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Endosulfan effects on Rana dalmatina tadpoles: Quantitative developmental and
behavioural Analysis
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Abstract

Endosulfan is an organochlorine pesticide that was recently labeled as a persistent organic pollutant, but it
is still widely employed, particularly in developing countries. The goal of this study is to evaluate the acute
(LC50) and chronic effects (developmental and behavioural traits) of this insecticide on Rana dalmatina tad-
poles after exposure to ecologically relevant concentrations (0.005, 0.01, and 0.05 mg/L) by applying video-
tracking techniques to evaluate the quantitative effect of endosulfan on amphibian behavioural patterns. The
96 h LC50 value was 0.074 mg endosulfan/L. Tadpoles chronically exposed to 0.01 and 0.05 mg endosulfan/L
underwent high mortality rate, decreased larval growth, delayed development, and increased incidence of
malformations, and they did not reach metamorphosis by the end of the experiment. Moreover, tadpoles ex-
posed to these concentrations exhibited several abnormalities in swimming patterns, such as shorter distance
moved, swirling, resting, and unusual use of space. The exposure to 0.005 mg endosulfan/L did not cause any
significant effects on behaviour, larval growth, or development, but we observed a significant decrease in
both survival and time to metamorphosis. We showed that developmental abnormalities are dose-dependent
and that the pesticide effects could differ depending on the endosulfan concentration and the species tested.
We also validated the hypothesis that behavioural analysis, along with the use of new analytical methods,

could be a useful tool in amphibian ecotoxicological studies.
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The intensive use of agricultural pesticides led to
the widespread presence of these compounds in
all of the compartments of the environment; such
contamination may produce harmful or toxic ef-
fects in freshwater communities and is one of the
most important pressures on aquatic ecological
systems (Rabiet et al. 2010; Relyea and Hoverman
2006). Amphibians are highly sensitive to the ac-
tion of pollutants due to their physiology and life
habits; for these reasons, they are considered good
bioindicators of environmental quality and have
been successfully used to study the impact of che-
micals on aquatic and agricultural ecosystems (Pol-
let and Bendell-Young 2000; Venturino et al. 2003).

In recent decades, decreased richness and abun-
dance of amphibian species has become a global
phenomenon, and agricultural contaminants, such
as pesticides, are thought to contribute to this de-
cline (Houlahan et al. 2000; Houlahan and Findlay
2003; Mann et al. 2009). Agrochemicals can se-
riously affect amphibian populations by decreasing
survival, impairing growth and larval development,
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and causing morphological and behavioural alte-
rations (Bernabo et al. 2008, 2011a, b; Brunelli
et al. 2009; Peltzer et al. 2008; Taylor et al. 2005).

Endosulfan (6,7,8,9,10,10-hexachloro-
1,5,5a,6,9,9a-hexahydro-6,9-ethano-2,4,3-benzo-
ioxathiepin-3-oxide) is an organochlorine pesticide
that was recently labeled as a persistent organic
pollutant and therefore banned, except for specific
uses, particularly in developing countries (United
Nations 2011; United States Environmental Protec-
tion Agency (USEPA) 2010). It is also found in sur-
face waters worldwide at levels ranging from 0.01
to <1.7 mg/L (Carriger and Rand 2008; Dalvie et al.
2003; Ernst et al. 1991; Srivastava et al. 2009). En-
dosulfan may affect nontarget organisms, such as
fish (Ballesteros et al. 2009; Beyger et al. 2012; Eze-
monye et al. 2009; Stanley et al. 2009) and amphi-
bian species (Berrill et al. 1998; Broomhall 2002,
2004; Broomhall and Shine 2003; Ezemonye and
Tongo 2010a, b; Jones et al. 2009; Kang et al. 2008).
Recently, we showed that both acute and chronic
exposure to endosulfan may seriously affect sur-
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vival, development, and gill morphology as well as
cause severe deformities and behavioural alterations
in Bufo bufo tadpoles (Bernabo et al. 2008; Brunelli
et al. 2009, 2010). In addition, a recent behaviou-
ral analysis of R. temporaria showed that multiple
behavioural end points are affected by endosulfan at
environmentally realistic concentrations (Denoél et
al. 2012). Some differences were also outlined in the
timing of effects depending on the behaviour ana-
lysed. This and other previous studies highlighted
that changes in behavioural patterns could be used
as biomarkers to detect the effects of pollutants,
such as pesticides (Broomhall 2005; Brunelli et al.
2009; Denoél et al. 2012). Moreover, new analytical
tools have been standardized for evaluating beha-
vioural effects of pesticides on model taxa, such as
fishes (Eddins et al. 2010; Kavitha and Venkateswa-
ra Rao 2008; Rao et al. 2005), but they have not been
used as extensively in amphibians. For instance,
only one study applied video-tracking techniques to
analyze behaviour after tadpole exposure to chemi-
cals (Denoél et al. 2010). Video-tracking methods
provide a detailed quantitative analysis of behaviou-
ral patterns and could be successfully used to ana-
lyse behavioural patterns that the human observer
is unable to accurately estimate (Noldus et al. 2001;
Winandy and Denoél 2011).

Based on these previous works, we tested the hy-
pothesis that long-term exposure (i.e., up to meta-
morphosis in control treatments) to environmental-
ly realistic concentrations of endosulfan would be
detrimental on several markers, i.e., growth, deve-
lopment, and locomotory patterns. More generally,
we aimed at showing the usefulness of (1) beha-
vioural patterns as a powerful tool to detect detri-
mental effects in amphibians and (2) video-tracking
systems as tools to quantitatively determine such
effects.

In our study, the evaluation of endosulfan toxi-
city was performed by evaluating both acute toxicity
(LC50) and chronic effects (behaviour, growth, de-
velopment, metamorphosis, and incidence of defor-
mities) of this compound on R. dalmatina tadpoles,
thus providing valuable information regarding pos-
sible consequences of a prolonged exposure to pes-
ticides.

Materials and Methods

Tadpole Maintenance

Three R. dalmatina egg clutches were collected from
a wetland pond in a natural area located near Cosen-
za (Calabria, Southern Italy, 39°22'42"N, 16°05'58"E,
1,000 m a.s.l.). In the laboratory, eggs were ran-
domly assigned to 50 L aerated tap water-filled glass
aquaria (60 x 35 x 30 cm). Determination of the
developmental stages was performed according to
Gosner (1960). Both acute and chronic tests started
when tadpoles reached the first larval stage (Gosner
stage 25). Throughout all experiments, the water
temperature was maintained at 18 °C £+ 1 °C and
median pH 7.3, conductivity 679 uS, and dissolved
oxygen 5-7 mg/L. The experiment was conducted in
12:12 h light-to-dark cycles. Water-quality parame-
ters (pH, conductivity, temperature, and dissolved
oxygen) were recorded before and after renewal of
the test solutions.

Acute Exposure

To assess the sensitivity of the species, we identified
lethal concentrations of endosulfan by estimating
the LC50 value (i.e., the concentration at which 50

% of tadpoles die) at 96 h of exposure. Endosulfan
(purity 99 %; Chem Service, West Chester, PA, USA)
was dissolved in dechlorinated tap water to obtain
the following nominal concentrations: 0.050, 0.060,
0.070, 0.080, 0.090, 0.10, 0.20, and 0.30 mg/L. For
each experimental unit, 10 tadpoles of similar size
were randomly transferred to 15 L glass tanks (39
x 24 x 19 cm). The control group was maintained
in tap water. During the experimental period, the
presence of mortality was monitored daily, and dead
animals removed. A static exposure system was
used in accordance with standard procedure guide-
lines [American Society for Testing and Materials
(ASTM) 1997]. During the 96 h exposure, the ani-
mals were not fed. Three replicates were used for
each treatment and the control.

Chronic-Exposure Conditions

The exposure period was 56 days, i.e., from Gosner
stages 25 to 46. The end of the experiment was de-
termined when all tadpoles from both the control
and the low-concentration groups completed meta-
morphosis (complete tail resorption). During this
time, animals in the high- and medium-concentra-
tion groups did not reach metamorphosis.

The three concentrations of endosulfan used for
chronic exposure trials were chosen to encompass
both our 96 h LC50 values as well as previous field
(Ernst et al. 1991) and laboratory data (Brunelli et
al. 2009; Jones et al. 2009; Denoél et al. 2012). Chro-
nic exposure was performed by dissolving endosul-
fan in tap water to obtain three nominal concentra-
tions: 0.005, 0.01, and 0.05 mg/L, hereafter referred
to as “low-,” “medium-,” and “high”-concentration
group, respectively. The control group was main-
tained in tap water. A static-renewal exposure
system was used according to standard procedure
guidelines (ASTM 1997) with complete renewal of
the water volume every 3 days. For each concentra-
tion, including the control, two replicate tanks were
used. Thirty tadpoles of comparable body dimen-
sion were randomly assigned to 30 L glass tanks
(78 x 24 x 19 cm) containing treatment solution.
Tadpoles were fed boiled organic spinach ad libitum
three times a week throughout the exposure period
until the start of metamorphosis (Gosner stage 41).
At Gosner stage 42 (forelimb emergence), tadpoles
were removed from exposure tanks and transfer-
red in 5 L plastic tanks (30 x 15 x 18 cm) (contai-
ning both treatment solution and dry areas) until
the final stage of complete tail resorption. During
metamorphic climax, tadpoles were not fed because
metamorphosing tadpoles live off of fat stored in
their tails (Hourdry et al. 1996).

Mortality, Growth, Development, and Metamorphosis

Developmental stage was determined weekly on a
subsample of six randomly selected tadpoles per
tank under a stereomicroscope (Leica MZ APO,
Leica Microsystems, Wetzlar, Germany). Initial
body weight (BW) and the snout-vent length (SVL)
were recorded at the beginning of the experiment
and then weekly as an index of growth. Each tad-
pole was towel-dried and weighed to the nearest
milligram, then put on a sheet of waxed millime-
ter graph paper to measure SVL (i.e., total tadpole
length minus tail length). Mortality and the pre-
sence of deformity were recorded daily throughout
the tests, and dead animals were removed. Survival
to metamorphosis (Gosner stage 46) as well as mass
and time to completion of metamorphosis (from the
first day of exposure) were recorded for each indi-
vidual.



Behaviour

Behavioural observations were conducted to ana-
lyze swimming activity of R. dalmatina tadpoles
after 7, 14, 21, and 28 days of endosulfan exposure.
For observations, eight tadpoles from the control
and each treatment group were randomly selected
and transferred individually to circular observation
chambers (diameter 8 cm) filled with tap water or
the respective endosulfan concentrations. After 30
min to acclimatise, tadpole movement was recorded
using a videocamera (Sony DCR-DVD92E) placed
perpendicular to the focal plane for 15 min. The
recorded video were transferred to a computer and
automatically processed by video-tracking software
Ethovision XT 7 (Noldus Information Technology,
Wageningen, The Netherlands). Video tracking
software transforms tadpoles into pixels in digita-
lized arenas (i.e., observation chambers) and then
gives the positions of tadpoles at defined times
(every 0.2 s in our set-up) (Denoél et al. 2010). The
arenas were calibrated by a diameter of 8 cm corres-
ponding to the diameter of the observation cham-
bers. The grey-scaling method was used to detect
tadpoles in the arenas. This method defines the
animal as all connecting pixels that are darker than
the background (Noldus et al. 2002). To evaluate
the swimming activity of R. dalmatina tadpoles, we
analysed the following behavioural patterns: total
distance moved (cm), immobility (s), and use of
space (cm) as defined by distance to zone, i.e., to
the border of the tank. In our set-up, the immobile
threshold was 20 %, and below this value tadpoles
were considered immobile. Tadpole tracks (i.e., line
of connections between individual positions) were
obtained for all observations at the end of the recor-
ding. Visual observations were conducted daily to
investigate the qualitative effects of endosulfan on
R. dalmatina tadpoles (swirling behavior).

Statistical Analysis

The LC50 value was determined according to Fin-
ney’s Probit Analysis LC50 Determination Method
(Finney 1971) using software developed by the
USEPA (LC50 Software Program Version 1.00,
CEAM Distribution Center, Washington, DC; 1999).
Behavioural data were analysed by Statistica 8 (Stat-
Soft, Tulsa, OK, USA). Other data were determined
using Graph Pad Prism 5.00 (GraphPad, San Diego,
CA, USA). For all data, a significance level of 0.05
was used. Data from the two replicates were statisti-
cally compared for all end points using Mann-Whit-
ney test. Because no significant differences were
apparent (all p > 0.05), data were pooled into one
data set per exposure group for further analyses. All
data were tested for normality and equality of va-
riance assumptions using Kolmogorov-Smirnov and
Levene’s tests, respectively. If assumptions of nor-
mality and homogeneity of variance were met, one-
way analysis of variance (ANOVA) was performed;
otherwise, data were analysed using nonparametric
tests. X2 test was used to compare mortality in the
endosulfan-exposure groups with control groups
(number of living tadpoles vs. number of dead tad-
poles) until Gosner stage 42. Subsequently, we used
X2 test to identify differences in the number of me-
tamorphosed individuals (Gosner stage 46) between
the control and the low-concentration groups (i.e.,
number of tadpoles that reached metamorphosis vs.
the number that did not). The effects of endosulfan
on BW, SVL, and developmental stage were analysed
by Kruskal-Wallis test, which was performed for all
testing periods (every 7 days) followed by Dunn’s

multiple comparison post test to compare endosul-
fan exposure groups with the control. Mann-Whit-
ney test was used to calculate time to completion of
metamorphosis (in days) in the low-concentration
and control groups. Behavioural data were norma-
lized and analysed using ANOVA followed by une-
qual N honestly significant (HSD) post hoc test to
assess differences between endosulfan exposure
groups and the control.

Results

Acute Exposure

The nominal 96 h LC50 value for endosulfan in R.
dalmatina tadpoles was 0.074 mg/L. Table 1 lists
the relation between endosulfan concentration and
mortality rate. In all groups, the mortality rate was
<50 % during the first 24 h period. Only one tadpole
died in the control group, and no morphological
changes were observed in the control for the 96 h
acute toxicity test. Estimated LC50 values and 95 %
confidence limits for the 96 h endosulfan exposure
are listed in Table 2.

Mortality, Growth, Development, and Metamorphosis

Endosulfan produced significantly higher mortality
in the high-concentration group after 21 days of
exposure [x2 = 9.317, 1° of freedom (df), p < 0.01]
and until the end of experiment (all p < 0.001) than
occurred in the control (Fig. 1). At the end of the
experiment, all contaminated tadpoles at the high
concentration died. In the medium- concentration
group, significant mortality occurred starting from
day 42 (x2 = 6.667, 1 df, p < 0.05) until the end
of experiment (all p < 0.001) compared with the
control. A significant difference in survival between
the control and low-concentration groups was ob-
served after day 42 of exposure (x2 = 6.667, 1 df, p <
0.05) (Fig. 1).From day 7 of exposure until the end
of experiment, endosulfan caused significant effects
on BW and SVL in both the medium- and high-
concentration groups compared with the control (p
< 0.001) (Fig. 2a, b). At the low concentration, a
lower BW and SVL than the control were observed
at just day 7 of exposure (p < 0.05), but no signi-
ficant differences were detected afterward (all p >
0.052; Fig. 2a, b).

In the medium- and the high-concentration
groups, development was significantly delayed (p

Table 1 Relation between several concentrations of endo-
sulfan and mortality rate of R. dalmatina

Concentra-  No. No. of Death Expected Estima-
tion (mg/L) exposed  dead in the death ted death
tadpoles  bioassay

0.000 30 1 0.0333 0.0000 0.0312
0.050 30 8 0.2667 0.2431 0.3299
0.060 30 13 0.4333 0.4151 0.4007
0.070 30 15 0.5000 0.4839 0.0477
0.080 30 17 0.5667 0.5527 0.5369
0.090 30 18 0.6000 0.5871 0.5894
0.10 30 22 0.7333 0.7248 0.6351
0.20 30 27 0.9000 0.8968 0.8710
0.30 30 27 0.9000 0.8968 0.9442
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< 0.001); this decrease in developmental stage over
time implies that no tadpoles reached metamorpho-
sis (Fig. 3a, b). Until the beginning of metamorpho-
sis (Gosner stage 42), development was similar in
tadpoles from the low-concentration and control
groups (Fig. 3a, b) with only a slightly significant
difference (p < 0.05) at day 7 of exposure. After the
beginning of metamorphosis, tadpoles in the low-
concentration group took significantly less time to
complete development compared with the control
(Mann-Whitney U test = 68, p < 0.001) (Fig. 4).

The frequency of tadpoles that reached meta-
morphosis in the low-concentration group differed
significantly from that of the control group (x2 =

Fig. 2 BW (g) (a) and SVL (mm) (b) of A 077 p_ ¢

R. dalmatina tadpoles during the ex-
posure time (C = 0 mg endosulfan/L; 064
L = 0.005 mg endosulfan/L; M =
0.01 mg endosulfan/L; H = 0.05
mg endosulfan/L) showing that the 0.5 1

treated group differs from the control g
*p < 0.05 ** p <0.0L; % p<0.00l = 0.4
(Kruskal-Wallis test followed by 2™
Dunn’s multiple comparison test). =
The bars show mean + SD 3 03
a
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Fig. 1 Cumulative mortality (%) in R. dalmatina tadpoles
exposed to endosulfan (0.005, 0.01, and 0.05 mg/L) from
Gosner stage 25 through 46 showing mortality compared
with the control (Fisher’s exact p test); * p < 0.05, ** p <
0.01; *** p < 0.001. Bars represent mean + SE

6.667, 1 df, p < 0.01); in fact, 67 % of tadpoles suc-
cessfully completed metamorphosis, whereas in the
control group metamorphosis was 94 % (Fig. 4).
Conversely, no significant difference was shown in
metamorphic mass between tadpoles exposed to the
low concentration and those in the control group (p
> 0.05).

The highest endosulfan concentration caused se-
veral malformations after only 5 days of exposure in
some individuals, and after day 19 the incidence of
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Fig. 3 a Developmental Gosner stage A 507 pay 1
of R. dalmatina tadpoles during the
exposure time (C =0 mgendosulfan/L; 45

L = 0.005 mg endosulfan/L; M =
0.01 mg endosulfan/L; H 0.05
mg endosulfan/L) showing that the
treated group differs from the control
*p <0.05 ** p<0.01; ** p <0.001
(Kruskal-Wallis test followed by
Dunn’s multiple comparison test).
The bars show mean + SD. b Dorsal
view of representative developmental
stage of tadpoles exposed to endosul-
fan and from the control group after
day 49 of exposure. Note the presence
of skeletal deformity in the medium-
and high-concentration groups (ar-

Developmental stage (Gosner)

Day 7

Day 14 | Day 21 | Day 28 | Day 35 | Day 42 | Day 49 |Day 56

rowheads)
prdurptebiintais g b rpebobsE R R prp b
S Nerz3IZ
O T O T, ISTOJISTVUISTOISTOISTIOJISTOS
o
¥, r &=
RERGBiats HEHH |
e
BRI
£3¢ Hitiif e
s e
B H e i i. 1
P D L e
et 118 LT
as i
- -
=

deformity was 100 %. After 11 days of exposure, in
the medium-concentration group, the appearance of
deformities was also recorded, and after day 40 of
exposure the incidence of deformity was 42 %. The
deformities mainly observed were bloated heads
and skeletal malformations (Fig. 3b). None of the
tadpoles belonging to the control and low-concen-
tration groups showed malformations.

Behaviour

Already after day 2 of exposure, some individuals
exposed to both medium and high endosulfan
concentrations showed convulsive irregular move-
ments (swirling) associated with body twisting fol-
lowed by resting with either the ventral body up or
on the flank. After day 20 of exposure, tadpoles in
the two highest concentrations showed complete
immobility and swirling if forcibly moved. Beha-
vioural analysis performed by Ethovision showed
that endosulfan exposure caused significant effects
on behavioural patterns.

We first analysed the distance tadpoles moved,
thus showing that treatment had a significant ef-
fect on this behavioural pattern (F;,3 = 16.859, p
< 0.0001 at day 7; Fs,4 = 13.356, p < 0.0001 at day
14; Fy,, = 20.376, p < 0.0001 at day 21; and F;
15.947, p < 0.0001 at day 28). Post hoc models
showed that the two highest concentrations had a
significant negative effect on distance moved at all
time points, whereas the low concentration did not
affect the ability to cover distance compared with

the control group. The significance was constant
at all time points in the high-concentration group;
however, in the medium-concentration group, it
was variable during the different testing periods
(Fig. 5a).

The mobility of tadpoles was also significantly
affected by endosulfan exposure (F;,5 = 11.1, p <
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Time to completion of metamorphosis (days)

Fig. 4 Metamorphosis completed (%) and time to com-
pletion of metamorphosis (days) in R. dalmatina tadpoles
from low and control groups. *** p < 0.001 (Mann-Whit-
ney test)



0.0001 at day 7; F;,3 = 8.7, p < 0.001 at day 14; F; »4
= 15.4, p < 0.0001 at day 21; and Fs,4 = 6.3, p <
0.01 at day 28). In particular, tadpoles exposed to
the two highest endosulfan concentrations showed
significantly decreased mobility compared with the
control group (Fig. 5b).

Evaluation of the use of space showed a signifi-
cant effect on tadpole capacity to use space (F3,5 =
26.393, p < 0.0001 at day 7; F; ,4 = 6.229, p < 0.01 at
day 14; F; 55 = 21.326, p < 0.0001 at day 21; and F; 54
=17.918, p < 0.0001 at day 28 day). Tadpoles in the
medium- and high-concentration groups exhibited
significant differences compared with the control
group; no significant difference was detected in the
low-concentration group compared with control
(Fig. 5c¢).

Discussion

We showed that the exposure to environmentally re-
levant concentrations of endosulfan (ranging from
0.005 to 0.05 mg/L) may negatively affect survival,
growth, development, and metamorphosis and also

cause behavioural and morphological alterations,
which is in agreement with previous studies on am-
phibians (Bernabo et al. 2008; Brunelli et al. 2009,
2010; Denoél et al. 2012; Jones et al. 2009; Kang et
al. 2008, Rohr et al. 2003; Sparling and Fellers 2009).

We found that the 96 h LC50 value for R. dal-
matina tadpoles was 0.074 mg endosulfan/L, which
is comparable with data previously reported in li-
terature. Indeed, the 96 h LC50 values range from
0.002 to 0.4 mg endosulfan/L across several anuran
species; for example, 0.123 mg/L in B. melanostic-
tus, 0.43 mg/L in B. bufo, 0.021 mg/L in Pseudacris
regilla, 0.12 mg/L in P. crucifer, 0.115 mg/L in R.
temporaria, 0.015 mg/L in R. cascadae, and 0.003
mg/L in R. clamitans (Bernabo et al. 2008; Berrill
et al. 1998; Denoél et al. 2012; Gopal et al. 1981;
Jones et al. 2009; Vardia et al. 1984). According
to Jones et al. (2009), it seems that members of
Bufonidae spp. are the least susceptible, whereas
members of Hylidae spp. are intermediate in sen-
sitivity and members of Ranidae spp. are the most
susceptible. In addition to species differences in
sensitivity, it has been well established that the
acute toxicity of pesticides may also differ depen-
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ding on variations in testing protocols (Berrill et al.
1998; Bridges and Semlitsch 2000; Jones et al. 2009).

Chronic expositions of concentrations of 0.01 and
0.05 mg endosulfan/L caused harmful effects to R.
dalmatina tadpoles. We observed a higher mortality
rate, decreased larval growth, and delayed develop-
ment after contamination with endosulfan. Moreo-
ver, tadpoles that were exposed at these concentra-
tions did not reach metamorphosis by the end of the
experiment. At the lowest tested concentration (0.005
mg/L), endosulfan did not affect larval growth but did
slightly speed up metamorphosis time of tadpoles. In
nature, tadpoles can have longer larval periods when
environmental conditions are favorable to maximize
size at metamorphosis, which is correlated with adult
fitness traits (Semlitsch et al. 1988; Smith 1987). Ins-
tead, tadpoles living in an unfavorable, unpredictable,
and ephemeral environment can accelerate develop-
ment and metamorphose sooner but often have smaller
size (Bridges 2000; Greulich and Pflugmacher 2003).
Decreased larval growth and development rate, along
with increased incidences of deformities, may nega-
tively affect future fitness (Altwegg and Reyer 2003;
Boone and Semlitsch 2002; Semlitsch et al. 1988).

Moreover, we confirmed a strong correlation
between the incidence of deformities and endosulfan
exposure in amphibians; in fact, an exposure to both
0.01 and 0.05 mg endosulfan/L caused severe deformi-
ties—such as skeletal malformation, asymmetric and
bent tail, and bloated head—in R. dalmatina tadpoles.
Similar malformations have been reported, in both
field and laboratory studies, after exposure to endosul-
fan and other pesticides (Bernabo et al. 2011b; Berrill
et al. 1998; Brunelli et al. 2009; Harris 2000; Kang et al.
2008; Rohr et al. 2003).

Exposure to a concentration of 0.01 mg/L endosul-
fan is able to disrupt developmental and behavioural
patterns in R. dalmatina tadpoles, whereas the same
concentration did not affect swimming activity and
metamorphosis in B. bufo tadpoles (Brunelli et al.
2009). It seems that also after a chronic exposure, a
species-specific difference exists among anuran spe-
cies, leading us to suppose a greater ability of Bufoni-
dae spp. to counteract pesticide effects.

We also evaluated the quantitative effects of a chro-
nic endosulfan exposure on amphibian behaviour by
using video-tracking analyses. This made it possible to
demonstrate the advantages of this method compared
with standard visual methods. We found that tadpoles
exposed to the two highest endosulfan concentrations
(0.01 and 0.05 mg/L), but not at the lowest (0.005
mg/L) concentration, exhibited several abnormalities
in swimming patterns, such as shorter distance moved,
resting, and unusual use of space. Motor impairments
have also been visually reported in amphibians after
exposure to endosulfan and other pesticides (Berrill
et al. 1998; Bernabod et al. 2011b; Brunelli et al. 2009;
Denoél et al. 2012). They were also reported in long-
term exposure in association with the presence of
deformities (Brunelli et al. 2009). In natural environ-
ments, alterations in swimming activity, such as slower
and irregular swimming, resting position (ventral up
or resting on the flank), could be problematic by in-
creasing the susceptibility to predation and decreasing
the time invested in feeding, which in turn has a ne-
gative effect on the larval growth-and-development
rate (Horat and Semlitsch 1994; Jung and Jagoe 1995;
Relyea and Hoverman 2006).

In conclusion, we have shown that (1) environmen-
tal concentrations of endosulfan are harmful to the life
stage of amphibians; (2) all organismic traits studied
were affected by endosulfan; (3) a dose-dependent res-
ponse was found for some of the traits, thus under-
lying the importance, when evaluating the effects of
a pesticide, to perform an analysis at multiple levels

because the effects could be different depending on the
concentration and the species tested; (4) the use of new
analytical methods, such as video-tracking in beha-
vioural sciences, could be an useful tool in amphibian
ecotoxicological studies (see also Denoél et al. 2010).

Acknowledgments

Animal research procedures were approved by the
Institutional Animal Care and Use Committee (Per-
mit No. 2004/30911). This study was supported in
part by a grant provided by Dottorato di Ricerca in
Biologia Animale. M. Denoél is a research associate
at the F.R.S.-FNRS (Fonds National de la Recherche
Scientifique, Belgium). This research benefited from a
F.R.F.C. Grant 2.4.507.08.F from the F.R.S.-FNRS.

References

Altwegg R, Reyer HU (2003) Patterns of natural selection on size at
metamorphosis in water frogs. Evolution 57:872-882

American Society for Testing and Materials (1997) Standard practice for
conducting acute toxicity tests with fishes, macroinvertebrates, and
amphibians. American Society for Testing and Materials Standards,
Philadelphia, pp E729-E790

Ballesteros ML, Durando PE, Nores ML, Diaz MP, Bistoni MA, Wun-
derlin DA (2009) Endosulfan induces changes in spontaneous
swimming activity and acetylcholinesterase activity of Jenynsia
multidentata (Anablepidae, Cyprinodontiformes). Environ Pollut
157:1573-1580

Bernabo I, Brunelli E, Berg C, Bonacci A, Tripepi S (2008) Endosulfan
acute toxicity in Bufo bufo gills: ultrastructural changes and nitric
oxide synthase localization. Aquat Toxicol 86:447-456

Bernabo I, Gallo L, Sperone E, Tripepi S, Brunelli E (2011a) Survival,
development, and gonadal differentiation in Rana dalmatina chro-
nically exposed to chlorpyrifos. ] Exp Zool A Ecol Genet Physiol
315:314-327

Bernabo I, Sperone E, Tripepi S, Brunelli E (2011b) Toxicity of chlor-
pyrifos to larval Rana dalmatina: acute and chronic effects on survi-
val, development, growth and gill apparatus. Arch Environ Contam
Toxicol 61:704-718

Berrill M, Coulson D, McGillivray L, Pauli B (1998) Toxicity of endosul-
fan to aquatic stages of anuran amphibians. Environ Toxicol Chem
17:1738-1744

Beyger L, Orrego R, Guchardi J, Holdway D (2012) The acute and chro-
nic effects of endosulfan pulse-exposure on Jordanella floridae (Flo-
rida flagfish) over one complete life-cycle. Ecotoxicol Environ Saf
76:71-78

Boone MD, Semlitsch RD (2002) Interactions of an insecticide with
competition and pond drying in amphibian communities. Ecol Appl
12:307-316

Bridges CM (2000) Long-term effects of pesticide exposure at various
life stages of the Southern Leopard Frog (Rana sphenocephala). Arch
Environ Contam Toxicol 39:91-96

Bridges CM, Semlitsch RD (2000) Variation in pesticide tolerance of
tadpoles among and within species of Ranidae and patterns of am-
phibian decline. Conserv Biol 14:1490-1499

Broombhall S (2002) The effects of endosulfan and variable water tempe-
rature on survivorship and subsequent vulnerability to predation in
Litoria citropa tadpoles. Aquat Toxicol 61:243-250

Broombhall S (2004) Egg temperature modifies predator avoidance and
the effects of the insecticide endosulfan on tadpoles of an Australian
frog. ] Appl Ecol 41:105-113

Broombhall SD (2005) Measuring chemicals impacts on amphibians:
ecotoxicity and behavioural data in governmental regulation. Appl
Herpetol 2:259-285

Broombhall S, Shine R (2003) Effects of the insecticide endosulfan and
presence of congeneric tadpoles on Australian treefrog (Litoria frey-
cineti) tadpoles. Arch Environ Contam Toxicol 45:221-226

Brunelli E, Bernabo I, Berg C, Lundstedt-Enkel K, Bonacci A, Tripepsi
S (2009) Environmentally relevant concentrations of endosulfan
impair development, metamorphosis and behaviour in Bufo bufo
tadpoles. Aquat Toxicol 91:135-142

Brunelli E, Bernabo I, Sperone E, Tripepi S (2010) Gill alterations as
biomarkers of chronic exposure to endosulfan in Bufo bufo tadpoles.
Histol Histopathol 25:1519-1529



Carriger JE, Rand GM (2008) Aquatic risk assessment of pesticides in
surface waters in and adjacent to the Everglades and Biscayne Natio-
nal Parks: I. Hazard assessment and problem formulation. Ecotoxi-
cology 17:660-679

Dalvie MA, Cairncross E, Solomon A, London L (2003) Contamination
of rural surface and groundwater by endosulfan in farming areas of
the Western Cape, South Africa. Environ Health 2:1

Denoél M, Bichot M, Ficetola GE Delcourt J, Ylieff MY, Kestemont P
et al (2010) Cumulative effects of a road de-icing salt on amphibian
behavior. Aquat Toxicol 99:275-280

Denoél M, D’'Hooghe B, Ficetola GE Brasseur C, De Pauw E, Thomé JP
et al (2012) Using sets of behavioral biomarkers to assess short-term
effects of pesticide: a study case with endosulfan on frog tadpoles.
Ecotoxicology 21:1240-1250

Eddins D, Cerutti D, Williams P, Linney E, Levin ED (2010) Zebrafish
provide a sensitive model of persisting neurobehavioral effects of
developmental chlorpyrifos exposure: comparison with nicotine and
pilocarpine effects and relationship to dopamine deficits. Neurotoxi-
col Teratol 32:99-108

Ernst WR, Doe JK, Julien G, Hennigar P (1991) Toxicity to aquatic orga-
nisms of off-target deposition of endosulfan applied by aircraft. Envi-
ron Toxicol Chem 10:103-114

Ezemonye L, Tongo I (2010a) Acute toxic effects of endosulfan and
diazinon pesticides on adult amphibians (Bufo regularis). ] Environ
Chem Ecotoxicol 2:73-78

Ezemonye L, Tongo I (2010b) Sublethal effects of endosulfan and diazi-
non pesticides on glutathione-S-transferase (GST) in various tissues
of adult amphibians (Bufo regularis). Chemosphere 81:214-217

Ezemonye L, Ikpesu TO, Tongo I (2009) Distribution of endosulfan in
water, sediment and fish from Warri river, Niger delta, Nigeria. Afr
J Ecol 48:248-254

Finney DJ (1971) Probit analysis, vol 3. Cambridge University Press,
New York, p 668

Gopal K, Khanna RN, Anand M, Gupta GSD (1981) The acute toxicity
of endosulfan to freshwater organism. Toxicol Lett 7:453-456

Gosner KL (1960) A simplified table for staging anuran embryos and
larvae with notes on identification. Herpetetology 16:183-190

Greulich K, Pflugmacher S (2003) Differences in susceptibility of va-
rious life stages of amphibians to pesticide exposure. Aquat Toxicol
65:329-336

Harris ML (2000) Species- and age-related differences in susceptibility
to pesticide exposure for two amphibians, Rana pipiens, and Bufo
americanus. Bull Environ Contam Toxicol 64:263-270

Horat P, Semlitsch RD (1994) Effects of predation risk and hunger
on the behaviour of two species of tadpoles. Behav Ecol Sociobiol
34:393-401

Houlahan JE, Findlay CS (2003) The effects of adjacent land use on wet-
land amphibian species richness and community composition. Can J
Fish Aquat Sci 60:1078-1094

Houlahan JE, Findlay CS, Schmidt BR, Meyer AH, Kuzmin SL (2000)
Quantitative evidence for global amphibian population decline. Na-
ture 404:752-755

Hourdry J, Hermite A, Ferrand R (1996) Changes in the digestive tract
and feeding behavior of anuran amphibians during metamorphosis.
Physiol Zool 69:219-251

Jones DK, Hammond JI, Relyea RA (2009) Very highly toxic effects of
endosulfan across nine species of tadpole: lag effects and family level
selectivity. Environ Toxicol Chem 28:1939-1945

Jung RE, Jagoe CH (1995) Effects of low pH and aluminum on body size,
swimming performance, and susceptibility to predation of green frog
(Hyla cinerea) tadpoles. Can ] Zool 73:2171-2183

Kang HS, Gye MC, Kim MK (2008) Effects of endosulfan on survival
and development of Bombina orientalis (Boulenger) embryos. Bull
Environ Contam Toxicol 81:262-265

Kavitha P, Venkateswara Rao J (2008) Toxic effects of chlorpyrifos on
antioxidant enzymes and target enzyme acetylcholinesterase inte-
raction in mosquito fish, Gambusia affinis. Environ Toxicol Pharm
26:192-198

Mann RM, Hyne RV, Choung CB, Wilson SP (2009) Amphibians and
agricultural chemicals: review of the risks in a complex environment.
Environ Pollut 157:2903-2927

Noldus LPJJ, Spink AJ, Tegelenbosch RAJ (2001) EthoVision: a versa-
tile video tracking system for automation of behavioral experiments.
Behav Res Methods 33:398-414

Noldus LPJJ, Spink AJ, Tegelenbosch RAJ (2002) Computerised video
tracking, movement analysis and behaviour recognition in insects.
Comput Electron Agric 35:201-227

Peltzer PM, Lajmanovich RC, Sanchez-Hernandez JC, Cabagna MC,
Attademo AM, Basso A (2008) Effects of agricultural pond eutro-
phication on survival and health status of Scinax nasicus tadpoles.
Ecotoxicol Environ Saf 70:185-197

Pollet I, Bendell-Young LI (2000) Amphibians as indicators of wetland
quality in wetlands formed from oil sands effluent. Environ Toxicol
Chem 19:2589-2597

Rabiet M, Margoum C, Gouy V, Carluer N, Coquery M (2010) Asses-
sing pesticide concentrations and fluxes in the stream of a small
vineyard catchment—effect of sampling frequency. Environ Pollut
158:737-748

Rao JV, Begum G, Pallela R, Usman PK, Rao RN (2005) Changes in
behavior and brain acetylcholinesterase activity in mosquito fish,
Gambusia affinis in response to the sub-lethal exposure to chlorpyri-
fos. Int ] Environ Res Public Health 2:478-483

Relyea RA, Hoverman JT (2006) Assessing the ecology in ecotoxicology:
a review and synthesis in freshwater systems. Ecol Lett 9:1157-1171

Rohr JR, Elskus AA, Shepherd BS, Crowley PH, McCarthy TM, Nie-
dzwiecki JH et al (2003) Lethal and sublethal effects of atrazine, car-
baryl, endosulfan, and octylphenol on the streamside salamander,
Ambystoma barbouri. Environ Toxicol Chem 22:2385-2392

Semlitsch RD, Scott DE, Pechmann JHK (1988) Time and size at meta-
morphosis related to adult fitness in Ambystoma talpoideum. Eco-
logy 69:184-192

Smith DC (1987) Adult recruitment in chorus frogs: effects of size and
date at metamorphosis. Ecology 68:344-350

Sparling DW, Fellers GM (2009) Toxicity of two insecticides to Califor-
nia, USA, anurans and its relevance to declining amphibian popula-
tions. Environ Toxicol Chem 28:1696-1703

Srivastava N, Harit G, Srivastava R (2009) A study of physico-chemical
characteristics of lakes around Jaipur, India. ] Environ Biol 30:889-
894

Stanley KA, Curtis LR, Simonich SLM, Tanguay RL (2009) Endosulfan
I and endosulfan sulfate disrupts zebrafish embryonic development.
Aquat Toxicol 95:355-361

Taylor B, Skelly D, Demarchis LK, Slade MD, Galusha D, Rabinowitz
PM (2005) Proximity to pollution sources and risk of amphibian
limb malformation. Environ Health Perspect 113:1497-1501

United Nations (2011) Stockholm convention on persistent organic pol-
lutants. Adoption of an amendment to Annex A. UN, New York

United States Environmental Protection Agency (2010) Endosulfan:
2010 environmental fate and ecological risk assessment. USEPA,
Office of Chemical Safety and Pollution Prevention, US Government
Printing Office, Washington DC

Vardia HK, Rao PS, Durve VS (1984) Sensitivity of toad larvae to 2,4-D
and endosulfan pesticides. Arch Hydrobiol 100:395-400

Venturino A, Rosenbaum E, Caballero de Castro A (2003) Biomarkers
of effect in toads and frogs. Biomarkers 8:167-186

Winandy L, Denoél M (2011) The use of visual and automatized beha-
vioral markers to assess methodologies: a study case on PIT-tagging
in the alpine newt. Behav Res Methods 43:568-576

Received: 29 June 2012
Accepted: 24 September 2012
Published online: 13 October 2012



