quadruplicate, with five newborns/
replica (6—24 h old) in nontoxic polypropylene plastic cups
containing 10 mL of test solution for 48 h, without feeding,
12:12 light/dark and temperature of 25 +2 °C. The acute
toxicity tests were performed three times for each pesticide
and the endpoint observed was the immobility of the
organisms to obtain the mean 48 h-ECs, (effect con-
centration that causes acute effects to 50% of the test
population). The acute mixture test was realized using the
full factorial method (Cassee et al. 1998), resulting in 30
combinations of the concentrations and one control, with
three replicates each. The endpoint was immobility (48 h-
ECsg). Tests with the individual compounds and full fac-
torial mixtures were conducted simultaneously to avoid any
influence of eventual differences in sensitivity of C. sil-
vestrii and experimental conditions (Pavlaki et al. 2011).
Water quality parameters (pH, conductivity and dissolved
oxygen) were verified at the beginning and end of the
experiments. Acute toxicity tests with the reference sub-
stance sodium chloride (NaCl) were carried out monthly to
evaluate the physiological condition of the organisms
(ABNT 2017).
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Chronic toxicity tests

For the chronic toxicity tests with the isolated formulations,
five concentrations with 10 replicates containing one new-
born (6-24h old) each were selected based on the EC,
values of the acute tests. Concentrations of 40, 50, 60, 70
and 80 mg a.i./L from a stock solution of 6.7 g a.i./L and
one control were tested for the herbicide. For the insecti-
cide, one control and concentrations of 0.4, 0.8, 1.2, 1.6 and
2 ug a.i./L were used from a 1.3 mg a.i./L stock solution.
The duration of the tests was 8 days and the organisms were
fed and maintained under the same conditions (temperature,
photoperiod, medium) described previously for culture
maintenance. The test solutions were renewed every 48 h
after the number of surviving adults and newborns had been
recorded. The endpoints evaluated were ECs, (reproduc-
tion), EC,y, EC;9, LOEC (Lowest Observed Effect Con-
centration) and NOEC (No Observed Effect Concentration).
The age of first reproduction, survival percentage and the
number of neonates per female were daily observed under a
stereomicroscope, and the 8-d EC,y and ECsy were calcu-
lated based on the fecundity. The intrinsic rate of population
increase (r) were calculated using Euler’s equation 1
(Marinho et al. 2019):

1= ie”x My, (1)
x=0

.9

where “r”’ is the intrinsic rate of population increase
(day™ 1), “x” is the age of the organisms (days), “/,” is the
probability of survival at the age “x”, and “m,” is the
number of neonates at the age x.

The chronic mixture test was performed using the partial
fixed-ratio method (Cassee et al. 1998), which included the
isolated evaluation of 2,4-D and fipronil and 23 binary
combinations of the pesticides with five replicates/con-
centration. Water quality parameters (pH, conductivity and
dissolved oxygen) were checked at the beginning, end and
at each renewal to ensure that these were at optimum as
recommended for the species.

Statistical analysis

The ECso, EC,o and EC) values of the acute tests with the
isolated formulations were analyzed by nonlinear regression
using the three-parameter logistic curve through the soft-
ware Statistica version 7.0 (StatSoft 2004). For values of the
chronic tests, we analyzed significant differences between
controls and treatments for age of first reproduction,
fecundity and intrinsic rate of population increasing. The
normality (Shapiro-Wilk) and homogeneity of the data
(Levene) were verified and differences between treatments
were assessed by analysis of variance (ANOVA). This was
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followed by the post-hoc Dunnett’s test in case of data that
met the normality and homoscedasticity criteria. For data
that did not meet these requirements, the nonparametric
Kruskall-Wallis test, followed by Dunn’s Method post hoc
test, were used. The mixtures of both acute and chronic
formulations were analyzed by means of conceptual con-
centration addition (CA) and independent action (IA)
models using the MIXTOX tool (Jonker et al. 2005). The
analysis was then extended, as described in Jonker et al.
(2005) and the three deviations from the reference models,
i.e. synergetic/antagonistic interactions (S/A), deviation
dose ratio-dependent (DR) and dose level-dependent (DL),
were modeled by adding two parameters (“a” and “b”).
Further details on the deviation functions can be obtained
from Jonker et al. (2005).

Results and discussion

Abiotic variables of the toxicity tests and chemical
analyses

The water quality parameters evaluated were in accordance
with the criteria established by ABNT (2017): pH (7.3-8),
dissolved oxygen (6.8-7.9 mg/L), conductivity
(153-238 uS/cm) and hardness (42-48 mgCaCOs/L). For
all experiments, the nominal concentrations of fipronil and
2,4-D were measured from stock solutions (1.3 mg a.i./L of
fipronil and 6.7 g a.i./L of 2,4-D), shortly after their pre-
paration, and 1.3+10.4mg a.i/L and 5.3+0.16g a.i./L,
respectively, were quantified. Thus, analysis of the stock
solutions of the pesticides confirmed the prepared con-
centrations. The toxicity values in the acute and chronic
toxicity tests with fipronil and 2,4-D were calculated based
on measured concentrations of the stock solutions.

Acute tests with isolated formulations

Acute toxicity tests of the pesticides DMA® 806 BR (a.i.
2,4-D) and Regent® 800 WG (a.i. fipronil) showed 48 h-
ECsy (mean +SD) for Ceriodaphnia silvestrii of 169
18 mg a.i./L (95% CI 138-192 mg ai/L) and 3.9 + 0.50 ug a.
i/L (95% CI 2.5-4.9 ug ai/L), respectively. The results
indicate that the insecticide fipronil was more toxic (43
times) than the herbicide 2,4-D. The acute toxicity values of
2,4-D for cladocerans found in the literature range from 20
to 422 mg a.i./L whereas for fipronil and their formulations,
the sensitivity range for cladocerans species is between 1
and 190 pg a.i./L (see US EPA 2019).

For 2,4-D, EFSA (2014) presents an 48 h-ECs, value of
134.2 mg/L for D. magna at 20 °C in a 48-h test, a value
matching the LCsy of 135 mg/L obtained by Benijts-Claus

and Persoone (1975). In addition, some studies evaluated
the acute effect of 2,4-D only up to a specific value, for
example Crosby and Tucker (1966) and Sanders (1970)
with values of 26 h-EC5y and 48 h-LCsy > 100 mg/L for D.
magna. Nelson and Roline (1998) also represented their
48 h-ECsy result >422 mg/L. for C. dubia. EC and LC
values below 100 mg/L were obtained for D. magna with
48 h-LCs, of 25 and 36.4 mg/L (Alexander et al. 1985) and
48 h-LCs of 20 mg/L for Daphnia lumholtzi (George et al.
1982). Differences in the toxicity of a compound on species
of the same taxonomic group can be explained due to
laboratory test conditions, such as exposure time, culture
water constitution, hardness, photoperiod and temperature
(Moreira et al. 2014). Présing (1981), for example, observed
differences in toxicity with changes in temperature and time
of exposure of D. magna to 2,4-D. This author denoted an
increase of up to 16% in toxicity with a change in tem-
perature from 15 to 20 °C and difference of 47% in LCs,
values between 24 and 96h. Milam et al. (2005) also
evaluated the effects of 2,4-D on D. magna and obtained an
average 24 h-LCsy of 415.7mg/L at 22 °C while Présing
(1981) obtained an 48 h-LCs, value of 417.8 mg/L at 20 °C.
For Ceriodaphnia dubia, this comparison can also be made
with the studies by Milam et al. (2005) and Oris et al.
(1991) who obtained 24 h-LCsy values of 272.5 and 48 h-
LCsq of 236 mg/L, respectively, in which the average tem-
perature between the two studies differed by 3 °C. In the
present study, for 2,4-D, the sensitivity values obtained for
C. silvestrii is within the values established for the other
species of the cladocerans, although further studies are
needed to rule out influences of physical and chemical
characteristics, such as temperature.

In this study, C. silvestrii was more sensitive to fipronil
when compared to other cladocerans. A greater sensitivity
of the tropical species C. silvestrii than some standard
temperate test species such as D. magna was also noted in
previous studies. For example, C. silvestrii was demon-
strated to be more sensitive than D. magna to acet-
aminophen, propranolol and diclofenac (Oliveira et al.
2018), to bisphenol and nonylphenol (Spadoto et al. 2017)
and to carbofuran and diuron (Mansano et al. 2018).

Regarding temperature, for insecticides such as fenvale-
rate, cypermethrin, deltamethrin and malathion the rela-
tionship between temperature and toxicity to D. magna
appears to be positive (Ratushnyak et al. 2005; Willming
et al. 2013). In this sense, evaluations of temperature-
dependent toxicities with the standard species are also
necessary to reduce the gaps regarding the toxicity of
fipronil to cladocerans. In the case of the native cladoceran
C. silvestrii, in a previous study by Silva et al. (2020), the
greater sensitivity of the species was verified with respect to
toxic effects and temperature influence. The same was
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Table 1 EC values of toxicity to Ceriodaphnia silvestrii exposed for
acute and chronic tests to pesticides DMA® 806 BR (a.i. 2,4-D) and
Regent® 800 WG (a.i. fipronil)

Fipronil (ug a.i./L) 2,4-D (mg a.i./L)

Mean SD* CI95%®  Mean SD* CI95%°

Immobility

ECI0 2.1 0.68  0.76-3.4 133 15 97-163

EC20 2.6 065  1.3-36 145 18 111-175

EC50 3.9 050 2549 169 18 138-192
Reproduction

EC10 022 0.0 0.01-0.42 43 32 36-49

EC20 045 0.14 0.16-0.74 47 27 41-52

EC50 1.6 023 1.1-2.1 55 1.8 51-59

Standard deviation

®Confidence interval

evaluated for C. dubia (Tsui and Chu 2003), which showed
no variation in sensitivity in exposure to an herbicide with
the same active ingredient as in the previous experiment,
demonstrating once again that the native species seems to
be more sensitive than the temperate species.

In the case of studies with fipronil, we observed that D.
magna has average 48 h-ECs, and 48 h-LCs values that are
higher than those of other cladocerans. Based on the values
denoted in studies for this species, we calculated an average
of 132 ug/L (US EPA 1992; EFSA 2006; Nakagome and
Noldin 2006; Hayasaka et al. 2012), whereas for D. pulex
and C. dubia the average is 28 ug/L (Stark and Vargas
2005; Hayasaka et al. 2012) and 17 pg/L (Konwick et al.
2005; Wilson et al. 2008; Hayasaka et al. 2012), respec-
tively. For two other cladocerans, Ceriodaphnia reticulata
and Moina macrocopa, values of 48 h-ECs, of 9 and 29 ng/
L were determined, respectively (Hayasaka et al. 2012).
Based on these values, it can be noted that D. magna is five
to over ten times more tolerant to fipronil than the other
species. Hayasaka et al. (2012), when assessing fipronil
toxicity to five cladocerans, observed that the toxicity 48 h-
ECsy was positively correlated with the body size of the
organisms, with the smaller species belonging to the genus
Ceriodaphnia as the most sensitive. The 48 h-LCs, values
these authors reported for this genus (0.99 and 8.8 ug/L for
C. dubia and C. reticulata, respectively) are indeed in the
same order of magnitude as that denoted in the present
study for C. silvestrii. Thus, the more since the genus
Ceriodaphnia is considered a bioindicator equivalent to D.
magna in terms of environmental risk assessment (Versteeg
et al. 1997; Pakrashi et al. 2013), the use of ecotoxicological
assays with native species (belonging to this genus) is
crucial for a better ecological risk assessment in tropical
contaminated areas.
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Chronic tests with isolated formulations and its
implications

With respect to chronic pesticide toxicity tests, ECsy-
Reproduction values for DMA® 806 BR (a.i. 2,4-D) and
Regent® 800 WG (a.i. fipronil) were 55+ 1.8 mg a.i./L
(95% CI 51-59 mg a.i./L) and 1.6 +0.23 nug a.i./L (95% CI
1.1-2.1 pg a.i./L), respectively (Table 1). The calculated
values of EC;y and EC,; were 43 and 47 mg a.i./L for the
herbicide and 0.22 and 0.45 ug a.i./L for the insecticide
(Table 1). NOEC e LOEC were 50 and 60 mg a.i./L for the
herbicide and 0.40 and 0.80 ug a.i./L for the insecticide.
Figure 1 shows the average of newborns per concentration
in the chronic toxicity test with the DMA® and Regent®. For
the insecticide, the number of newborns decreased gradu-
ally with increasing test concentrations, with at least one
brood less in the lowest three concentrations, and two in the
highest two concentrations, when compared with controls
(Kruskall-Wallis; Hs = 43.66 p < 0.05; Dunn’s method, p <
0.05; Fig. le). For the herbicide, reproduction decreased
significantly from 60 mg a.i./L (7 = 6 newborns) in relation
to the control (20 =3 newborns). At this concentration and
higher concentrations (70 and 80 mg a.i./L), the females
practically did not reproduce (Kruskall-Wallis; Hs =41.27
p <0.05; Dunn’s method, p <0.05; Fig. 1b), keeping unvi-
able eggs in their body cavity during the exposure (Fig. 2).

The comparison of data from the first reproduction
showed significant differences only for the highest con-
centration of DMA® (Kruskall-Wallis; Hs=19.772;
Dunn’s method, p < 0.05; Fig. 1a) while no differences were
denoted at any Regent® concentration (Kruskall-Wallis; Hs
=8.530; p =0.129; Fig. 1d). Regarding the intrinsic rate of
population increase (r), the statistical analysis showed a
decrease of 41% at 60 mg/L. and 100% in the highest two
concentrations of the herbicide (Kruskall-Wallis; Hs =
55.790; Dunn’s method, p < 0.05; Fig. 1c). In the case of the
insecticide, significant differences were observed in all
treatments with a decrease of 3 to 36% in r values
throughout the concentrations (One way ANOVA; Fs=
944.682; p <0.05; Dunnet test, p<0.05; Fig. 1f). Other
insecticides such as chlorpyrifos, cyfluthrin, cypermethrin,
endosulfan, etofenprox and lindane have been shown to
change the age to the first brood and the intrinsic rate of
population increase of Daphnia when compared to uncon-
taminated treatments (Ferndndez-Casalderrey et al. 1993;
Ferrando et al. 1995; Brausch and Salice 2011; Rajini et al.
2016; Sancho et al. 2018). In the case of herbicides, diuron,
molinate and propanil also changed the two rates evaluated
for Daphnia (Pereira et al. 2007; Sanchez et al. 2004;
Brausch and Salice 2011). For diuron, the study carried out
with D. magna further demonstrated that the toxic effects
can be mitigated over generations (Brausch and Salice
2011). The delay of the first brood can affect the r values by
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Fig. 1 Fertility (mean+SD number of newborns per female), first
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Fig. 2 Females at the end of the
chronic test. a Control female
after 3rd brood. b Female with
unviable eggs (abortions) on
exposure to herbicide DMA®
806 BR (a.i. 2,4D)

directly interfering with the speed at which the population
expands in the ecosystem. In the present study, C. silvestrii,
despite surviving the highest concentrations of DMA®, had
its reproduction compromised. In real-world aquatic eco-
systems, this time without reproduction may be sufficient to
contribute to the disappearance of the species. In the case of
Regent®, the decrease in fertility and intrinsic rate of
population increase at low insecticide concentrations can
similarly be an important factor in the rapid disappearance
of C. silvestrii in contaminated areas.

With respect to reproduction data available in the lit-
erature for 2,4-D, not many studies were found evaluating
its chronic toxicity despite that this compound is a relatively
old molecule and cladocerans are widely used in toxicity
tests. The range of reproductive effects reported for standard
cladoceran test species is 10 to 151 mg/L (US EPA 1992).
For D. magna, two references point to LOEC values for
species with a difference of 15 times. US EPA (1992)
showed NOEC and LOEC values of 79 and 151 mg/L,
while Matsumoto et al. (2009) obtained a LOEC of 10 mg/
L. For C. dubia, 1C5y (median inhibitory concentration)
values for reproduction obtained by Oris et al. (1991) were
86.8 mg/L (4 days) and 69.8 mg/L (7 days), values at which
C. silvestrii drastically reduced reproduction in the
present study.

For this finding of severe inhibition of reproduction at
non-lethal 2,4-D concentrations, we hypothesize that these
concentrations are stressful in such a way that the energy
allocation of C. silvestrii is focused (trade-off) only on its
survival and as such compromises its reproduction. Gottardi
et al. (2017) observed that D. magna exposed to the fun-
gicide epoxiconazole initially allocated its energy for
growth and reproduction suggesting a trade-off with sub-
sequent impairments to immune responses and mobility. In
the case of C. silvestrii, we did not evaluate other sublethal
endpoints such as length of organisms, enzymatic activity or
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swimming behavior that collaborate to affirm the adequacy
of the results obtained with the energy allocation (Forbes
2000). However, the inhibition of reproduction without any
acute (lethal) effect on females exposed to 2,4-D demon-
strates a high metabolic and physiological effort of the
organism to survive at these herbicide concentrations. In
addition, comparing the results of the present study with
those presented by Oris et al. (1991) for C. dubia, it is noted
that C. silvestrii is apparently more sensitive to 2,4-D than
its relatives of the same genus.

For fipronil, the sublethal concentrations tested in the
chronic test were close to those tested in the acute toxicity
test, thus demonstrating the high toxicity of the compound
to C. silvestrii. Other cladocerans species showed effects on
their life parameters at concentrations of fipronil up to 110
times those denoted in the present study to exert effects. For
example, for D. pulex exposed to the formulated product
Regent® 4 SC in a 10-day experiment, a NOEC and LOEC
of 30 and 50 pg/L have been reported, respectively, with
extinction of the species at a concentration of 80 ug/L (Stark
and Vargas 2005). In the case of D. magna, developmental
and survival data indicated LOEC values of 19 and 27 pg/L,
respectively, with a developmental NOEC of 9.6 ug/L (US
EPA 1992). For its temperate relative C. dubia, Wilson
et al. (2008) evaluated the sublethal effects of fipronil and
its enantiomers on mobility, development and reproduction.
The LOEC value for racemate reproduction was 15 ug/L,
which is 33 times higher than the LOEC for C. silvestrii.
The enantiomers S—(+) and the R—(—) showed LOEC
values of 2 and 30 pg/L.

Mixture toxicity tests
All parameters and significance test results obtained by

fitting the MIXTOX tool are shown in Table 2. In the acute
test with the mixture of pesticides the derived data fitted the
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Table 2 Parameters and fit tests of the reference models concentration addition and independent action applied to acute test of Ceriodaphnia
silvestrii exposed for 48 h to mixtures of DMA® 806 BR (a.i. 2,4-D) and Regent® 800 WG (a.i. fipronil)

Concentration addition

Independent action

CA S/A DR DL IA S/A DR DL
Max 0.85 0.85 0.85 0.98 0.95 0.92 0.92 0.92
SDMA 10.49 8.90 8.72 5.84 7.02 8.03 8.02 5.43
SRegent 3.59 7.78 8.99 1.09 275 3.17 3.12 2.11
ECs, for DMA (mg/L) 187.50 176.86 178.73 163.13 162.51 174.14 173.55 172.02
ECs for Regent (ug/L)  41.36 31.53 31.32 32.96 17.38 2235 22.66 2278
a - 0.88 0.65 8.19 - -2.19 —-1.91 3.51
bDR/DL - - 0.63 0.72 - - —0.67 2.78
SS 75.40 65.05 64.75 50.91 64.20 59.65 59.63 50.85
P 0.80 0.83 0.83 0.87 0.83 0.84 0.84 0.87
2% or F test 308.01 10.34 10.65 14.14 319.20 455 0.015 8.79
df - 1.00 1.00 1.00 - 1.00 1.00 1.00
p GPIF) 2.03x107% 0.0012 0.5805 0.0001 7.78 x 1078 0.0328 0.9008 0.0030

Max is the maximum response value; /3 is the slope of the individual dose response curve; ECs is the median effect concentration; a, bDR and bDL
are parameters of the function; SS is the sum of squared residuals; 7 is the regression coefficient; 5 or F test is the test statistic; df is the degrees of
freedom; and p (¥*/F) is the significance level of the test statistic. CA is concentration addition model and IA is independent action model, S/A is
synergism or antagonism deviation, DR is dose-ratio dependent deviation and DL is dose-level deviation

A
m s\
RSN
2 - \\\\
r /7

Regent® 800 WG (ug L)

DMA®806 BR (mg L")
8

Regent®800 WG (ug L)

Fig. 3 Isobolograms of the pesticide mixture effects on immobility of Ceriodaphnia silvestrii. a Dose-level dependent (DL) from the concentration
addition model (CA) and b dose-level dependent (DL) from the independent action model (IA)

IA and CA models. The model that best described the
observed effects for the tested concentrations was the con-
centration addition (CA) model (Fig. 3a), which yielded a
sum of squared residuals (SS) of 75.40 (p < 0.05; 7 = 0.80).
The dose level dependent deviation (DL) decreased the SS
value to 50.91, being statistically significant (p <0.05; > =
0.87). The independent action model (IA) (Fig. 3b) yielded
a sum of square residuals (SS) of 64.20 (p<0.05; =

0.83). Dose level dependent deviation (DL) decreased the
SS value to 50.85 (p <0.05; 2= 0.87). The interaction of
concentrations demonstrated antagonism at low doses and
synergism at high doses, and the change from antagonism to
synergism is at doses higher than the ECs, values (Fig. 3).
As both models described the toxicity of the mixture, we
chose CA as the best descriptive model because of the
higher statistical significance in DL (Table 2).
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Table 3 Parameters and fit tests of the reference models concentration addition and independent action applied to chronic test of Ceriodaphnia
silvestrii exposed for 8 days to mixtures of DMA® 806 BR (a.i. 2,4-D) and Regent® 800 WG (a.i. fipronil)

Concentration addition

Independent action

CA S/A DR DL IA S/A DR DL
Max 86.24 84.73 84.15 84.47 90.62 86.28 84.96 87.81
SDMA 9.37 8.89 9.37 9.03 5.71 6.42 7.49 6.34
SRegent 1.14 1.96 2.16 2.21 1.17 2.05 2.47 1.12
ECs, for DMA (mg/L) 72.88 72.66 73.01 72.68 69.58 71.01 71.84 70.85
ECs for Regent (mg/L)  0.015 0.007 0.006 0.007  0.008 0.007 0.006 0.010
a - 1.16 222 0.65 - —1.21 1.46 1.37
bDR/DL - - —1.70 —0.71 - - —5.60 5.70
SS 2771.85 2438.41 2404.16 2434.30 2558.02 2469.03 2331.3 2395.42
2 0.69 0.73 0.73 0.87 0.72 0.73 0.74 0.74
2 or F test 16.53 435 483 4.41 18.52 1.20 3.15 2.23
df - 1.00 1.00 1.00 - 1.00 1.00 1.00
p GPIF) 3.65x 1077 0.03 0.09 0.10 1.17x 1077 0.27 0.33 0.31

Max is the maximum response value; /3 is the slope of the individual dose response curve; ECs is the median effect concentration; a, bDR and bDL
are parameters of the function; SS is the sum of squared residuals; 7 is the regression coefficient; 5 or F test is the test statistic; df is the degrees of
freedom; and p (¥*/F) is the significance level of the test statistic. CA is concentration addition model and IA is independent action model, S/A is
synergism or antagonism deviation, DR is dose-ratio dependent deviation and DL is dose-level deviation
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Fig. 4 Isobolograms of the pesticide mixture effects on reproduction of Ceriodaphnia silvestrii. a antagonism from the concentration addition

model (CA) and b antagonism from the independent action model (IA)

All parameters and significance test results obtained by
fitting the MIXTOX tool to the chronic data are shown in
Table 3. The derived chronic mixture test data also fitted
both the IA and CA models. The model that best described
the effects on reproduction of C. silvestrii was also the CA
model (Fig. 4a), which yielded a sum of squared residuals
(SS) of 2771.85 (p<0.05; r* =0.69). After adding para-
meter “a” to the model in order to describe the S/A
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deviation, the SS value decreased to 2438.4 and was sta-
tistically significant (p <0.05; > =0.73) showing antag-
onism as a result of the interaction of pesticide
concentrations (Fig. 4). The dose-ratio dependent (DR)
deviation and dose-level dependent (DL) deviation were
not statistically significant (p =0.09 and 0.10, respec-
tively). In the case of IA (Fig. 4b), the sum of residues was
2558.02 (p <0.05; r* =0.72). After adding parameter “a”
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to the model to describe the S/A deviation, the SS value
decreased to 2469.03 but was not significant (p >0.05;
r»=0.73) as well as for DR and DL (p =0.33 and 0.31)
respectively.

As in our study, in other mixture toxicity assessments the
effects were better interpreted by CA (Gazonato Neto et al.
2019), even for mixture compounds with different
mechanisms of action (Barata et al. 2012). In the case of
herbicides, for example, that have a mechanism of action for
plant cells, it is difficult to define direct action at the
molecular level for other living things, because there are
several direct and indirect mechanisms that can be activated
upon exposure (Bukowska 2006). Neurotoxicity, geno-
toxicity, histopathology, biochemical damage and endocrine
disruption (Martinez-Tabche et al. 2004; Xie et al. 2005;
Lajmanovich et al. 2013; Menezes et al. 2015; Benli et al.
2016) are examples of effects of 2,4-D found in aquatic
organisms other than primary producers. Nevertheless,
Barata et al. (2012) evaluated the effect of simple and
ternary mixtures of nine compounds on the growth rate of
C. dubia and observed that the ecotoxicological mode of
action is more effective at predicting effects than the sub-
stance’s mode of action.

Both 2,4 D and fipronil are commonly present in com-
plex mixtures in the environment, even in areas where they
are not used (Donald et al. 2001). Near agricultural areas,
the pesticide product and its metabolites may persist for a
certain period with peaks of the active ingredient during
application periods (Gilliom et al. 2006). In the aquatic
environment, 2,4-D has a half-life between 38 and 90 days.
The DTs, (period required for 50 percent disappearance) is
9.4 days (EFSA 2014) and in clear surface water this value
can be up to 4 weeks (PPDB: Pesticide Properties Database
2020). In the case of fipronil, the study by Belayneh (1998)
indicates that fipronil has a half-life in water of about 3.6 h
when exposed to sunlight. The half-life of the major
metabolites is 3.6 h for fipronil sulfide, 13h for fipronil
sulfone and 38.9h for fipronil desulfinyl, which is con-
sidered to be in addition extremely stable and more orally
toxic than fipronil (EFSA 2006). An important point raised
by Belayneh (1998) is that fipronil degrades faster under
tropical than temperate conditions having as its main
metabolite in this process fipronil desulfinyl.

Marchesan et al. (2010) reported concentrations between
3 to 3.4 ug/L of 2,4-D and 0.05 to 26.2 ug/L of fipronil in
rivers near agricultural crops from the south of the country.
In the state of Sdo Paulo, a monitoring conducted in 2017
detected the active ingredient fipronil in 75% of the samples
while 2,4-D was present in 14% (CETESB 2018). This
evaluation was performed at seven sampling points, in six
different water bodies with 176 samples collected for pes-
ticide analysis. The maximum concentrations found for the
two pesticides were from 2.4 to 465 ug/L for fipronil and

143.1 to 366.6 ug/L for 2,4-D. Both studies, Marchesan
et al. (2010) and CETESB (2018), present concentrations
exceeding the environmental quality standards of 0.2 pg/L
for 2,4-D and 0.012 ug/L for fipronil (Albuquerque et al.
2016).

The maximum concentrations of fipronil and 2,4-D
obtained by CETESB (2018) are from predominant sugar-
cane cultivation sites. In addition, the reported 465 pg/L
concentration exceeds the fipronil LCsy and ECs, value of a
variety of species contained in the EPA research platform
(US EPA 2019), such insect larvae (Chaton et al. 2002),
molluscs (Overmyer et al. 2007), larvae and adult fish
(Baird et al. 2013; Wang et al. 2010) and algae (US EPA
1992). For crustaceans, the most sensitive organisms are
marine species Americamysis bahia LCsy= 0.14 pg/L (US
EPA 1992), Palaemonetes pugio LCsy=0.3 ug/L (Key
et al. 2003) and Amphiascus tenuiremis LCsy= 1.68 pg/L
(Bejarano et al. 2005) followed by freshwater species,
Diaptomus castor LCsy = 3.4 ug/L (Chaton et al. 2002) and
Macrobrachium nipponense LCsy=4.3 ug/LL (Shan et al.
2003). C. silvestrii according to our results will be greatly
affected in agricultural fields because most of the environ-
mental concentrations reported are higher than concentra-
tions that cause effects on the different endpoints evaluated
in the present study: acute (immobility) and chronic (first
reproduction, fecundity and intrinsic rate of population
increase).

Furthermore, bad agricultural practices, such as using
pesticides above the recommended dose (overuse) and
applying mixtures pesticides, may also make even higher
concentrations of these products available in natural aquatic
environments (Nunes 2010; Gazziero 2015).

Conclusions

In this study, we showed that exposure to 2,4-D based
herbicide and fipronil based insecticide, commonly used
pesticides in sugarcane crops, can affect vulnerable organ-
isms in the aquatic environment. Ceriodaphnia silvestrii
exposure to DMA® 806 BR (a.i. 2.4-D) caused immobility
at concentrations above 100 mg a.i./L and reproduction and
intrinsic rate of population increase decreased above 60 mg
a.i./L. In addition, reproduction has been practically inhib-
ited above 70 mg a.i./L. Regent® 800 WG (a.i. fipronil)
presented high toxicity for the species at concentrations
often found in aquatic ecosystems (e.g. caused immobility
in 2 pg a.i/L and decrease in reproduction rate in 0.8 pug a.i./
L). The acute mixture toxicity revealed a dose level
dependent deviation (DL) of the concentration addition
model (CA), with antagonism at low and synergism at high
pesticide mixture concentrations. And for chronic mixture
test occurred antagonism as a result of the interaction of
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pesticide concentrations also of the CA model. Although
there has been a great increase in research on mixture
toxicity over the past years, additional information is
required to develop practical criteria for selecting pesticide
mixtures that require additional attention such as 2,4-D and
fipronil which can be found in mixtures in natural envir-
onments. Therefore, suggestions for future studies would be
to evaluate complex mixtures of pesticides, using native
representatives from different trophic levels with different
endpoints. On that note, it would also be important to focus
on molecular mechanisms behind the mode of action of
pesticides, in an attempt to better understand its ecological
implications on populations dynamics.

Acknowledgements This research was supported by CNPQ (National
Council for Scientific and Technological Development) through an
PhD scholarship awarded to the first author and FAPESP (The Sao
Paulo Research Foundation) with the thematic project 2015/18790-3.
RAM has a postdoctoral fellowship from FAPESP (grant no. 2017/
24126-4).

Compliance with ethical standards

Conflict of interest The authors declare that they have no conflict of
interest.

Publisher’s note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

References

ABNT—Brazilian Association of Technical Directions/Rules (2017)
Aquatic ecotoxicology—chronic toxicity—test method with
Ceriodaphnia spp (Crustacea, Cladocera). https://www.abntcata
logo.com.br/norma.aspx?ID=368529. Accessed 22 July 2019

AFNOR—Association Frangaise de Normalisation (1980) Essais des
eaux. Determination de linhibition de Scenedesmus subspicatus
par une substance. Norme experimentale T90-304. https://books.
google.com.br/books/about/Lait_et_produits_laitiers_m%C3%
A9thodes_d_an.htm1?id=Uy6bAAAACAAJ&redir_esc=y.
Accessed 25 Aug 2020

AGROFIT (2020) Phytosanitary pesticide system. http://agrofit.
agricultura.gov.br/agrofit_cons/principal_agrofit_cons. Accessed
28 July 2020

Albuquerque AF, Ribeiro JS, Kummrow F et al. (2016) Pesticides in
Brazilian freshwaters: a critical review. Environ Sci Process
Impacts 18:779-787. https://doi.org/10.1039/C6EM00268D

Alexander HC, Gersich FM, Mayes MA (1985) Acute toxicity of four
phenoxy herbicides to aquatic organisms. Bull Environ Contam
Toxicol 35:314-321. https://doi.org/10.1007/bf01636516

Barata C, Ferndndez-San Juan M, Feo ML et al. (2012) Population
growth rate responses of Ceriodaphnia dubia to ternary mixtures
of specific acting chemicals: pharmacological versus ecotox-
icological modes of action. Environ Sci Technol 46:9663-9672.
https://doi.org/10.1021/es301312h

Baird S, Garrison A, Jones J et al. (2013) Enantioselective toxicity and
bioaccumulation of fipronil in fathead minnows (Pimephales
promelas) following water and sediment exposures. Environ
Toxicol Chem 32:222-227. https://doi.org/10.1002/etc.2041

@ Springer

Bejarano AC, Chandler GT, Decho AW (2005) Influence of natural
dissolved organic matter (DOM) on acute and chronic toxicity of
the pesticides chlorothalonil, chlorpyrifos and fipronil on the
meiobenthic estuarine copepod Amphiascus tenuiremis. J Exp
Mar Biol Ecol 321:43-57. https://doi.org/10.1016/j.jembe.2005.
01.003

Belayneh YT (1998) Amendment III to the USAID/Madagascar sup-
plemental environmental assessment for locust control program:
options for including fipronil as an anti-locust insecticide.
Unpublished report. USAID, Washington, DC

Benijts-Claus C, Persoone G (1975) The influence of the formulation
of the herbicide paraquat on its toxicity for aquatic organisms.
27th International Symposium on Crop Protection Part II,
Mededelingen van die Fakulteit Landbouwweten schappen, Gent,
40, pp. 1161-117

Benli ACK, Sahin D, Sarikaya R et al. (2016) The sublethal effects of
(2,4-Dichlorophenoxy) acetic acid (2,4-D) on narrow-clawed
crayfish (Astacus leptodactylus Eschscholtz, 1823). Arh Hig Rada
Toksikol 67:289-296. https://doi.org/10.1515/aiht-2016-67-2793

Brausch JM, Salice CJ (2011) Effects of an environmentally realistic
pesticide mixture on Daphnia magna exposed for two genera-
tions. Arch Environ Contam Toxicol 61:272-279. https://doi.org/
10.1007/s00244-010-9617-z

Bukowska B (2006) Toxicity of 2,4-Dichlorophenoxyacetic acid -
molecular mechanisms. Pol J Environ Stud 15:365-374

Casali-Pereira MP, Daam MA, Resende JC, Vasconcelos AM,
Espindola ELG, Botta CM (2015) Toxicity of Vertimec® 18 EC
(active ingredient abamectin) to the neotropical cladoceran Cer-
iodaphnia silvestrii. Chemosphere 139:558-564

Cassee FR, Groten JP, van Bladeren PJ, Feron VJ (1998) Toxicological
evaluation and risk assessment of chemical mixtures. Crit Rev
Toxicol 28:73-101. https://doi.org/10.1080/10408449891344 164

Carvalho FP (2006) Agriculture, pesticides, food security and food
safety. Environ Sci Policy 9:685-692. https://doi.org/10.1016/j.
envsci.2006.08.002

CETESB (2018). Qualidade das aguas interiores no estado de Sao
Paulo 2017. https://cetesb.sp.gov.br/aguas-interiores/wp-content/
uploads/sites/12/2018/06/Relat%C3%B3rio-de-Qualidade-das-%
C3%81 guas-Interiores-no-Estado-de-S%C3%A30-Paulo-2017.
pdf. Accessed 8 Dec 2019

Chaton PF, Ravanel P, Tissut M, Meyran JC (2002) Toxicity and
bioaccumulation of fipronil in the nontarget arthropodan fauna
associated with subalpine mosquito breeding sites. Ecotoxicol
Environ Saf 52:8-12. https://doi.org/10.1006/eesa.2002.2166

CONAB (2019) Profile of the Sugar and Alcohol Sector in Brazil
Volume 5—Crop 2011/2012. Directorate of Agricultural Policy
and Information Superintendence of Agribusiness, 2013, Brasilia,
DF, Brazil. https://www.conab.gov.br/info-agro/safras/cana/
perfil-do-setorsucroalcooleiro/item/download/23296_
€8994bb0d8652261a47cf54ac4332120. Accessed 22 July 2019

Crosby DG, Tucker RK (1966) Toxicity of aquatic herbicides to
Daphnia magna. Science 154:289-291. https://doi.org/10.1126/
science.154.3746.289

Daam MA, Van den Brink PJ (2010) Implications of differences
between temperate and tropical freshwater ecosystems for the
ecological risk assessment of pesticides. Ecotoxicology
19:24-37. https://doi.org/10.1007/s10646-009-0402-6

Donald DB, Gurprasad NP, Quinnett-Abbott L, Cash K (2001) Diffuse
geographic distribution of herbicides in northern prairie wetlands.
Environ Toxicol Chem 20:273-279. https://doi.org/10.1002/etc.
5620200207

Ecobichon DJ (2001) Pesticide use in developing countries. Toxicol-
ogy 160:27-33. https://doi.org/10.1016/S0300-483X(00)00452-2

European Food Safety Authority (EFSA) (2006) Conclusion regarding
the peer review of the pesticide risk assessment of the active
substance fipronil. EFSA Sci Rep 65:1-110


https://www.abntcatalogo.com.br/norma.aspx?ID=368529
https://www.abntcatalogo.com.br/norma.aspx?ID=368529
https://books.google.com.br/books/about/Lait_et_produits_laitiers_m%C3%A9thodes_d_an.html?id=Uy6bAAAACAAJ&redir_esc=y
https://books.google.com.br/books/about/Lait_et_produits_laitiers_m%C3%A9thodes_d_an.html?id=Uy6bAAAACAAJ&redir_esc=y
https://books.google.com.br/books/about/Lait_et_produits_laitiers_m%C3%A9thodes_d_an.html?id=Uy6bAAAACAAJ&redir_esc=y
http://agrofit.agricultura.gov.br/agrofit_cons/principal_agrofit_cons
http://agrofit.agricultura.gov.br/agrofit_cons/principal_agrofit_cons
https://doi.org/10.1039/C6EM00268D
https://doi.org/10.1007/bf01636516
https://doi.org/10.1021/es301312h
https://doi.org/10.1002/etc.2041
https://doi.org/10.1016/j.jembe.2005.01.003
https://doi.org/10.1016/j.jembe.2005.01.003
https://doi.org/10.1515/aiht-2016-67-2793
https://doi.org/10.1007/s00244-010-9617-z
https://doi.org/10.1007/s00244-010-9617-z
https://doi.org/10.1080/10408449891344164
https://doi.org/10.1016/j.envsci.2006.08.002
https://doi.org/10.1016/j.envsci.2006.08.002
https://cetesb.sp.gov.br/aguas-interiores/wp-content/uploads/sites/12/2018/06/Relat%C3%B3rio-de-Qualidade-das-%C3%81guas-Interiores-no-Estado-de-S%C3%A3o-Paulo-2017.pdf
https://cetesb.sp.gov.br/aguas-interiores/wp-content/uploads/sites/12/2018/06/Relat%C3%B3rio-de-Qualidade-das-%C3%81guas-Interiores-no-Estado-de-S%C3%A3o-Paulo-2017.pdf
https://cetesb.sp.gov.br/aguas-interiores/wp-content/uploads/sites/12/2018/06/Relat%C3%B3rio-de-Qualidade-das-%C3%81guas-Interiores-no-Estado-de-S%C3%A3o-Paulo-2017.pdf
https://cetesb.sp.gov.br/aguas-interiores/wp-content/uploads/sites/12/2018/06/Relat%C3%B3rio-de-Qualidade-das-%C3%81guas-Interiores-no-Estado-de-S%C3%A3o-Paulo-2017.pdf
https://doi.org/10.1006/eesa.2002.2166
https://www.conab.gov.br/info-agro/safras/cana/perfil-do-setorsucroalcooleiro/item/download/23296_e8994bb0d8652261a47cf54ac4332120
https://www.conab.gov.br/info-agro/safras/cana/perfil-do-setorsucroalcooleiro/item/download/23296_e8994bb0d8652261a47cf54ac4332120
https://www.conab.gov.br/info-agro/safras/cana/perfil-do-setorsucroalcooleiro/item/download/23296_e8994bb0d8652261a47cf54ac4332120
https://doi.org/10.1126/science.154.3746.289
https://doi.org/10.1126/science.154.3746.289
https://doi.org/10.1007/s10646-009-0402-6
https://doi.org/10.1002/etc.5620200207
https://doi.org/10.1002/etc.5620200207
https://doi.org/10.1016/S0300-483X(00)00452-2

Acute and chronic toxicity of 2,4-D and fipronil formulations (individually and in mixture) to the... 1473

European Food Safety Authority (EFSA) (2014) Conclusion on the
peer review of the pesticide risk assessment of the active sub-
stance 2,4-D. EFSA 12(9):3812

FAO (2019). In: Bélanger J & Pilling D (eds) The state of the world’s
biodiversity for food and agriculture, FAO Commission on
Genetic Resources for Food and Agriculture Assessments,
Rome, p 572. http://www.fao.org/3/CA3129EN/CA3129EN.pdf.
Accessed 17 Dec 2019

Fernandez-Casalderrey A, Ferrando MD, Andreu-Moliner E (1993)
Effects of endosulfan on survival, growth and reproduction of
Daphnia magna. Comp Biochem Physiol Part C: Pharmacol,
Toxicol Endocrinol 106:437-441. https://doi.org/10.1016/0742-
8413(93)90159-1

Ferrando M, Sancho E, Andreu-Moliner E (1995) Effects of lindane on
Daphnia magna during chronic exposure. J Environ Sci Health,
Part B 30:815-825. https://doi.org/10.1080/03601239509372967

Forbes VE (2000) Is hormesis an evolutionary expectation? Funct Ecol
14:12-24. https://doi.org/10.1046/j.1365-2435.2000.00392.x

Gazonato Neto AJ, Moreira RA, Lima JC, dos S et al. (2019) Fresh-
water neotropical oligochaetes as native test species for the
toxicity evaluation of cadmium, mercury and their mixtures.
Ecotoxicology 28:133-142. https://doi.org/10.1007/s10646-018-
2006-5

Gazziero DLP (2015) Tanked pesticide mixtures on Brazilian farms.
Weed 33:83-92. https://doi.org/10.1590/S0100-8358201500010
0010

George JP, Hingorani HG, Rao KS (1982) Herbicide toxicity to fish-
food organisms. Environ Pollut Ser A, Ecol Biol 28:183-188.
https://doi.org/10.1016/0143-1471(82)90074-5

Gibbons D, Morrissey C, Mineau P (2015) A review of the direct and
indirect effects of neonicotinoids and fipronil on vertebrate
wildlife. Environ Sci Pollut Res Int 22:103-118. https://doi.org/
10.1007/s11356-014-3180-5

Gilliom RJ, Barbash JE, Crawford CG et al. (2006) Pesticides in the
nation’s streams and ground water, 1992-2001. U.S. Geological
Survey, Reston, VA

Gottardi M, Birch MR, Dalhoff K, Cedergreen N (2017) The effects of
epoxiconazole and A-cypermethrin on Daphnia magna growth,
reproduction, and offspring size. Environ Toxicol Chem
36:2155-2166. https://doi.org/10.1002/etc.3752

Gunasekara AS, Truong T, Goh KS et al. (2007) Environmental fate
and toxicology of fipronil. J Pestic Sci 32:189-199. https://doi.
org/10.1584/jpestics.R07-02

Hayasaka D, Korenaga T, Suzuki K et al. (2012) Differences in sus-
ceptibility of five cladoceran species to two systemic insecticides,
imidacloprid and fipronil. Ecotoxicology 21:421-427. https://doi.
org/10.1007/s10646-011-0802-2

IEA—Institute of Agricultural Economics (2016) Relag¢do de trocas
entre defensivos e produtos agricolas. http://ciagri.iea.sp.gov.br/
nial/RelaTrocaDefensivos.aspx?cod_sis=20. Accessed 23 July
2020

Islam F, Wang J, Farooq MA et al. (2018) Potential impact of the
herbicide 2,4-dichlorophenoxyacetic acid on human and ecosys-
tems. Environ Int 111:332-351. https://doi.org/10.1016/j.envint.
2017.10.020

Ismail BS, Prayitno S, Tayeb MA (2015) Contamination of rice field
water with sulfonylurea and phenoxy herbicides in the Muda
Irrigation Scheme, Kedah, Malaysia. Environ Monit Assess
187:406. https://doi.org/10.1007/s10661-015-4600-9

Jervais G, Luukinen B, Buhl K, Stone D (2008) 2,4-D Technical Fact
Sheet; National Pesticide Information Center, Oregon State
University Extension Services. http:/npic.orst.edu/factsheets/a
rchive/2,4-DTech.html. Accessed 17 Dec 2019

Jonker MJ, Svendsen C, Bedaux JJM et al. (2005) Significance testing
of synergistic/antagonistic, dose level-dependent, or dose ratio-

dependent effects in mixture dose-response analysis. Environ
Toxicol Chem 24:2701-2713. https://doi.org/10.1897/04-431R.1

Key PB, Chung KW, Opatkiewicz AD et al. (2003) Toxicity of the
insecticides fipronil and endosulfan to selected life stages of the
grass shrimp (Palaemonetes pugio). Bull Environ Contam Tox-
icol 70:0533-0540. https://doi.org/10.1007/s00128-003-0019-z

Konwick BJ, Fisk AT, Garrison AW et al. (2005) Acute enantiose-
lective toxicity of fipronil and its desulfinyl photoproduct to
Ceriodaphnia dubia. Environ Toxicol Chem 24:2350-2355.
https://doi.org/10.1897/04-459R.1

Lacher TE, Goldstein MI (1997) Tropical ecotoxicology: status and
needs. Environ Toxicol Chem 16:100-111. https://doi.org/10.
1002/etc.5620160111

Lajmanovich RC, Junges CM, Attademo AM et al. (2013) Individual
and mixture toxicity of commercial formulations containing
glyphosate,  metsulfuron-methyl,  bispyribac-sodium,  and
picloram on Rhinella arenarum tadpoles. Water Air Soil Pollut
224:1404. https://doi.org/10.1007/s11270-012-1404-1

Li K, Wu JQ, Jiang LL, Shen LZ, LiJY, He ZH, Wei P, Lv Z, He MF
(2017) Developmental toxicity of 2,4-dichlorophenoxyacetic acid
in zebrafish embryos. Chemosphere 171:40-48. https://doi.org/
10.1016/j.chemosphere.2016.12.032

Mansano AS, Moreira RA, Dornfeld HC et al. (2017) Effects of diuron
and carbofuran and their mixtures on the microalgae Raphidocelis
subcapitata. Ecotoxicol Environ Saf 142:312-321. https://doi.
org/10.1016/j.ecoenv.2017.04.024

Mansano AS, Moreira RA, Dornfeld HC et al. (2018) Acute and
chronic toxicity of diuron and carbofuran to the neotropical cla-
doceran Ceriodaphnia silvestrii. Environ Sci Pollut Res Int
25:13335-13346. https://doi.org/10.1007/s11356-016-8274-9

Marchesan E, Sartori GMS, Avila LAde et al. (2010) Pesticide resi-
dues in river water of the Central Depression of the State of Rio
Grande do Sul, Brazil. Rural Sci 40:1053-1059. https://doi.org/
10.1590/S0103-84782010005000078

Marinho MC, Lage OM, Sousa CD, Catita J, Antunes SC (2019)
Assessment of Rhodopirellula rubra as a supplementary and
nutritional food source to the microcrustacean Daphnia magna.
Antonie van Leeuwenhoek 112:1231-1243. https://doi.org/10.
1007/s10482-019-01255-x

Martinez-Tabche L, Madrigal-Bujaidar E, Negrete T (2004) Geno-
toxicity and lipoperoxidation produced by paraquat and 24-
dichlorophenoxyacetic acid in the gills of rainbow trout
(Oncorhynchus mikiss). Bulletin of environmental contamination
and toxicology.https://doi.org/10.1007/s00128-004-0406-0

Matsumoto K, Hosokawa M, Kuroda K, Endo G (2009) Toxicity of
agricultural chemicals in Daphnia magna. Osaka City Med J
55:89-97

Menezes C, Ruiz-Jarabo I, Martos-Sitcha JA et al. (2015) The influ-
ence of stocking density and food deprivation in silver catfish
(Rhamdia quelen): a metabolic and endocrine approach. Aqua-
culture 435:257-264. https://doi.org/10.1016/j.aquaculture.2014.
09.044

Messing P, Farenhorst A, Waite D, Sproull J (2014) Current-use
herbicides in air as influenced by their estimated agricultural use
at various distances from six sampling locations. Water, Air Soil
Pollut 225:1-10. https://doi.org/10.1007/s11270-014-2013-y

Milam CD, Farris JL, Dwyer FJ, Hardesty DK (2005) Acute toxicity
of six freshwater mussel species (Glochidia) to six chemicals:
implications for Daphnids and Utterbackia imbecillis as surro-
gates for protection of freshwater mussels (Unionidae). Arch
Environ Contam Toxicol 48:166—173. https://doi.org/10.1007/
$00244-003-3125-3

Ministry of Agriculture, Livestock and Food Supply (MAPA) (2019)
Ten biologic and organic crop protection products have been
published. https://www.gov.br/agricultura/pt-br/assuntos/noticias/

@ Springer


http://www.fao.org/3/CA3129EN/CA3129EN.pdf
https://doi.org/10.1016/0742-8413(93)90159-I
https://doi.org/10.1016/0742-8413(93)90159-I
https://doi.org/10.1080/03601239509372967
https://doi.org/10.1046/j.1365-2435.2000.00392.x
https://doi.org/10.1007/s10646-018-2006-5
https://doi.org/10.1007/s10646-018-2006-5
https://doi.org/10.1590/S0100-83582015000100010
https://doi.org/10.1590/S0100-83582015000100010
https://doi.org/10.1016/0143-1471(82)90074-5
https://doi.org/10.1007/s11356-014-3180-5
https://doi.org/10.1007/s11356-014-3180-5
https://doi.org/10.1002/etc.3752
https://doi.org/10.1584/jpestics.R07-02
https://doi.org/10.1584/jpestics.R07-02
https://doi.org/10.1007/s10646-011-0802-2
https://doi.org/10.1007/s10646-011-0802-2
http://ciagri.iea.sp.gov.br/nia1/RelaTrocaDefensivos.aspx?cod_sis=20
http://ciagri.iea.sp.gov.br/nia1/RelaTrocaDefensivos.aspx?cod_sis=20
https://doi.org/10.1016/j.envint.2017.10.020
https://doi.org/10.1016/j.envint.2017.10.020
https://doi.org/10.1007/s10661-015-4600-9
http://npic.orst.edu/factsheets/archive/2,4-DTech.html
http://npic.orst.edu/factsheets/archive/2,4-DTech.html
https://doi.org/10.1897/04-431R.1
https://doi.org/10.1007/s00128-003-0019-z
https://doi.org/10.1897/04-459R.1
https://doi.org/10.1002/etc.5620160111
https://doi.org/10.1002/etc.5620160111
https://doi.org/10.1007/s11270-012-1404-1
https://doi.org/10.1016/j.chemosphere.2016.12.032
https://doi.org/10.1016/j.chemosphere.2016.12.032
https://doi.org/10.1016/j.ecoenv.2017.04.024
https://doi.org/10.1016/j.ecoenv.2017.04.024
https://doi.org/10.1007/s11356-016-8274-9
https://doi.org/10.1590/S0103-84782010005000078
https://doi.org/10.1590/S0103-84782010005000078
https://doi.org/10.1007/s10482-019-01255-x
https://doi.org/10.1007/s10482-019-01255-x
https://doi.org/10.1007/s00128-004-0406-0
https://doi.org/10.1016/j.aquaculture.2014.09.044
https://doi.org/10.1016/j.aquaculture.2014.09.044
https://doi.org/10.1007/s11270-014-2013-y
https://doi.org/10.1007/s00244-003-3125-3
https://doi.org/10.1007/s00244-003-3125-3
https://www.gov.br/agricultura/pt-br/assuntos/noticias/dez-defensivos-agricolas-biologicos-e-organicos-tem-registro-publicado

1474

L. C. M. Silva et al.

dez-defensivos-agricolas-biologicos-e-organicos-tem-registro-
publicado. Accessed 30 Nov 2019

Moreira RA, Mansano A, da S, Silva LC, da, Rocha O (2014) A
comparative study of the acute toxicity of the herbicide atrazine to
cladocerans Daphnia magna, Ceriodaphnia silvestrii and Mac-
rothrix flabelligera. Acta Limnol Bras 26:1-8. https://doi.org/10.
1590/82179-975X2014000100002

Moreira RA, Daam MA, Vieira BH et al. (2017) Toxicity of abamectin
and difenoconazole mixtures to a Neotropical cladoceran after
simulated run-off and spray drift exposure. Aquat Toxicol
185:58-66. https://doi.org/10.1016/j.aquatox.2017.02.001

Nakagome FK, Noldin JACR, Jr (2006) Acute toxicity and risk ana-
lysis of herbicides and insecticides used in irrigated rice treatment
on the cladocera Daphnia magna. Pesticides: J Ecotoxicol
Environ 16. https://doi.org/10.5380/pes.v16i0.7483

Nelson SM, Roline RA (1998) Evaluation of the sensitivity of rapid
toxicity tests relative to daphnid acute lethality tests. Bull Environ
Contam Toxicol 60:292-299. https://doi.org/10.1007/s001289
900624

Nunes MET (2010) Assessment of pesticides effects on soil fauna
through ecotoxicological tests with FEisenia andrei (Annelida,
Oligochaeta) and natural soil fauna community. Doctoral thesis,
University of Sao Paulo, Brazil

OECD/FAO (2019) OECD-FAO Agricultural Outlook 2019-2028.
OECD Publishing, Paris. https://doi.org/10.1787/agr_outlook-
2019-en

Oliveira LLD, Nunes B, Antunes SC, Campitelli-Ramos R, Rocha O
(2018) Acute and chronic effects of three pharmaceutical drugs
on the tropical freshwater Cladoceran Ceriodaphnia silvestrii.
Water Air Soil Pollut 229:116

Oris JT, Winner RW, Moore MV (1991) A four-day survival and
reproduction toxicity test for Ceriodaphnia dubia. Environ Tox-
icol Chem 10:217-224. https://doi.org/10.1002/etc.5620100210

Overmyer JP, Rouse DR, Avants JK et al. (2007) Toxicity of fipronil
and its enantiomers to marine and freshwater non-targets. J
Environ Sci Health Part B 42:471-480. https://doi.org/10.1080/
03601230701391823

Pakrashi S, Dalai S, Humayun A et al. (2013) Ceriodaphnia dubia as a
potential bio-indicator for assessing acute aluminum oxide
nanoparticle toxicity in fresh water environment. PLoS ONE 8:
€74003. https://doi.org/10.1371/journal.pone.0074003

Pavlaki MD, Pereira RP, Loureiro S, Soares AMVM (2011) Effects of
binary mixtures on the life traits of Daphnia magna—Science-
Direct. Ecotoxicol Environ Saf 74:99-110. https://doi.org/10.
1016/j.ecoenv.2010.07.010

Pereira JL, Mendes CD, Gongalves F (2007) Short-and long-term
responses of Daphnia spp. to propanil exposures in distinct food
supply scenarios. Ecotoxicol Environ Saf 68:386—-396. https://doi.
org/10.1016/j.ecoenv.2006.10.012

Pham T-L, Bui HM (2018) Comparison of diazinon toxicity to tem-
perate and tropical freshwater Daphnia Species. J Chem ID
9217815:5. https://doi.org/10.1155/2018/9217815

PPDB—Pesticide Properties Database (2020). https://sitem.herts.ac.
uk/aeru/ppdb/en/Reports/4.htm. Accessed 1 Feb 2020

Présing M (1981) On the effects of Dikonirt (sodium salt of 2.4-
Dichlorophenoxi-acetic acid) on the mortality and reproduction of
Daphnia magna. Hydrobiologia 83:511-516. https://doi.org/10.
1007/BF02187048

Rajini A, Revathy K, Chitrikha T (2016) Toxicity and reproductive
effect of combination pesticide to Daphnia magna. Indian Jour of
Sci and Tech 9(3). https://doi.org/10.17485/ijst/2016/v9i3/76609

Ratushnyak A, Andreeva MG, Trushin MV (2005) Effects of type 11
pyrethroids on Daphnia magna: dose and temperature depen-
dences. Riv Biol 98:349-357. https://doi.org/10.1400/22971

@ Springer

Relyea RA (2009) A cocktail of contaminants: how mixtures of pes-
ticides at low concentrations affect aquatic communities. Oeco-
logia 159:363-376. https://doi.org/10.1007/s00442-008-1213-9

Sanches ALM, Vieira BH, Reghini MV et al. (2017) Single and
mixture toxicity of abamectin and difenoconazole to adult zeb-
rafish (Danio rerio). Chemosphere 188:582-587. https://doi.org/
10.1016/j.chemosphere.2017.09.027

Sanchez M, Andreu-Moliner E, Ferrando MD (2004) Laboratory
investigation into the development of resistance of Daphnia
magna to the herbicide molinate. Ecotoxicol Environ Saf
59:316-323. https://doi.org/10.1016/j.ecoenv.2003.09.003

Sanchez-Bayo F, Hyne RV (2011) Comparison of environmental risks of
pesticides between tropical and nontropical regions. Integr Environ
Assess Manag 7:577-586. https://doi.org/10.1002/ieam.189

Sancho E, Banegas S, Villarroel MJ, Ferrando D (2018) Impaired
reproduction and individual growth of the water flea Daphnia
magna as consequence of exposure to the non-ester pyrethroid
etofenprox. Environ Sci Pollut Res 25:6209-6217. https://doi.
org/10.1007/s11356-017-0952-8

Sanders HO (1970) Toxicities of some herbicides to six species of
freshwater crustaceans. J (Water Pollut Control Federation)
42:1544-1550

Spadoto M, Sueitt APE, Galinaro CA, Pinto TS, Pompei CME, Botta
CMR, Vieira EM (2017) Ecotoxicological effects of bisphenol
A and nonylphenol on the freshwater cladocerans Cer-
iodaphnia silvestrii and Daphnia similis. Drug Chem Toxicol
41:1-10

Satapornvanit K, Baird DJ, Little DC et al. (2004) Risks of pesticide
use in aquatic ecosystems adjacent to mixed vegetable and
monocrop fruit growing areas in Thailand. Australas J Ecotoxicol
10:85-95

Shan Z, Wang L, Cai D et al. (2003) Impact of fipronil on crustacean
aquatic organisms in a paddy field-fishpond ecosystem. Bull
Environ Contam Toxicol 70:0746-0752. https://doi.org/10.1007/
500128-003-0046-9

Silva LCM, Daam MA, Gusmao F (2020) Acclimation alters gly-
phosate temperature-dependent toxicity: implications for risk
assessment under climate change. J Hazard Mater 385:121512.
https://doi.org/10.1016/j.jhazmat.2019.121512

Stark JD, Vargas RI (2005) Toxicity and hazard assessment of fipronil
to Daphnia pulex. Ecotoxicol Environ Saf 62:11-16. https://doi.
org/10.1016/j.ecoenv.2005.02.011

StatSoft Inc. (2004) Statistica: data analysis software system, version
7. StatSoft, Tulsa. http://www.statsoft.com/

Tingle CCD, Rother JA, Dewhurst CF et al. (2003) Fipronil: envir-
onmental fate, ecotoxicology, and human health concerns. Rev
Environ Contam Toxicol 176:1-66. https://doi.org/10.1007/978-
1-4899-7283-5_1

Townsend CR (2000) Technical recommendations for the cultivation
of forage sugarcane in RondoOnia. http://www.agencia.cnptia.
embrapa.br/Repositorio/Rt_21_000fkvOqne702w
yiv80sq98yqvmh7ouy.PDF. Accessed 22 July 2019

Tsui MTK, Chu LM (2003) Aquatic toxicity of glyphosate-based
formulations: comparison between different organisms and the
effects of environmental factors. Chemosphere 52:1189-1197.
https://doi.org/10.1016/S0045-6535(03)00306-0

UNICA (Brazilian Sugarcane Industry Association) (2015). http:/
unicadata.com.br/. Accessed 1 Dec 2020

US EPA (1992) Pesticide Ecotoxicity Database (Formerly: Environ-
mental Effects Database (EEDB)). https://ecotox.ipmcenters.org/.
Accessed 25 Aug 2020

US EPA (2002a) Methods for measuring the acute toxicity of effluents
and receiving waters to freshwater and marine organisms. US
EPA, Washington, DC, p 266


https://www.gov.br/agricultura/pt-br/assuntos/noticias/dez-defensivos-agricolas-biologicos-e-organicos-tem-registro-publicado
https://www.gov.br/agricultura/pt-br/assuntos/noticias/dez-defensivos-agricolas-biologicos-e-organicos-tem-registro-publicado
https://doi.org/10.1590/S2179-975X2014000100002
https://doi.org/10.1590/S2179-975X2014000100002
https://doi.org/10.1016/j.aquatox.2017.02.001
https://doi.org/10.5380/pes.v16i0.7483
https://doi.org/10.1007/s001289900624
https://doi.org/10.1007/s001289900624
https://doi.org/10.1787/agr_outlook-2019-en
https://doi.org/10.1787/agr_outlook-2019-en
https://doi.org/10.1002/etc.5620100210
https://doi.org/10.1080/03601230701391823
https://doi.org/10.1080/03601230701391823
https://doi.org/10.1371/journal.pone.0074003
https://doi.org/10.1016/j.ecoenv.2010.07.010
https://doi.org/10.1016/j.ecoenv.2010.07.010
https://doi.org/10.1016/j.ecoenv.2006.10.012
https://doi.org/10.1016/j.ecoenv.2006.10.012
https://doi.org/10.1155/2018/9217815
https://sitem.herts.ac.uk/aeru/ppdb/en/Reports/4.htm
https://sitem.herts.ac.uk/aeru/ppdb/en/Reports/4.htm
https://doi.org/10.1007/BF02187048
https://doi.org/10.1007/BF02187048
https://doi.org/10.17485/ijst/2016/v9i3/76609
https://doi.org/10.1400/22971
https://doi.org/10.1007/s00442-008-1213-9
https://doi.org/10.1016/j.chemosphere.2017.09.027
https://doi.org/10.1016/j.chemosphere.2017.09.027
https://doi.org/10.1016/j.ecoenv.2003.09.003
https://doi.org/10.1002/ieam.189
https://doi.org/10.1007/s11356-017-0952-8
https://doi.org/10.1007/s11356-017-0952-8
https://doi.org/10.1007/s00128-003-0046-9
https://doi.org/10.1007/s00128-003-0046-9
https://doi.org/10.1016/j.jhazmat.2019.121512
https://doi.org/10.1016/j.ecoenv.2005.02.011
https://doi.org/10.1016/j.ecoenv.2005.02.011
http://www.statsoft.com/
https://doi.org/10.1007/978-1-4899-7283-5_1
https://doi.org/10.1007/978-1-4899-7283-5_1
http://www.agencia.cnptia.embrapa.br/Repositorio/Rt_21_000fkv0qne702wyiv80sq98yqvmh7ouy.PDF
http://www.agencia.cnptia.embrapa.br/Repositorio/Rt_21_000fkv0qne702wyiv80sq98yqvmh7ouy.PDF
http://www.agencia.cnptia.embrapa.br/Repositorio/Rt_21_000fkv0qne702wyiv80sq98yqvmh7ouy.PDF
https://doi.org/10.1016/S0045-6535(03)00306-0
http://unicadata.com.br/
http://unicadata.com.br/
https://ecotox.ipmcenters.org/

Acute and chronic toxicity of 2,4-D and fipronil formulations (individually and in mixture) to the... 1475

US EPA (2002b) Short-term methods for estimating the chronic
toxicity of effluents and receiving waters to freshwater organisms.
US EPA, Washington, DC, p 335

US EPA (2019) ECOTOX knowledgebase. https://cfpub.epa.gov/
ecotox/search.cfm. Accessed 12 Aug 2019

Versteeg DJ, Stalmans M, Dyer SD, Janssen C (1997) Ceriodaphnia
and Daphnia: a comparison of their sensitivity to xenobiotics and
utility as a test species. Chemosphere 34:869—892. https://doi.org/
10.1016/S0045-6535(97)00014-3

Vorosmarty CJ, McIntyre PB, Gessner MO, Dudgeon D, Prusevich A,
Green P, Glidden S, Bunn S, Sullivan CA, Liermann CR, Davies
PM (2010) Global threats to human water security and river bio-
diversity. Nature 467:555-561. https://doi.org/10.1038/nature09440

Wang X, Zhou S, Ding X et al. (2010) Effect of triazophos, fipronil
and their mixture on miRNA expression in adult zebrafish. J
Environ Sci Health B 45:648-657. https://doi.org/10.1080/
03601234.2010.502435

Wang Z, Kwok KW, Leung KM (2019) Comparison of temperate and
tropical freshwater species’ acute sensitivities to chemicals: an
update. Integr Environ Assess Manag. https://doi.org/10.1002/iea
m.4122

Willming MM, Qin G, Maul JD (2013) Effects of environmentally
realistic daily temperature variation on pesticide toxicity to
aquatic invertebrates. Environ Toxicol Chem 32:2738-2745.
https://doi.org/10.1002/etc.2354

Wilson WA, Konwick BJ, Garrison AW et al. (2008) Enantioselective
chronic toxicity of Fipronil to Ceriodaphnia dubia. Arch Environ
Contam Toxicol 54:36-43. https://doi.org/10.1007/s00244-007-
9003-7

Xie L, Thrippleton K, Irwin MA et al. (2005) Evaluation of estrogenic
activities of aquatic herbicides and surfactants using a rainbow
trout vitellogenin assay. Toxicol Sci 87:391-398. https://doi.org/
10.1093/toxsci/kfi249

@ Springer


https://cfpub.epa.gov/ecotox/search.cfm
https://cfpub.epa.gov/ecotox/search.cfm
https://doi.org/10.1016/S0045-6535(97)00014-3
https://doi.org/10.1016/S0045-6535(97)00014-3
https://doi.org/10.1038/nature09440
https://doi.org/10.1080/03601234.2010.502435
https://doi.org/10.1080/03601234.2010.502435
https://doi.org/10.1002/ieam.4122
https://doi.org/10.1002/ieam.4122
https://doi.org/10.1002/etc.2354
https://doi.org/10.1007/s00244-007-9003-7
https://doi.org/10.1007/s00244-007-9003-7
https://doi.org/10.1093/toxsci/kfi249
https://doi.org/10.1093/toxsci/kfi249

	Acute and chronic toxicity of 2,4-D and fipronil formulations (individually and in mixture) to the Neotropical cladoceran Ceriodaphnia silvestrii
	Abstract
	Introduction
	Materials and methods
	Test organism and culture conditions
	Chemical analysis of the pesticides
	Acute toxicity tests
	Chronic toxicity tests
	Statistical analysis

	Results and discussion
	Abiotic variables of the toxicity tests and chemical analyses
	Acute tests with isolated formulations
	Chronic tests with isolated formulations and its implications
	Mixture toxicity tests

	Conclusions
	Compliance with ethical standards

	ACKNOWLEDGMENTS
	References




