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Abstract The aim of this study was to evaluate the acute
and chronic effects caused by exposure to the 2,4
dichlorophenoxyacetic acid (2,4-D)-based commercial
herbicide Amina Zamba® on Physalaemus albonotatus
tadpoles from Gosner stage 25. The lethal concentration
(LC50) was determined after exposure to different con-
centrations of Amina Zamba® (350 to 2400 mg/L) at
96 h. Sublethal effects were evaluated after chronic ex-
posure to four fractions of the LC5096h obtained (12.5,
25, 50, and 75% of LC5096h) and a control. The biolog-
ical responses analyzed included survival, growth and
development, morphological abnormalities, and histolog-
ical changes in the liver. The LC50 values of Amina
Zamba® at 48, 72, and 96 h were 1040.2, 754.2, and
350 mg/L, respectively. The chronic exposure to the
herbicide altered the survival of exposed tadpoles and
caused several morphological abnormalities and liver
histological alterations, mainly at the highest concentra-

tions tested. Oral disc malformations and intestinal ab-
normalities were the most frequent abnormalities in all
treated tadpoles. Histological alterations observed in the
liver structure included hepatocyte vacuolization, en-
largement of sinusoids, dilation of blood vessels, and a
s i g n i f i c a n t i n c r e a s e i n t h e n um b e r o f
melanomacrophages in tadpoles exposed to 25, 50, and
75% LC5096h with respect to control (P < 0.05). Further-
more, the treated tadpoles showed an accelerated devel-
opment rate, reaching Gosner stages 38 and 42 before
controls. These results demonstrate that the chronic ex-
posure to this commercial formulation affects the surviv-
al, accelerates metamorphosis, and induces morphologi-
cal abnormalities and liver damage in P. albonotatus
tadpoles.
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1 Introduction

Amphibian populations are globally declining at
alarming rates (Alford and Richards 1999; Stuart et al.
2004, 2008). This decline has been proposed to be caused
by several factors, acting either alone or synergistically
(Davidson and Knapp 2007; Mann et al. 2009). The
intensification of agricultural activities and the contami-
nation of the environment with pesticides, fertilizers, and
other toxic chemical substances are among the most
important pressures on aquatic ecological systems
(Relyea and Hoverma 2006) and have been suggested
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to play important roles in this phenomenon (Carey and
Bryant 1995; Davidson et al. 2002).

Anurans are among the groups most susceptible to
pesticides, mostly due their particular ecological niche
(Marco et al. 2001), which they are exposed to these
contaminants during the aquatic or terrestrial stages of
their life (Aronzon et al. 2011). The exposure to agri-
cultural pesticides can be direct from broadcast spraying
of fields or indirect as a product of leaching, runoff, or
atmospheric deposition (Bruhl et al. 2013; Berger et al.
2013). The embryonic and larval stages of anurans are
considered critical periods of development because
cells, organs, and systems are differentiated and devel-
oped during this time (Storrs and Semlitsch 2008). For
this reason, anuran tadpoles are considered good indi-
cators of environmental health (Wake and Vredenburg
2008).

Pesticides such as atrazine, chlorpyrifos, glyphosate,
and carbaryl alter different biological processes, such as
growth (Metts et al. 2005; Widder and Bidwell 2008),
development and metamorphosis (Hayes and Wu 1995;
Boone 2008), reproduction (Hayes et al. 2002, 2003,
2006a; Sánchez et al. 2014), metabolism (Attademo
et al. 2007, 2015; Lajmanovich et al. 2011), and behav-
ior (Punzo 2005; Relyea 2005; Teplitsky et al. 2005).
Endocrine disruption is also caused by atrazine (Hayes
et al. 2003), and genomic damages are caused by
flurochloridone-based herbicides or agricultural pond
eutrophication in anurans species (Nikoloff et al. 2014;
Peltzer et al. 2008, respectively). On the other hand,
some environmental pollutants used in the agricultural
activities are known to affect the immune system of
amphibians (Hayes et al. 2006b; Jantawongsri et al.
2013).

Melanomacrophages (MMs) play an important role
in the immunological response and detoxification of
pollutants (Van der Oost et al. 2003). MMs are present
in the liver and are able to produce and store pigment in
their cytoplasm and participate in the destruction, de-
toxification, and recycling of endogenous and exoge-
nous materials (Agius and Roberts 2003; Passantino
et al. 2013). Diverse studies have demonstrated that
the number of MMs increases after exposure to toxic
substances (Loumbourdis and Vogiatzis 2002; Paunescu
et al. 2010; Bach et al. 2018); thus, theymay be useful as
biomarkers of environmental pollution.

The 2,4 dichlorophenoxyacetic acid (2,4-D) is an
active ingredient used in diverse commercial formula-
tions and one of the most widely used herbicides in the

world (Wauchope et al. 1992). It is a selective post-
emergence herbicide used for the control of broadleaf
weed species in a variety of food/feed sites, including
field, fruit, and vegetable crops (USEPA 2005). In aer-
obic aquatic environments, the half-life of 2,4-D is
approximately 15 days (USEPA 2005; Wilson et al.
1997). Due to its high water solubility and low soil
adsorptivity, some 2,4-D can be expected to reach sur-
rounding surface waters (Waite et al. 2002).

The 2,4-D herbicides modifies the cell-wall plasticity
and causes abnormal increases in the biosynthesis of
proteins and ethylene, resulting in an uncontrolled cell
division that produces an overstimulation of growth,
damage of the vascular tissue, and final death of plants
(Zimdahl 1993). With few exceptions, the effects and
toxicity of the salt and ester forms of 2,4-D are quite
similar to those of the acid form (USEPA 2005). How-
ever, it is important to note that the Binert ingredients^ in
commercial pesticide formulations of 2,4-D could affect
its toxicity, either additively or synergistically (Dann
2009). 2,4-D has been classified as Class II (moderately
hazardous) by the World Health Organization (2009)
and as possibly carcinogenic to humans by the Interna-
tional Agency for Research on Cancer (IARC 2015).
The toxicity of 2,4-D has been reported in different
organisms like birds, small invertebrates, fish, frogs,
reptiles, and algae (Oztas et al. 2011; Marcato et al.
2017). It can cause low growth rates, reproductive prob-
lems, changes in behavior, or death in non-target species
(Charles et al. 2001; Rodriguez and Amín 1991). In
addition, 2,4-D has the potential to induce the expres-
sion of vitellogenin in males and juveniles ofOncorhyn-
chus mykiss and to cause endocrine disruption effects
(Xie et al. 2005). Several studies have also demonstrated
that 2,4-D affects the survival of Rana sphenocephala
(Ryan et al. 2007), blocks the maturation of oocytes in
Xenopus laevis (Stebbins-Boaz et al. 2004), and causes
reduction in body size and delay of development and
produces microcephaly and agenesis of gills in early
embryonic development of Rhinella arenarum
(Aronzon et al. 2011). In adults of Rhinella arenarum,
dermal exposure to 2,4-D induces glutathione S-
transferase activity and significantly higher DNA dam-
age (Lajmanovich et al. 2015).

The aim of this study was to evaluate the acute
lethality and sublethal effects (growth and development,
morphological abnormalities, and alterations in liver
histology) caused by chronic exposure to the commer-
cial herbicide 2,4-D Amina Zamba® on Physalaemus
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albonotatus (Anura: Leptodactylidae) tadpoles under
laboratory conditions. The results may be useful to
recognize biological alterations that allow predicting
the presence of environmental contaminants and their
potential risk to amphibian populations in agricultural
areas.

2 Methods

2.1 Test Organism and Biological Samples

Physalaemus albonotatus (Anura: Leptodactylidae) was
used as test organism, because several of its character-
istics make it suitable for ecotoxicological studies
(Hailey et al. 2006). This species has an extensive
distribution range in South America and is commonly
found in agricultural ponds in northeastern Argentina.
Its conservation status is BLast Concern^ (IUCN 2017).
Foam nests (n = 2) from P. albonotatus were collected
from a temporary pond from the surroundings of the
University Campus of the Universidad Nacional del
Nordeste (27°28′4″S, 58°46′58″W) (Corrientes, Argen-
tina) in February 2013 and transported to the laboratory.
The collection was made with authorization of the
Dirección de Recursos Naturales de la provincia de
Corrientes (Res. N° 845). At the laboratory, embryos
and tadpoles were maintained in plastic containers
(30 cm wide × 20 cm high × 40 cm long) with
dechlorinated tap water at 25° ± 1 °C and 16/8 h of
light/dark photoperiod cycle. The tadpoles were fed ad
libitum (once a day) with boiled lettuce until they
reached Gosner stage (GS) 25–26 (Gosner 1960). The
egg clutches were collected in two consecutively weeks,
in the same site. One group was used for the acute
toxicity test and the other for the chronic assay.

2.2 Test Chemical

The commercial formulation used was 2,4-D Amina
Zamba® (48.5% w/v of active ingredient, dimethylamine
salt of 2,4-dichlorophenoxyacetic acid; CAS 2008-39),
supplied by Ciagro S.A., Argentina. It is a post-emergent
selective systemic herbicide, with a recommended appli-
cation field ratio of 0.40 to 1.5 L/h. To confirm the
concentration of 2,4-D in the commercial formulation,
we used high performance liquid chromatography (Wa-
ters 1525 Binary HPLC Pump) with a UV detector (Wa-
ters 2489 UV/Visible Detector), using an analytical

column of C18 reverse phase (SUPELCOSILTM LC-
18—4.6 × 250 mm). Acetonitrile (70%) and water
(30%) were used as the mobile phases and the herbicide
separation was performed at a flow rate of 0.75mLmin−1

and 25 °C. The fixed-wavelengthUVabsorbance detector
was set at 236 nm, and the injection volume was 20 μL.
The limit of detection was ± 3 mg/L. The stability of the
different 2,4-D test solutions was analyzed at the begin-
ning and at the end of the assay, following Peltzer et al.
(2008, 2013). The error between nominal and measured
concentrations did not exceed 5%.

2.3 Acute Toxicity Assay

Due to the unavailability of lethal concentration
(LC50) values of 2,4-D for P. albonotatus in the
literature, a range-finding test was conducted based
on information about 2,4-D toxicity in anuran spe-
cies (Coady et al. 2013; Figueredo and Rodriguez
2014; Morgan et al. 1996; USEPA 2005) to deter-
mine the nominal concentrations used in the defini-
tive acute assay. Tadpoles at GS 25 ± 2 were ran-
domly selected and either exposed to 350, 700,
1400, and 2400 mg/L of 2,4-D Amina Zamba® or
kept in dechlorinated water (control) for 96 h. Ten
tadpoles were placed in triplicate (N = 30) in covered
10-cm diameter Petri dishes containing 50 mL of the
test solutions. The assay was conducted at 25 ± 1 °C
and 16/8 h of light/dark photoperiod cycle, and the
tadpoles were not fed during the assay. Mortality
was recorded and the test solutions were renewed
every day.

2.4 Chronic Toxicity Assay

The test concentrations were calculated based on criteria
of Figueredo and Rodriguez (2014) and corresponded to
0, 12.5, 25, 50, and 75% of the LC5096h value estimated
in the acute toxicity assay. Tadpoles at GS 25 ± 2 were
randomly selected and either exposed to 43.7, 87.5, 175,
or 262.5 mg/L of 2,4-D Amina Zamba® or kept in
dechlorinated water (control) for 49 days. Thirty tad-
poles were placed in duplicate (N = 60) in plastic con-
tainers containing 1 L of the test solutions. The chronic
assay was conducted at 25 ± 1 °C and 16/8 h of light/
dark photoperiod cycle. The tadpoles were fed ad
libitum with blended lettuce and the test solutions were
renewed every 48 h. The tadpoles that did not reach GS
46 at the end of the assay were maintained separately in
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200 mL Petri dish with the same solution until complete
metamorphosis.

2.5 Biological Endpoints

2.5.1 Survival

The survival of tadpoles in each treatment was recorded
every 24 h and was expressed as percentage taking into
account the two replicates. The survival was analyzed
until day 34, taking into account the decrease of survival
(80%) in chronic bioassay.

2.5.2 Morphology and Development

Every 7 days, two tadpoles of each concentration were
randomly selected and euthanized by immersion in a
0.1% tricainemethanesulfonate solution (MS-222) buff-
ered to pH 7.8 with NaHCO3. Tadpoles were fixed in
Bouin’s fixative solution for 24 h, and stored in alcohol
70% to preserve structures. All preserved specimens
were staged according to the Gosner table. The snout-
vent length (SVL) and total length (TL) were measured
using a digital caliper (0.01 mm precision) and the body
weight (BW) was measured using an electronic balance
(0.01 g precision). The time to reach GS 38–39 (present
and well-formed hind limbs), GS 42 (four limbs and tail
present), and GS 45–46 (end of metamorphosis) was
recorded taking into account at least 30% of individuals.

2.5.3 Body and Visceral Abnormalities

Each preserved specimen was examined for morpholog-
ical abnormalities with a Leica EZ4 stereo-microscope
equipped with a Canon EOS Rebel T3i digital camera.
Oral disc malformations, abdominal edema, intestinal
abnormalities (gut uncoiling, diverted gut), decreased
pigmentation, and altered body shape were determined
according to Krishnamurthy and Smith (2011),
Lenkowski et al. (2008), and Peltzer et al. (2013).

2.5.4 Liver Histology

For the histological analysis of the liver, two fixed tad-
poles at GS 39–45 from each concentration and the
control (N = 10) were processed according the conven-
tional histological procedures. Their whole body was
dehydrated in an ethanol series, impregnated in a butyl
alcohol-paraffin mixture, embedded in paraffin, serially

sectioned at 4–5μm, and stainedwith hematoxylin-eosin.
The sections were observed with a Leica DM500 optical
microscope equipped with a Leica ICC50HD digital
camera. Six micrographs (×40 magnification) of non-
consecutive and randomly hepatic sections of each spec-
imen per treatment were analyzed. Hypervascularization
(congestion), enlargement of sinusoids, dilation of blood
vessels, hepatocyte vacuolization, and necrosis were
determined according to Cakici (2015) and Sayed and
Younes (2017). The Image Pro Plus (Media Cybernetics,
Inc. version 6.0) was used to quantify the number of
MMs based on the different color observed in the histo-
logical liver parenchyma, stained with hematoxylin-eosin
(Santos et al. 2014).

2.6 Statistical Analyses

The LC50 values and their respective 95% confidence
limits were calculated at 48, 72, and 96 h, using the
Trimmed Spearman–Karber method (Hamilton et al.
1977). For each statistical analysis, the Kolmogorov-
Smirnov test and Levene test were performed to assume
the normality and homogeneity of variance, respectively
(Zar 1999). The Chi-square test (X2) was used to compare
the proportion of surviving tadpoles in each treatment
(Peltzer et al. 2013) at day 34. A multivariate analysis of
covariance (MANCOVA)was used to determine whether
there were significant overall differences in SVL, TL, and
BW between treatments, using GS as covariable. Then,
univariate analysis of variance (ANOVA) was used to
elucidate which biological responses contributed to a
significant multivariate response. The prevalence of each
type of abnormality was calculated by dividing the num-
ber of tadpoles with this abnormality by the number of
individuals examined (Peltzer et al. 2013). ANOVAwas
also used to compare the number of MMs in the hepatic
section and detect differences between treatments. Anal-
yses were conducted using InfoStat/P version 1.1 (Grupo
InfoStat Professional, Facultad de Ciencias Agrarias,
Universidad Nacional de Córdoba, Argentina) and
Sigmaplot v.11.0 (Systat Software).

3 Results

3.1 Acute Toxicity

The trimmed Spearman–Karber method allowed de-
termining the LC50 values of 2,4-D Amina Zamba®
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for P. albonotatus tadpoles at GS 25. The LC50
values at 48, 72, and 96 h were as follows: 1040.2
(950.3–1138.5), 754.2 (551.8–1030.8), and 350 mg/
L (n.c.), respectively. These values demonstrated that
tadpole mortality was dependent on the herbicide
exposure time.

3.2 Biological Endpoints in the Chronic Assay

3.2.1 Survival

The results regarding the survival of tadpoles chronical-
ly exposed to the herbicide are summarized in Fig. 1.
Until day 13 of exposure, no mortality was recorded at
the different concentrations tested or the control. After
21 days of exposure, an important decrease in survival
was recorded at 87.5, 175, and 262.5 mg/L of 2,4-D
Amina Zamba® compared to the control, with signifi-
cant differences between treatments up to day 34 (X2 =
50.62, df = 3, P < 0.0001). At 34 days of exposure, the
survival at the highest concentration tested was 0%,
while that of control was about 80%.

3.2.2 Morphology and Development

TheMANCOVA performed with the SVL, TL, and BW
of tadpoles showed no significant differences between
the treatments and control, either with GS (Wilks’
Lambda = 0.660, F = 1.015, P = 0.445) or time of expo-
sure as covariable (Wilks’ Lambda = 0.625, F = 1.204,
P = 0.295). Figure 2 shows the mean SVL and TL and
BW values of tadpoles (GS 25 to 38) exposed to 2,4-D
Amina Zamba®, as compared with those of the control.
The differences were not statistically significant (SVL:
F = 2.238, df = 4, P = 0.089; TL: F = 0.717, df = 4, P =
0.587; BW: F = 1.879, df = 4, P = 0.141).

The results regarding the time at which at least 30%
of tadpoles reached GS 38–39, 42, and 45–46 (end of
metamorphosis) are summarized in Fig. 3. The tadpoles
treated with 43.7 and 87.5 mg/L 2,4-D Amina Zamba®
were the first to reach GS 38–39 around day 28 of the
experiment. The tadpoles treated with 87.5 mg/L of
herbicide were the first to reach GS 42 around day 40
of the experiment. Besides, the control tadpoles reached
GS 38–39 (45 days) and GS 42 (52 days) later than
treated tadpoles. The first individuals that reached GS

Fig. 1 Survival percentages of
P. albonotatus tadpoles exposed
to 2,4-D Amina Zamba® from
GS 25. Note the gradual decrease
of survival from day 13 to day 34
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45–46 (end of metamorphosis) were the tadpoles ex-
posed to 43.7 and 87.5mg/L of herbicide on day 45. The
control tadpoles reached GS 45–46 around day 53. The
tadpoles exposed to 262.5 mg/L of herbicide did not
survive further than GS 42, and the mean time to reach
metamorphosis could not be estimated.

3.2.3 Abnormalities

The morphological abnormalities observed in
P. albonotatus tadpoles exposed to 2,4-D Amina

Zamba® were as follows: decreased pigmentation,
malformations of the oral disc, intestinal abnormalities
(uncoiling intestine), abdominal edema, and altered
body shape (Fig. 4). The malformations of the oral disc
consisted of loss of the anterior tooth rows and upper
jaw sheath (Fig. 4d) or loss of the first anterior tooth row
and partial loss of the posterior tooth rows (Fig. 4e). The
prevalence values of each type of abnormality are sum-
marized in Table 1.

3.2.4 Liver Histology

The hepatic tissue of control individuals presented nor-
mal histoarchitecture, with hepatocytes forming cords
surrounded by sinusoids, scattered blood vessels, and
some isolated MMs (Fig. 5a, b). In contrast, the liver of
treated tadpoles showed enlargement of hepatic sinu-
soids (in all treatments), hypervascularization (in 175
and 262.5 mg/L), dilation of blood vessels, and
vacuolization of hepatocytes (in 87.5, 175 and
262.5 mg/L) (Fig. 5c–f). The ANOVA showed signifi-
cant differences in the mean number ofMMs in the liver
of treated tadpoles and control (F = 8.86, df = 4; P =
0.000). The number of MMs of tadpoles treated with
87.5, 175, and 262.5 mg/L of 2,4 D Amina Zamba®
was significantly higher than that of control (Dunnet
post test P < 0.05, Fig. 6).

4 Discussion

Most of 2,4-D addition to the environment results
from effluents and spills resulting from its

Fig. 2 Morphological endpoints of P. albonotatus tadpoles ex-
posed to 43.7, 87.5, 175, and 262.5 mg/L of 2,4-D Amina

Zamba® and control (Co). aMean ± standard error of SVL (black
bar) and TL (white bar); b mean ± standard error of BW

Fig. 3 Time required (days) to reach GS 38 (triangle), GS 42
(square), and GS 45–46 (rhombus) of P. albonotatus tadpoles
exposed to 2,4-D Amina Zamba® and control (Co). For
262.5 mg/L, this value was not available

   22 Page 6 of 15 Water Air Soil Pollut          (2019) 230:22 



manufacture and transportation or directly through
its applications as a herbicide (Islam et al. 2018).
After its application, a large amount of herbicide
could be lost to the environment by runoff events
due to its water solubility and low soil adsorptivity
(Franco and Trapp 2010; Gonzalez et al. 2016). The

potential risk of herbicide residue contamination
depends on the runoff rate (Islam et al. 2018).

In agricultural areas of Canada, the highest concen-
tration of 2,4-D reported in surface water was 345 ng/L,
whereas in agricultural and urban mixed sites, it was
1230 ng/L (Woudneh et al. 2007). After direct applica-
tion in crop fields, the values detected were as high as
50 mg/L (World Health Organization 1989; Lilienfeld
and Gallo, 1989). A study in 19 urban rivers across
Canada showed a mean concentration of 2,4-D of
172 ng/L (Glozier et al. 2012). The Canadian Environ-
mental Water Quality Guidelines for the Protection of
Aquatic Life (2014) indicates that a concentration of
4 μg/L of 2,4-D is the maximum level allowed in
freshwater to protect the aquatic life. It is important to
remark that the reported concentrations in the environ-
ment are below the levels known to cause effect in
amphibians and fish (Coady et al. 2013). In South
America, the information about 2,4-D levels in surface
waters is scarce (Palma et al. 2004). Particularly, in
Argentina, no data about the real concentration of 2,4-

Fig. 4 Morphological abnormalities in P. albonotatus tadpoles
exposed to 2,4-D Amina Zamba® and control. a General view
and b detail of oral disc from a control tadpole; c intestinal
abnormality (uncoiling) and d malformation of oral disc (loss of
anterior tooth rows and upper jaw sheath) of tadpoles exposed to
87.5 mg/L 2,4-D Amina Zamba®; e loss of the first anterior tooth

row and partial loss of posterior tooth rows, body shape altered,
and f detail of the oral disc of tadpoles exposed to 175 mg/L 2,4-D
Amina Zamba®, g general view of intestinal abnormality
(uncoiling) of tadpoles exposed to 262.5 mg/L 2,4-D Amina
Zamba® and h detail of the uncoiling of the intestine. Note that
the colors of the tadpoles are due the Bouin fixation. Scale: 1 mm

Table 1 Prevalence of abnormalities in P. albonotatus tadpoles
exposed to 2,4-D Amina Zamba® and control. References: AE,
abdominal edema; BSA, body shape altered; DP, decreased pig-
mentation; IA, intestinal abnormalities; MOD, malformations of
oral disc

Prevalence of abnormalities

Total Co 43.7 87.5 175 262.5

MOD 0.14 – – 0.33 0.33 0.2

LA 0.19 – 0.33 0.22 0.33 0.2

DP 0.02 – – 0.11 – –

BSA 0.02 – – – 0.11 –

AE 0.04 – – 0.22 – –
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D in water bodies are known (Ruiz de Arcaute et al.
2016). According to Mesak et al. (2018), it is necessary
to adopt high and consequently non-realistic concentra-
tions for bioassays. High concentrations can be useful to
understand the mechanism of action of chemicals on test
organisms (Islam et al. 2018). In our study, this infor-
mation is relevant due to the lack of information about
the acute and chronic exposure to this herbicide.

According to the USEPA (2005), the acute toxicity to
aquatic organisms varies widely among the different
forms of 2,4-D. In fish, the 2,4-D acid and amine salt
have LC5096h values ranging from 63 to 2780 mg/L
(Cattaneo et al. 2008; Fairchild et al. 2008, 2009; Ruiz
de Arcaute et al. 2016; Sarikaya and Yilmaz 2003;
USEPA 2005). Exposure to the 2,4-D commercial her-
bicide DMA® within the 252–756 mg/L range for 48
and 96 h has been found to increase the genetic damage
in Cnesterodon decemmaculatus (Pisces, Poeciliidae)
(Ruiz de Arcaute et al. 2016), with a LC5096h value of
1008 mg/L of 2,4-D.

The LC5096h for P. albonotatus tadpoles at GS 25 ± 1
was 350 mg/L of 2,4-D Amina Zamba®, similar to
values recorded for other anuran species. By using
FETAX (frog embryo teratogenic assay Xenopus), Mor-
gan et al. (1996) determined LC50 values of 254 and >
270 mg/L in buffer and natural water, respectively. The
LC5096h values determined by Figueredo and Rodri-
gues (2014) for Rhinella marina and Physalaemus
centralis tadpoles at GS 25 obtained after 2,4-D expo-
sure were 282.84 (227.6–351.49) and 515.75 (456.66–
582.48) mg/L, respectively.

In anurans, data about the chronic toxicity of com-
mercial products containing 2,4-D as an active ingre-
dient are relatively scarce (Coady et al. 2013;
Figueredo and Rodrigues 2014). In the present study,
we found that the chronic exposure to 2,4-D Amina
Zamba® affected the survival of the tadpoles until
metamorphosis. Survival decreased markedly from
day 13 of exposure at the highest concentrations
tes ted (262.5 mg/L) , whereas a t the other

Fig. 5 Liver histological section
of P. albonotatus tadpoles
exposed to 2,4-D Amina Zamba®
and control. a, b Control; c
87.5 mg/L; d 175 mg/L; e, f
262.5 mg/L. References: hepatic
sinusoids (s), hepatocytes (h),
hypervascularization (hip), blood
vessels (Bv), vacuolization of he-
patocytes (asterisk),
melanomacrophages (black ar-
row), erythrocytes (head arrow).
a, c–e (×40 magnification, scale
20 μm), b, f (×100 magnification,
scale 10 μm)
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concentrations, the survival decreased more gradually
after day 13. We would like to point out that the
increased mortality in controls after day 27, respect
treated 2,4-D Amina Zamba® tadpoles from 43.7 mg/
L, may be due to inherent biological survival and
acclimation of species that under laboratory condi-
tions survive less than in natural conditions, indicat-
ing that effect of contaminant on P. albonotatus is
important to studies at earlier stages or no more than
27 days as suggested in our study. The changes oc-
curring during the larval phases of anurans are impor-
tant because they can compromise the fitness and
survival of the adult individual (Chelgren et al.
2006; Semlitsch et al. 2000), and the sublethal effect
of aquatic contaminants may persist into subsequent
life stages (Blaustein and Kiesecker 2002).

Several studies have shown a decrease in the tadpole
body size after exposure to high concentrations of atra-
zine (Spolyarich et al. 2010; Zaya et al. 2011), but not
after exposure to other herbicides (Coady et al. 2004,
2013; Velázquez et al. 2013). Physalaemus albonotatus
tadpoles exposed to 43.75, 87.5, 175, and 262.5 mg/L of
2,4-D Amina Zamba® showed no significant differ-
ences in body sizes (SVL, TL, and BW) compared to
control. These results are in concordance with those of
Mesak et al. (2018), and demonstrate that the body size

cannot be directly related to the dose-dependent effect of
the herbicide analyzed.

In amphibians, corticosteroids interact with the thy-
roid hormone, and several changes in thisway can alter
their metamorphosis (Denver 2009, 2013). In the pres-
ent study, 2,4-D-treated tadpoles showed an accelera-
tion in the development time and completed metamor-
phosis before control tadpoles. Other herbicides such
as acetochlor in Rana pipiens (Cheek et al. 1999) and
X. laevis (Crump et al. 2002) and atrazine in Rhinella
arenarum tadpoles (Brodeur et al. 2013) also induced
an acceleration of the metamorphosis. These authors
have interpreted that the acceleration of metamorpho-
sis is caused by a stimulation of the hypothalamic-
pituitary-interrenal axis mediated by the secretion of
glucocorticoids as response to environmental stressors
like xenobiotics. In addition, Figueredo andRodrigues
(2014) observed an acceleration of metamorphosis in
Physalaemus centralis tadpoles treated with 128.87
and 257.87 mg/L of 2,4-D, possibly as a response to
physiological stress. Until now, the effects of 2,4-D on
the hypothalamic-pituitary-thyroid axis are not known
and further studies are necessary to establish a relation-
ship between the disruption of the thyroid hormone and
the effect of the 2,4-D herbicide.

The morphological abnormalities in anuran tadpoles
have also been linked with agrochemical exposures
(Lajmanovich et al. 2003a, b; Lenkowski et al. 2008,
2010; Peltzer et al. 2011). In the present study, several
sublethal effects on the larval morphology were ob-
served in the treated tadpoles but not in control individ-
uals. Several authors have concluded that 2,4-D is tera-
togenic only at concentrations higher than 50 mg/L
(Cooke 1972; Meehan et al. 1974), whereas Morgan
et al. (1996) found that natural water doses with 2,4-D
caused minimal effects of frog embryos, even at
270 mg/L. These results showed that high doses of
2,4-D are responsible for producing deleterious effects
in anurans.

In this study, the most prevalent morphological ab-
normalities observed were oral disc malformations and
intestinal abnormalities. A high prevalence of oral disc
malformations was recorded at the highest concentra-
tions of 2,4-D Amina Zamba® (87.5, 175, and
262.5 mg/L). Regarding morphological abnormalities,
Pérez Iglesias et al. (2015) found that Pivot H® (an
Imazethapyr-based herbicide) caused loss of
queratodonts in relation to the herbicide concentration
(0.41 to 2.72 mg/L), whereas Rowe et al. (1996) found

Fig. 6 Numbers of melanomacrophages expressed as mean ±
standard deviation in hepatic tissues of P. albonotatus tadpoles
exposed to 2,4-D Amina Zamba® and control (Co). The asterisks
indicate significant differences from controls (P < 0.05)
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that the tadpoles of Rana catesbeiana collected in coal
ash disposal sites contaminated with As, Cd, Cu, Se, and
other contaminants had reduced number of labial teeth
and deformations of labial papillae as compared to those
collected in control sites. The malformations of oral
morphology, like reductions of keratodonts, can affect
the diet of tadpoles, and thus these tadpoles would be
less active and would have reduced fitness, a fact that
would consequently affect their survival (Pérez Iglesias
et al. 2015). Furthermore, the treated tadpoles exposed
to the higher concentrations also showed intestinal ab-
normalities. Lenkowski et al. (2010) demonstrated that
60–70 mg/L of 2,4-D caused an increase in intestinal
abnormalities and edemas in X. leavis tadpoles. This
could be due to a disruption of a specific signaling
pathway of organ and visceral morphogenesis, as dem-
onstrated for atrazine in X. laevis tadpoles (Lenkowski
and McLaughlin 2010). Retinoic acid signaling is es-
sential in the development and function of various organ
systems (Das et al. 2014; Lipscomb et al. 2006), but this
pathway can be disrupted by certain environmental pol-
lutants and can cause malformations during develop-
ment (Inoue et al. 2010). However, the interference of
the retinoic acid pathway caused by 2,4-D has not been
demonstrated.

The liver is the primary site of metabolism, detoxifi-
cation, and excretion of toxic substances (Hall and
Gyton 2011) and one of the main organs affected by
exposure to pollutants. In Piaractus mesopotamicus
exposed to atrazine, Pereira de Paiva et al. (2017) found
that the liver showed nuclear and cytoplasmic
vacuolization, cytoplasmic hyaline inclusions, and
necrosis, whereas in Bufo variabilis exposed to
Carbaryl, Cakici (2015) found that the liver showed
congestion, enlargement of sinusoids, vacuolization of
hepatocytes, and a large number of MMs. In Pelophylax
ridibundus (marsh frog) exposed to sublethal concen-
trations of the insecticide Talstar10EC, Paunescu et al.
(2012) found hepatic lesions such as vacuolization and
nuclear pyknosis of hepatocytes, dilation of Disse’s
space and sinusoid capillaries.

Histological biomarkers like MMs are useful as indi-
cators of environmental pollution, particularly for sub-
lethal and chronic effects of chemical agents (Bernet
et al. 1999; Huespe et al. 2017; Passantino et al. 2013).
MMs synthesize melanin, a protective pigment able to
scavenge free radicals, and neutralize cations, protecting
tissues from cytotoxic damage (Barni et al. 1999; Scalia
et al. 1990). Loumbourdis and Vogiatzis (2002)

described a marked increase in the number of MMs in
Rana ridibunda after cadmium exposure, whereas other
researchers demonstrated similar effects in adults of
Rana (Pelophylax) ridibunda exposed to the insecticide
Reldan 40EC (Paunescu et al. 2010), in Bufotestes
variabilis exposed to carbaryl (Cakici 2015), in
Leptodactylus latinasus exposed to glyphosate (Pérez
Iglesias et al. 2016), and in Leptodactylus chaquensis
exposed to chlorpyrifos (Huespe et al. 2017). Likewise,
in Leptodactylus latrans tadpoles exposed to Roundup®
Ultramax and glyphosate, Bach et al. (2018) observed
histological alterations in the liver, such as lipidosis and
hepatic congestion, and an increase in the number of
MMs. In the present study, the P. albonotatus tadpoles
chronically exposed to a 2,4-D formulation also showed
hepatic tissue damage and MMs proliferation. Although
the MMs proliferation did not show a dose-response
relationship, in the highest concentrations tested (87.5,
175, and 262.5 mg/L of 2,4-DAmina Zamba®) theMM
numbers was significantly higher than control and than
the low concentration tested. The increase in the number
of hepatic MMs is related to the detoxification processes
(Harraez and Zapata 1986) and to their role in immune
functions (Steinel and Bolnick 2017) and can be used as
biomarkers of environmental pollution (Stentiford et al.
2003).

Our results demonstrate the toxic effects of 2,4-D
Amina Zamba® in P. albonotatus tadpoles. The
survival of the tadpoles was affected progressively
through the chronic assay period, and the morpho-
logical abnormalities observed in 2,4-D-treated tad-
poles may influence their survival, metamorphosis,
fitness, and swimming performance. The histologi-
cal analysis of the liver and the increase in the
number of MMs are useful for ecotoxicological
studies using anurans tadpoles, and as biomarkers
of 2,4-D exposure. Furthermore, it is necessary to
know real data regarding the 2,4-D concentrations in
different environments, and more studies are neces-
sary to prevent the possible damage that may suffer
the species of anurans or others aquatic species that
inhabit these environments.
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