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Abstract

Despite growing evidence of the detrimental effect of chemical substances on organisms, limited research
has focused on changes in behavioral patterns, in part due to the difficulties to obtain detailed quantitative
data. Recent developments in efficient computer-based video analyses have allowed testing pesticide effects
on model species such as the zebrafish. However, these new techniques have not yet been applied to amphi-
bians and directly to conservation issues, i.e., to assess toxicological risks on threatened species. We used
video-tracking analyses to test a quantitative effect of an environmental contaminant on the locomotion of
amphibian tadpoles (Rana temporaria) by taking into account cumulative effects. Because recent research has
demonstrated effects of de-icing salts on survival and community structure, we used sodium chloride in our
experimental design (25 replicates, 4 concentrations, 4 times) to test for an effect at the scale of behavior at
environmentally relevant concentrations. Analysis of 372 1-h video-tracks (5 samples/s) showed a complex
action of salts on behavioral patterns with a dose and cumulative response over time. Although no effects
were found on mortality or growth, the highest salt concentrations reduced the speed and movement of tad-
poles in comparison with control treatments. The reduced locomotor performance could have detrimental
consequences in terms of tadpoles’ responses to competition and predation and may be an indicator of the low
concentration effect of the contaminant. On one hand, this study demonstrates the usefulness of examining
behavior to address conservation issues and understand the complex action of environmental factors and,
more particularly, pollutants on organisms. On the other hand, our results highlight the need of new compu-
terized techniques to quantitatively analyze these patterns.

© 2010 Elsevier B.V. All rights reserved.
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tracking methods remain little used and have never
been applied to many taxa, such as amphibians.
Their use has also been restricted primarily to neu-

1. Introduction

Behavioral ecotoxicology is an emerging field that

aims to detect the effects of chemical substances
before vital and reproductive functions are altered
(Little and Finger, 1990; Brunelli et al., 2009). The
field initially employed qualitative assessments of
behavior, but now encompasses more quantitative
analyses (Bayley, 2002). Locomotor behavior is a
particularly suitable biomarker because it offers the
opportunity to develop broad generic test protocols
in most animal species (Bayley, 2002). Using grids
and timers along with direct observations or video
recordings permits the quantification of variables
such as movement activity (Laurila et al., 2006),
speed (Chen et al., 2009), space use (Saglio et al.,
2001) and olfactory acuities (Mandrillon and Saglio,
2007) of individuals under contrasting conditions.
The recent development of computer-based tools
is opening opportunities for a very efficient way
of quantitying behavioral patterns (Noldus et al.,
2002; Kanen et al., 2005; Eddins et al., 2010). Some
of these automatized procedures allow mapping the
position of individuals through time with high ac-
curacy and thus defining key features of their beha-
vioral patterns and performance. Because of their
recent development and high cost, these video-

rological studies or standard ecotoxicological tests
on model species such as the zebrafish or rodents,
but not integrated directly into applied ecology and
conservation. There is thus an open field of research
to link videotracked behavior to the risk of a pletho-
ra of chemical substances, which are released in
the natural environment (Carlile, 2006) and which
could affect species survival and reproduction with
major consequences in terms of decline, extinction,
and even shift in community structure (Walker et
al., 2006).

Road de-icers are used in temperate regions
worldwide when harsh climatic conditions affect
road traffic. In most cases, the active agent is sodium
chloride (Ramakrishna and Viraraghavan, 2005).

The yearly world production of salt is tremen-
dous: 189 Mtons, of which 10% is used for road
de-icing (Environment Canada, 2001). From roads,
salts can run off through a combination of aerosol
sprays, overland flow and groundwater infiltration
(Hautala et al., 1995; Blomqvist and Johansson,
1999; Marsalek, 2003; Karraker, 2008). This conta-
mination can affect wetlands where chloride can
accumulate, because of its high solubility, and
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reach values 100 times higher than in unimpacted
water bodies, with concentrations of up to 25% of
seawater (Godwin et al., 2003; Kaushal et al., 2005).

Although there is now much consideration of
amphibian declines (Stuart et al., 2004), among
which pollution by xenobiotics plays an important
role (Bridges and Semlitsch, 2005; Relyea, 2005), it
is only recently that emphasis has been placed on
the effects of sodium chloride on amphibians (see
review in Karraker, 2008). Because many amphibian
species breed in agricultural or stormwater ponds,
which are often located along or close to roads, they
are expected to come into contact with road de-icing
agents that are often applied just before their bree-
ding seasons (Karraker, 2008; Snodgrass et al., 2008).
Although sodium chloride is naturally present in
ecosystems, it is found at unnatural concentrations
in ponds because of road de-icing. However, des-
pite recent evidence that such agents can decrease
amphibian survival (Viertel, 1999; Dougherty and
Smith, 2006; Karraker et al., 2008), affect commu-
nities because of different resistance to salts among
species (Collins and Russell, 2009) and alter their
physiology (Hillyard et al., 2007) at environmental
concentrations, very few studies have focused on
the effect of salt at such concentrations yet, making
it difficult to develop a clear understanding of the
risks caused by road de-icing agents (Karraker,
2008). In particular, behavioral patterns have not
been examined, except for qualitative observations
suggesting aberrant movements in exposed tadpoles
(Sanzo and Hecnar, 2006; Collins and Russell, 2009).

The aim of this study was to model the concen-
tration-cumulative effects of sodium chloride on
behavioral patterns of tadpoles of a pond-breeding
amphibian species, Rana temporaria. Sodium chlo-
ride affects the nervous system, and the skin of
amphibians is particularly permeable to ions (Bou-
tilier et al., 1992; Hillyard et al., 2007). Thus, we
tested the hypothesis that environmental concen-
trations of salts would affect behavioral patterns.
Previous ecotoxicological research showed that lon-
ger-term chronic treatments of de-icing salts are
often needed to demonstrate effects on amphibians.
We therefore expected a stronger response after a
longer-than a shorter-term exposure. To quantita-
tively test these hypotheses, we used video-tracking
techniques for the first time in amphibian research.

2. Materials and methods

2.1. Field and laboratory procedures

We chose to study the common frogs (R. tempora-
ria) as a model species because it is often used in
laboratory experiments, it is widespread all over
Europe, and starts breeding immediately after the
cold yearly period (i.e., in winter in lowlands),
i.e., soon after the last applications of de-icing
salts and in places possibly affected by them, such
as in agricultural and stormwater ponds close to
roads. The common frog is an explosive bree-
der which lay its eggs as a globular mass in water.
The development of tadpoles takes a couple or a
few months, depending on external conditions
(Beebee and Griffiths, 2000; Jacob and Kinet, 2007).
Five egg clutches of common frogs were collected
fromapondatHasenell, Belgium (UTM:32U 0293800
- 5613500) in March 2007. We sampled a pond that
has never been in contact with deicing agents to
avoid possible biases due to adaptation. However,
Turtle (2000) showed that amphibians caught from
ponds exposed to salts had higher survivorship in
pondsless exposed to salts. The clutches were carried
to the laboratory in 6-1 containers (40-min drive).

In the laboratory, clutches were cleaned of detritus
and then placed in 31-1 aquaria (40 cm x 87 cm X 9
cm high). After hatching, 100 tadpoles (Gosner stage
26) (Duellman and Trueb, 1986) were randomly dis-
tributed into four treatments (i.e., 25 replicates for
each treatment): one control and 3 sodium chloride
concentrations (NaCl: 500, 1000, and 1500 mg/l,
corresponding to chloride concentrations of 300,
600, and 900 mg/l, respectively). These concentra-
tions are found in wetlands where values up to 5000
mg/l due to road runoffs have been reported (Envi-
ronment Canada, 2001). The closest published field
study to our study site reported chloride concen-
trations of up to 2600 mg/l, i.e., 4333 mg/l of NaCl
in ponds (Viertel, 1999). Each tadpole was kept
individually in circular aquaria (diameter: 18 cm)
filled with 2 1 of reconstituted soft water following
APHA (1985) recommendations: NaHCO3: 48 mg/I,
CaS0O4-:2H20: 30 mg/l, MgSO4-7H20: 61 mg/l, KCI:
2 mg/l. The position of the aquaria was randomized
on shelves. Water was changed every 15 days. Spi-
nach leaves (1 cm2/tadpole) were given ad libitum.
Photoperiod followed the natural cycle of the cap-
ture place, starting at 12 h light:12 h dark and en-
ding at 15 h light:9 h dark at the end of the experi-
ment (30-min increments of the day phase every 15
days). Room temperature was maintained at 16 °C.

2.2. Behavioral and statistical tests

Every 2 weeks over the 2-month study period (4
time replicates), tadpoles were transferred indi-
vidually into observation aquaria identical to the
maintenance ones, but filled with 0.5 1 of recons-
tituted water. The aquariums were video-re-
corded, from above the water surface for 1 h. Video
streaming data were automatically processed by
video-tracking software (Ethovision 3.1, Noldus
Information Technology, The Netherlands), which
transforms tadpoles into pixels in the digitalized
arena (i.e., the circular aquaria), and then gives
the positions of tadpoles at defined times (every
0.2 s in our set-up) (Noldus et al., 2002). From
these spatial coordinates, two behavioral variables
were calculated: mean speed during movement
and total distance moved. In total, 400 tracks
(i.e., lines of connections between individual po-
sitions) and about seven million positions were
obtained. After each session, the sizes of tadpoles
(placed in Petri boxes filled with water) were mea-
sured under a stereoscopic microscope (accuracy:
0.5 mm). One of the 100 tadpoles died during the
measurements and was consequently not included
in our analyses. Only six other tadpoles died du-
ring the entire experiment (three in the control and
three in the salt treat-ments), which permitted us
to include 372 tracks for the behavioral analyses.
We used mixed models to evaluate the effects of
NaCl concentration on behavioral parameters (mean
speed, total distance moved), including concentra-
tion as a fixed factor and body size as a covariate.
Clutch of origin was a random factor, to take into
account potential differences in genetic parental ef-
fects or non-genetic maternal effects (Ficetola and
De Bernardi, 2009). Behavioral parameters of each
individual were measured on four different occa-
sions. To build global models, evaluating the overall
performance of individuals across the four measure-
ments, we included individual identity (nested wit-
hin concentration and clutch of origin) as a random
factor, time of observation as a fixed factor, and the
interaction between time of observation and NaCl
concentration (Venables and Ripley, 2002). The glo-
bal models, built considering the four observations,
were followed by post hoc models to evaluate how
NaCl affects behavior at the different time intervals.



Tukey’s HSD tests were used to assess differences
between pairwise NaCl concentrations (Hothorn et
al., 2008). Due to the deaths of a few individuals,
sample size was not identical among treatments,
therefore degrees of freedom were approximated
using Satterwaite’s (1946) rule. The residuals of
models were normally distributed (Kolmogorov-
Smirnov test, all P > 0.05). We used generalized
linear mixed models with binomial error distribu-
tion to evaluate the effect of concentration on tad-
pole mortality, including clutch of origin as random
factor (Bates and Maechler, 2009). We performed
analyses in SPSS 17 and R 2.9 (www.r-project.org).

3. Results

Tadpoles moved an average distance of 44 m (SE:
0.9) at a speed of 1.7 cm/s (SE: 0.03). Time of ob-
servation (i.e., the number of days after the start
of the experiment) had a significant effect on both
distance and speed, indicating a change in behavio-
ral patterns during development (Table 1). Further-
more, the interaction between NaCl concentration
and time of observation had a significant effect on
both behavioral parameters, which indicates that
its effect varied during the repeated trials at 14-
day intervals (Table 1), and that behavior changed
with time differently between high and low con-
centration treatments (Fig. 1). Post hoc models
showed that NaCl concentration had a significant
negative effect on distance after 56 days of exposure
(Table 2): controls moved significantly longer dis-
tances than the 1000 mg/l treatment (Tukey’s test,
P =0.015) and the 1500 mg/l treatment (P = 0.034)
(Fig. la). Furthermore, NaCl concentration had a
significant effect on speed after 42 and 56 days of
exposure (Table 2). After 42 days, controls moved
significantly faster than the 1500 mg/l treatment
(P = 0.043; Fig. 1b). After 56 days, controls moved
significantly faster than the 1000 mg/Il treatment (P
= 0.034). The difference between controls and the
1500 mg/l treatment was close to significance (P =
0.070; Fig. 1b). In the control treatment, tadpoles
showed a steady increase in the distances moved
and speed of movements through time, from an ave-
rage of 41.9 m at 1.6 cm/s to 52.4 m at 2 cm/s. The
trend was the converse in the high concentration
NaCl. In the 1500 mg/l treatment, tadpoles moved
from an average of 44.7 m at 1.7 cm/s to 39.3 m at
1.6 cm/s (Table 1; Fig. 1).

Growth was highest during the first 28 days of
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Fig. 1. Distance (A) and speed (B) of tadpoles as a func-
tion of NaCl concentration over time (mean + SE values

based on 1-h tracks, n = 372). See Tables 1 and 2 for sta-
tistical results.

the larval stage (mean + SE = 0.03 + 0.0009 cm/
day), but decreased considerably afterwards (days
28-56: 0.006 = 0.0005 cm/day). Growth rate from
the beginning to the end of the experiment was si-
milar among the different treatments (mixed model,

Table 1. Mixed model evaluating the effect of NaCl, time and tadpole size on behavioural

patterns.
Distance moved Speed
F d.f. P F d.f. P
Factors
Time 4.892 3,266 0.003 4.993 3,266 0.002
NaCl 2.04 3,89.3 0.114 2.272 3,89-5 0.086
NaCl*Time 2.695 9,266 0.005 1.980 9,266 0.042
Covariate
Size 9.250 1,266 0.003 11.082 1,266 0.001
Random factors
Individual 5.123 85,266 <0.0001 4.924 85,266 <0.0001
Clutch 1.356 4,85.9 0.256 1.949 4,85-9 0.110

Significant values are highlighted in bold.
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Fig. 2. Relative effect of size and NaCl concentration on behavioral patterns: distance and speed
(mean + SE values based on 1-h tracks, n = 372). See Tables 1 and 2 for statistical results.

F,o = 1.74, P = 0.166; clutch of origin as random
factor: F, .. = 0.47, P = 0.759; Fig. 3a). Survival was
>88% in aff treatments; mortality did not increase at

increasing NaCl concentrations (generalized linear

mixed model, P > 0.9) (Fig. 3b). Size had an ove-
rall significant effect on behavioral pat-terns: in all
treatments, the larger tadpoles moved farther and
faster (Table 1; Fig. 2).
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4. Discussion

About one decade ago, it was recognised that beha-
vioral studies can be extremely important compo-
nents of conservation biology (Sutherland, 1998).
However, the integration of behavioral and conser-
vation studies has remained limited since then
(Caro, 2007). The use of new analytical tools and
technological developments can help to better in-
tegrate behavioral and conservation science, and
can easily be applied to less-studied taxa such as
amphibians, reptiles, and insects (Ficetola et al.,,
2010). Behavioral ecotoxicology of organisms such
as invertebrates, fish and amphibians is filling this
gap in providing standardized tests to quantify the
effects of pollutants on locomotor patterns (Saglio
et al., 2001; Bayley, 2002; Mandrillon, 2007). Howe-
ver, video-tracking techniques, although used in a
variety of behavioral studies, including on standard
ecotoxicological tests of model species, such as the
zebrafish (Eddins et al., 2010), are still not directly
used in the field of conserva-tion, and have never
been applied to amphibians. Here, we applied newly
developed video analysis software to the field of
behavioral ecotoxicology for the study of a locally
declining amphibian. We obtained quantitative sup-
port for negative effects of a pollutant on amphibian
behavior despite the fact that the usual life-history
traits (survival and growth) used to measure the im-
pact of pollutants did not show any changes.

We found that road de-icing salt negatively af-
fects the behavior of common frogs, but we did not
detect an effect on survival or growth. This finding
emphasizes the point that some impacts of pollu-
tants on amphibians may be subtle and may not
be detected by the most commonly measured res-
ponses (Birdsall et al., 1986). The analysis of video-
tracked data showed that sodium chloride impairs
locomotor patterns. At high salt concentrations,
tadpoles moved at slower speed and on shorter dis-
tances than at low concentrations. Recent research
has shown various effects of de-icing agents, par-
ticularly sodium chloride, on amphibian traits (for
a review, see Karraker, 2008). Several species exhi-
bited decreases in survival or changes in life-his-
tory traits, and in addition to their altered growth
(Dougherty and Smith, 2006; Karraker et al., 2008),
behavior was reported to be affected (Sanzo and
Hecnar, 2006; Collins and Russell, 2009). The effect
of salt on amphibians is species-specific as some
coastal species are naturally adapted and tolerant to
brackish and even saline environments, whereas the
majority of amphibians are more continental and
only adapted to freshwaters (Wells, 2007). In terms
of growth and survival, tadpoles of the common
frog, a typical freshwater species, is tolerant of the
tested salt con-centrations as no effects on growth
or survival were observed in our study. Similar re-
sults were found on the survival of the embryonic
and tadpole stages of another inland ranid species,

Rana (Lithobates) clamitans (Karraker, 2007). In
contrast, Viertel (1999) in a study on R. temporaria
embryos, and other authors (Dougherty and Smith,
2006; Sanzo and Hecnar, 2006) on the tadpoles of
other species, reported mortality at salinity within
our range of tested values. This indicates that beha-
vior may have been more affected if eggs rather tad-
poles were contaminated. These differences among
studies show the importance of using multiple life-
history stages in ecotoxicological studies (Karraker
et al., 2008), and the importance of targeting re-
search directly on threatened and declining species
rather than on laboratory models (Caro et al., 2005).

Although not globally threatened with extinc-
tion (Kuzmin et al., 2009), common frogs are lo-
cally declining because of a large number of fac-
tors (Beebee, 1996; Mandrillon, 2007; Piha et al.,
2007; Elzanowski et al., 2009). As they experience
salt concentrations in their ponds similar to those
tested in the present study (Viertel, 1999; Kaushal
et al., 2005), their lower performance might affect
fitness. It is too premature to conclude on the exact
impact of such alteration, but our experiment proves
a sublethal effect: tadpoles exposed to de-icing salt
had a slower speed and moved shorter distances
than those in controls. In amphibians, low locomo-
tor per-formance has been associated a decreased
probability of escaping predators and may also limit
foraging capabilities (Watkins, 1996; Teplitsky et
al., 2005). However, a reduced activity may reduce
detection by predators (Van Buskirk, 2001), but as
wild control tadpoles are more active and swim fas-

Table 2. Post-hoc models: effect of NaCl and size at each
study period (time).

Do v
Time (Day) Factor df. F P F P
14 NaCl 384 0.169 0917 0209  0.890
Size 1,84 3.470 0.066 2385 0.126
Clutch 4,84 0.822 0515 1392 0244
28 NaCl 3,84 1772 0.159 1688 0.176
Size 1,84 10.923 0.001 15.942  0.0001
Clutch 4,84 1201 0317 1503 0.209
o NaCl 3,84 2085 0.108 2850  0.042
Size 1,84 0.860 0.356 1255 0.266
Clutch 4,84 0717 0.582 1100 0362
56 NaCl 3,84 3943 0011 3140 0.030
Size 1,84 4.283 0.042 6823 0011
Clutch 4,84 1.147 0.340 1323 0.268

Significant values are highlighted in bold.



ter, we may hypothesize that higher activity is adap-
tive. Further experimental work and mesocosm stu-
dies are particularly needed to understand in-depth
the complex links between behavior and individual
fitness in contaminated environments (Bayley, 2002).

Cumulative effects of contaminants are a well known
process highlighting the need of longer-term expe-
riments (Brunelli et al., 2009). Our analysis showed
that effects on behavior can only been seen after
long contamination exposures, as we observed ef-
fects only after more than 1 month of exposure. The
natural developmental period of common frog tad-
poles is longer than this period and starts usually at
the end of the winter season (Beebee and Griffiths,
2000), i.e., during or shortly after the application of
salts on the road (Karraker, 2008).

The data obtained by video-tracking
software can give a tremendous amount of detai-
led spatial data, which allows one to compute clear
patterns of locomotor behaviors such as distance
and speed (Noldus et al., 2002; Eddins et al., 2010).
This approach has advantages over standard visual
methods in that it very accurately determines the
positions of organisms and is able to process a large
amount of data in a relatively short time period. For
instance, the present study allowed us to investigate
a large number of tadpoles at the same time (about
100 individuals video-recorded during 1 h in only
2 days of experiments for each time period). Quan-
titative ethology is thus a valuable tool to assess
conservation concerns when other techniques can-
not detect detrimental effects.
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