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A B S T R A C T   

Environmental contamination is one of the major causes of biodiversity loss. Wetlands are particularly suscep-
tible to contamination and species inhabiting these habitats are subjected to pollutants during sensitive phases of 
their development. In this study, tadpoles of a widespread amphibian, the spined toad (Bufo spinosus), were 
exposed to environmental concentrations of nicosulfuron (0 μg/L; 0.15 ± 0.05 μg/L and 0.83 ± 0.04 μg/L), a 
sulfonylurea herbicide, during different phases of development. Tadpoles were exposed during embryonic (12.98 
± 0.90 days) or larval development (93.74± 0.85 days), or throughout both phases, and we quantified devel-
opment duration, morphological traits and behavioural features as responses to exposure. Developing tadpoles 
exposed to nicosulfuron were larger, but with smaller body, and had shorter but wider tail muscles. They were 
also more active and swam faster than control tadpoles and showed diverging patterns of behavioural 
complexity. We showed that higher concentrations had greater effects on individuals than lower concentrations, 
but the timing of nicosulfuron exposure did not influence the metrics studied: Exposure to nicosulfuron triggered 
similar effects irrespective of the developmental stages at which exposure occurred. These results further indicate 
that transient exposure (e.g., during embryonic development) can induce long-lasting effects throughout larval 
development to metamorphosis. Our study confirms that contaminants at environmental concentrations can have 
strong consequences on non-target organisms. Our results emphasize the need for regulation agencies and policy 
makers to consider sublethal concentrations of sulfonulyrea herbicides, such as nicosulfuron, as a minimum 
threshold in their recommendations.   

1. Introduction 

Environmental contamination is now recognized as a major threat to 
biodiversity (Bernhardt et al., 2017; Kendall et al., 2016). Although the 
sources and compounds involved in environmental contamination are 
diverse (Prakash et al., 2018), modern agricultural activities induce the 
use of various agrochemicals (Lushchak et al., 2018) and are thus 
responsible for the spread of these compounds in the environment 
(Vitousek et al., 1997). For instance, compounds that aim to protect 
crops from insect pests, fungi or weeds (i.e., pesticides) are widely used 
(Prakash et al., 2018), but can enter non-target environments (Backhaus 
et al., 2012; Battaglin et al., 2014) where they can negatively affect 
non-target species (Hasenbein et al., 2017; Thiour-Mauprivez et al., 

2019; Ware, 1980). 
The effects of pesticides on wildlife are being increasingly docu-

mented but most studies focus on legacy pesticides that have been used 
for decades (e.g., glyphosate, Annett et al. 2014; Gill et al. 2018), some 
of which are now banned because of their infamous effects on wildlife 
and human health (e.g., DDT, neonicotinoids, atrazine, Lee-Jenkins and 
Robinson 2018; Lenkowski et al. 2010). Novel replacement compounds 
are regularly being developed and used, both to counteract adaptive 
resistance of pests to existing compounds and in response to growing 
societal concerns (Bell, 2018; Deblonde et al., 2011; Kendall et al., 
2016). Yet, in most cases, these “emerging” pesticides (sensu Deblonde 
et al. 2011) are lacking regulatory status and/or detailed assessments of 
their effects on wildlife and human health (Bunke et al., 2019; Geissen 
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et al., 2015). 
Amongst the various new pesticides that are regularly employed, the 

use of sulfonylurea herbicides has increased greatly (de Lafontaine et al., 
2014; Food and Agriculture Organization, 2018). This group of herbi-
cides is used to control weeds in various crops, including wheat, oat, 
soybean and maize. Despite their increasing importance in agriculture 
(de Lafontaine et al., 2014), detailed studies on their potential effects on 
non-target species at environmental concentrations are comparatively 
scarce. Although sulfonylurea herbicides are usually considered to 
display low toxicity to non-target species (Centers for Disease Control 
and Prevention, 2017; Kamrin, 1997), there is growing evidence for 
their potential role in inducing abnormal development, teratogenic ef-
fects, biochemical disruptions and behavioural alterations in various 
organisms (Cheron et al., 2022; Park et al., 2020; Pretto et al., 2011; 
Saglio et al., 2001). 

Toxicology studies employ metrics, such as median lethal doses 
(LD50), to assess the short-term toxicity of agrochemicals and are 
traditionally used by regulation agencies and policy makers to deter-
mine standards of use (i.e., Predicted no-effect concentration, EFSA 
2007 and/or tolerances for residues in food Hotchkiss 1992). Yet, 
deleterious effects of pesticides on wildlife and human health occur at 
low concentrations through subtle dysregulations of developmental and 
physiological mechanisms (i.e., sublethal effects, Beiras 2018). Such 
sublethal effects often occur at environmental concentrations that are 
usually much lower than the concentrations tested in acute lethality 
tests (Hasenbein et al., 2017). These sublethal effects can arise via a 
wide range of mechanisms, such as genotoxicity (Guilherme et al., 2014, 
2010), endocrine disruption (Vandenberg et al., 2012), cellular damage 
(Lushchak, 2016; Pašková et al., 2011), altered development (Baker 
et al., 2013; Burraco and Gomez-Mestre, 2016), morphological change 
(Baier et al., 2016; Cheron and Brischoux, 2020; Da Silva et al., 2020; 
Rutkoski et al., 2020) or behaviour modification (Browne and Moore, 
2014; Brunelli et al., 2009; Zhang et al., 2020); all of which can ulti-
mately influence population viability (Hamilton et al., 2016). 

Amongst the various sublethal effects, alterations of behaviour are 
ecologically relevant indicators of physiological stress (Ford et al., 2021; 
Scott and Sloman, 2004). Importantly, behavioural changes linked to 
agrochemical exposure can be useful indicators insofar as they provide 
earlier warnings than standard test methods (Scott and Sloman, 2004). 
In this context, nicosulfuron, a sulfonylurea herbicides, have been 
shown to disrupt acetylcholinesterase (AChE) activity and oxidative 
status markers in fish, which in turn affected their behavioural responses 
(Bretaud et al., 2000; Saglio et al., 2001). 

Amphibians are well suited to assess sublethal effects of environ-
mental contamination (DeGarady and Halbrook, 2006; Sansiñena et al., 
2018), as they are particularly sensitive to environmental contamination 
given their complex biphasic life cycle. In most species, adults are 
relatively terrestrial but reproduction occurs in aquatic environments 
where sensitive early-life stages (embryos and larvae) develop. In 
temperate areas, the timing of reproduction in aquatic environments 
coincides with agrochemical application (Berger et al., 2013). Although 
contaminants transferred to ponds can be subjected to photolysis and 
hydrolysis, photodegradation in water is relatively slow (Fenoll et al., 
2012). Taking into account the effects of environmental contamination 
on aquatic stages is especially relevant as environmental conditions 
(including contamination) experienced during early-life stages can in-
fluence fitness later in life (Greulich and Pflugmacher, 2003; Knutie 
et al., 2017). Finally, contaminants can diffuse though phospholipids 
bilayer membranes protecting the amphibians eggs (Vitt and Caldwell, 
2014), which might leads to direct exposure (Kamp et al., 2003) and 
nicosulfuron has been shown to lead to alterations of the embryonic 
development in amphibians (Cheron et al., 2022). 

Here, we aimed to assess sublethal effects of a scarcely studied sul-
fonylurea herbicide, nicosulfuron, on the development of a widespread 
anuran known to inhabit agricultural landscapes (Bufo spinosus). Typi-
cally, sulfonylurea herbicides are sprayed in the spring (postemergence) 

at low concentrations. As a consequence, reproducing (adults) and 
developing (embryos, tadpoles) amphibians are likely to be exposed to 
these herbicides in agricultural areas (Berger et al., 2018). In water 
bodies located near agricultural areas, nicosulfuron has a dissipation 
half-life of 75 days in the water column (Cessna et al., 2015). Nic-
osulfuron has been detected in surface waters in Europe (data from 
Agences de l’Eau) and North America (Battaglin et al., 2009, 2000; de 
Lafontaine et al., 2014) yet only few studies determined the potential 
effects on wildlife. Nicosulfuron concentrations in surface waters in 
France range from 0.005 μg/L to 10.702 μg/Lwith an average of 0.054 
μg/L (data from the Loire Bretagne Water Agency and the 
Adour-Garonne Water Agency). Hence, we exposed eggs and tadpoles to 
nicosulfuron at environmental concentrations during different phases of 
their development (embryonic development only, larval development 
only or throughout the whole developmental period). This approach 
allowed to test not only for the effects of exposure to nicosulfuron but 
also the relative susceptibility of different developmental phases (em-
bryonic versus larval). We assessed developmental alterations using 
relevant morphological (body size and shape), developmental (duration 
of developmental stages) and behavioural traits (Cheron et al., 2021). 
We predicted that (i) tadpoles exposed at the embryonic stage would 
show altered development throughout ontogeny that would last until 
metamorphosis. Indeed, nicosulfuron is known to alter embryonic 
development through perturbation of oxidative status and teratogenic 
effects (Cheron et al., 2022). Moreover, we predicted that (ii) exposure 
would lead to behavioural alterations such as increased activity due to 
erratic swimming, as has been shown previously in goldfish exposed to 
this herbicide (Saglio et al., 2001). 

2. Materials and methods 

2.1. Experimental setup 

We collected freshly laid egg spawn of Bufo spinosus (N = 10) from a 
pond near the study site (Centre d’Etudes Biologiques de Chizé, France) 
in February 2019. We randomly selected 3 segments of 30 eggs (i.e. 90/3 
treatments, see below) from each clutch and kept them for the experi-
ment. We released the remaining eggs at the pond of capture. Experi-
mental setup is shown in Fig. 1. 

We assigned each segment of eggs to an experimental condition until 
hatching occurred and placed them in 2 L aquaria filled with dechlori-
nated tap water. One segment was clear from contamination (Control, 0 
μg/L) one segment was exposed to low concentrations of nicosulfuron 
(0.15 ± 0.05 μg/L) and the remaining segment was exposed to high 
concentrations of nicosulfuron (0.83 ± 0.04 μg/L). This step is referred 
to as "Embryonic exposure" hereafter. We used Gosner (1960) to assess 
the stage of development. Hatching occurred at Gosner stage 22 (here-
after GS 22) after 12.98 ± 0.90 days and mean hatchling total length 
was 0.77 cm. 

Upon hatching, individuals of each segment were re-allocated to new 
experimental groups. Each tadpole was maintained individually in their 
aquarium. This design allowed to monitor the development of each 
tadpole individually and to repeatedly assess morphology and behaviour 
for each individual during the whole larval development. Several studies 
have shown that maintaining the tadpoles individually in aquaria does 
not impose undue stress (Bókony et al., 2021) and represents the best 
method available for individual monitoring while avoiding density ef-
fects on development (Melvin and Houlahan, 2014). For each clutch, six 
individuals from the initial control groups were randomly selected and 
individually placed in a 2 L glass tank. Two remained in control con-
ditions (no contaminant), two were assigned to low contamination, and 
two were allocated to high contamination until the end of the devel-
opment (metamorphosis). 

We followed the same procedures for the individuals that were 
initially under low and high concentration treatments, but we randomly 
selected four tadpoles from each clutch and reallocated them as follow: 
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two tadpoles were assigned to control conditions and the remaining two 
individuals were maintained in their initial conditions (either low or 
high concentrations,). We released the remaining tadpoles in the pond of 
capture. Hence, in each experimental group had 20 tadpoles (2 tadpoles 
from 10 different clutches). 

We performed the experiment in a thermally controlled room (17 ◦C, 
both air and water) with photoperiod set in a 12:12 h cycle using LEDs 
placed evenly across the room. We changed water once a week and 
renewed nicosulfuron concentrations within the aquaria. We fed the 
tadpoles with ad libitum organic spinach. 

2.2. Treatment solutions 

Stock solutions (0.1 g/L) of nicosulfuron were obtained by dissolving 
pure commercial crystalline powder (PESTANAL, Sigma-Aldrich) in 
dechlorinated tap water. These stock solutions were further diluted with 
dechlorinated tap water to reach each of the targeted concentrations 
(Control : 0 μg/L; Low : 0.15 ± 0.05 μg/L; High : 0.83 ± 0.04 μg/L) that 
were selected according to environmental concentrations (see Cheron 
et al., 2022). Analytical verifications followed Cheron et al. (2022). 

For clarity, we refer to the treatments as “Control”, “Low” and “High” 
hereafter. A posteriori investigation confirmed that these concentrations 
were actually sublethal, as we did not observe differences in survival 
rates between treatments (χ2=1.7, df=6, p = 0.9). 

2.3. Measurements 

To classify morphological and behavioural traits, we selected Gosner 
stages 25, 30, 37, 41 and 42 (hereafter GS 25, GS 30, GS 37, GS 41 and 
GS 42) as a previous study found significant changes in activity, loco-
motion and behaviour at these stages (Cheron et al., 2021). 

We put each tadpole in a petri dish placed above graph paper with 
the water from its own tank and took pictures using a fixed camera 
placed above the petri dish. Using the software ImageJ (Schneider et al., 
2012), we measured for each stage: total length (from the tip of the snout 
to the tip of the tail), body length, width and height, tail length and 
height, tail muscle length and height (at the base of the tail, Fig. S1) 
following Watters et al. (2016). We did not anaesthetise tadpoles to take 

pictures as they reached immobility rapidly. 
Upon metamorphosis, we weighed and photographed toadlets to 

measure their snout-vent length (SVL). We used residuals of linear 
regression between SVL and weight to calculate a body-condition index 
(BCI). 

2.4. Activity and locomotion 

Behavioural trials were measured following Cheron et al. (2021). 
Briefly, we placed tadpoles placed in a Petri dish (diameter 13.5 cm, 
water level 1.5 cm) at each Gosner stages of interest. Following 15 min 
of acclimation (Dayton et al., 2005), we recorded their behaviour during 
30 min with a camera (GoPro HERO (2018), �GoPro, Inc., San Mateo, 
CA, USA) placed above the arena. We analysed the videos with the 
software ToxTrac (Rodriguez et al., 2018), which provided X and Y 
calibrated coordinates of the tadpoles within the petri dish for each 
frame. Based on these successive locations, we assessed the following 
variables: number of activity bouts, total duration of activity, total dis-
tance travelled, mean and maximum swimming speeds (mm/s). We 
analysed the behavioural data using blinded methods to avoid ob-
server’s bias. Further details can be found in Cheron et al. (2021). 

2.5. Behavioural complexity 

Temporal complexity of tadpole activity sequences were assessed 
using Detrended Fluctuation Analysis (DFA, Peng et al. 1995, 1994), 
adapted to amphibian larvae following Cheron et al. (2021). DFA allows 
to assess behaviour from stochastic (uncorrelated) to deterministic 
(long-range autocorrelated) across measurement scales (see MacIntosh 
2014). 

The degree of complexity depends on both individual (Alados et al., 
1996; Cottin et al., 2014; MacIntosh et al., 2011) and environmental 
conditions (MacIntosh et al., 2011; Meyer et al., 2017). Briefly, we 
extracted bouts of activity and inactivity that were transformed into a 
time series (− 1 for inactivity and 1 for activity). Time series were then 
integrated (through cumulative summation) to calculate average fluc-
tuation across a range of increasing time-window sizes, allowing 
calculation of the scaling exponent for each sequence (αDFA). The 

Fig. 1. Experimental design used to study the effects of timing of exposure and concentration of nicosulfuron on Bufo spinosus tadpoles.  
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package ‘fractal’ (Constantine and Percival, 2014) in R statistical soft-
ware v.4.0.0 (R Core Team, 2020) was used to calculate αDFA . Thor-
ough details of this analytical approach applied to animal behaviour 
(DFA calculation, validation of scaling, relationship to other fractal 
dimension estimates and illustrations) can be found in MacIntosh et al. 
(2013) and Burgunder et al. (2018). Further details on the calculation 

procedures and validation of this approach in tadpoles can be found in 
Cheron et al. (2021). 

2.6. Statistical analyses 

We conducted all statistical analyses with R statistical software 

Fig. 2. Total length (cm; A), Body length 
(cm; B), Tail length (cm; C), Body width 
(cm; D), Body height (cm; E), Tail height 
(cm; F), Tail muscle length (cm; I) and Tail 
muscle height (cm; J) relative to Gosner 
developmental stages in Bufo spinosus tad-
poles. Data represent mean ± SE. Intervals 
between Gosner developmental stages 
were calculated using the mean number of 
days between two Gosner stages for all 
individuals. Colors represent different 
concentrations (i.e., Control = light blue, 
Low= blue, High= dark blue). Because 
timing of exposure did not significantly 
affect these results (see results), they were 
pooled together. N (Control)=12–18, N 
(Low)=48–58, N (High)=45–57.   
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v.4.0.0 (R Core Team, 2020) and RStudio v 1.2.5042 (RStudio, Inc.). We 
used Barlett’s tests, Shapiro-Wilks tests and diagnostic plots to ensure 
that all models met the assumptions of homoscedastic and that residuals 
followed normal distribution. Overall, we used clutch identity as 
random factor as it always significantly influenced measured parameters 
(all p < 0.001). We nested tadpole identity in their respective clutch as 
we monitored the same individuals throughout development. 

For each feature, we built a full model (LMER for gaussian data, 
GLMER for non-gaussian data) with the interaction between "Concen-
tration", "Exposure" and "Stage". "Concentration” represented the con-
centration to which tadpoles were exposed, either Control, Low or High 
(Fig. 1). "Exposure" represented the timing of exposure, either embry-
onic, larval or throughout development (Fig. 1). "Stage" represented 
each studied stage, GS25, GS30, GS37, GS41 or GS42 (Cheron et al., 
2021). In all cases, the model was "Variable~ Concen-
tration*Exposure*Stage+ (1|Clutch/id)". We performed stepwise 
regression using the "stats" packages to choose the best model by AIC for 
each feature. When all predictors were selected, we fitted either a linear 
mixed model or a generalized mixed model. 

We measured the magnitude of the main effect using partial η2 

(eta_squared function, rstatix package; Alboukadel Kassambara, 2021). 
Effect sizes were considered negligible when η2 : <0.01, small when η2 

between 0.01 and 0.06, medium when η2 between 0.06 and 0.14 and 
large when η2>0.14 as suggested by Cohen (2013). 

First, we fitted LMER models to analyse differences in morphological 
traits using stepwise regression (package "lme4", Bates et al., 2015). We 
included morphological traits as dependant variables and predictors 
variables same as above. We used pairwise post-hoc tukey’s tests 
("multicomp" package) to investigate difference between groups. 

Second, we fitted LMER to analyse differences in behavioural traits 
(i.e., total activity time, total distance, swimming speed (maximum, 
mean, relative), number of activity bouts and scaling component (αDFA) 
across development stages. 

Finally, we used Pearson correlation (cor.test function in the corr. 
plot package Wei and Simko 2017) to investigate whether behavioural 
traits were correlated (Table S1). Because ToxTrac did not successfully 
detect some individuals, we retained in our analyses only the individuals 
for which we recorded 30 consecutive minutes of behavioural se-
quences. Mean ± SE and N at each treatment and Gosner stage can be 
found in Table S2 (Supplementary materials). 

3. Results 

3.1. Effect of nicosulfuron on developmental traits 

Developmental stage was always a significant determinant of the 
variables we analysed (all p<0.001, Table S3). We did not find any effect 
of nicosulfuron on development duration, neither across the entire 
development period (F6, 72=1.12, p = 0.358) nor during each stage 
(F6,72=0.568, p = 0.841). 

However, concentrations of nicosulfuron did influence the total 
length of tadpoles, both directly (ηp

2=0.03, F(2, 420)=7.661, p<0.001) 
and through an interaction with stage (ηp

2=0.05, F(6, 353)=2.951, p =
0.008, Fig. 2). Significant differences were found only at stage GS42, 
with individuals exposed to high concentrations being longer than those 
exposed to low concentrations (0.140 ± 0.036, p<0.001). 

Concentration of nicosulfuron significantly influenced body length of 
tadpoles, both directly (ηp

2=0.04, F(2, 431)=5.715, p = 0.004) and 
through an interaction with stage (ηp

2=0.04, F(6, 343)=2.470, p = 0.024, 
Fig. 2). Differences were found only at stage GS42, with Control in-
dividuals having marginally longer bodies than those exposed to Low 
concentrations (0.051 ± 0.022, p = 0.058) and individuals exposed to 
High concentrations having significantly longer bodies than those 
exposed to Low concentrations (0.045 ± 0.014, p = 0.005). 

Nicosulfuron concentration significantly influenced tail muscle 
length, again both directly (ηp

2=0.03, F(2, 424)=3.407, p = 0.034) and 

through an interaction with stage (ηp
2=0.06, F(6, 335)=2.217, p = 0.041, 

Fig. 2). Differences were found only at stage GS42, where Control tad-
poles had longer tail muscles than those exposed to Low concentrations 
(0.173 ± 0.051, p = 0.002) and tadpoles exposed to High concentrations 
had significantly longer tail muscles than those exposed to Low con-
centrations (0.133±0.032, p<0.001). 

Nicosulfuron concentration influenced tail muscle height. However, 
in this case there was no significant main effect of Concentration 
(ηp

2=0.02), only a significant interaction between Concentration and 
stage (ηp

2=0.04, F(6, 341)=2.437, p = 0.025, Fig. 2). We found differences 
at GS30, where Low tadpoles had marginally shorter tail muscle that 
those of the Control (− 0.082 ± 0.013, p = 0.071) and the High groups 
(− 0.019 ± 0.001, p = 0.080). At GS37, Control tadpoles had wider tail 
muscle than Low tadpoles (− 0.037 ± 0.013, p = 0.014). At GS42, 
Control tadpoles had longer tail muscle than those exposed to Low (p =
0.002) and High (p<0.001) concentrations. 

All other morphological traits of tadpoles (tail length and height, 
body width and height) were not influenced by treatment or exposure, 
but by developmental stages only (Table S3). 

Finally, we found a marginal effect of nicosulfuron concentrations on 
body mass (η2 = 0.08, F(2, 74)=3.07, p = 0.052) and body condition of 
metamorphic individuals (η2 = 0.06, F(2, 74)=2.545, p = 0.082, Fig. 3), 
but not on body size (SVL, F(2, 74)=0.645, p = 0.424). For body mass, 
metamorphic individuals from the High group were heavier than those 
exposed to Low concentrations (0.015 ± 0.01, p = 0.042). The inter-
action between Exposure and Concentration was not significant for body 
mass, SVL or body condition (Table S3). 

3.2. Effect of nicosulfuron on behavioural traits 

We did not find any relationship between total activity time and 
exposure. However, concentrations of nicosulfuron did significantly 
influence total activity time of tadpoles (F(2, 133)=5.28, p = 0.006, 
ηp

2=0.08). The interaction between concentration and stage was only 
marginally significant (F(6, 354)=2.121, p = 0.050, ηp

2=0.03, Fig. 4). At 
GS37, we found that High tadpoles had higher activity time than in-
dividuals exposed to Low concentrations (107.1 ± 37.6, p = 0.013). At 
GS41, Control tadpoles had lower activity time than tadpoles exposed to 
High concentration (− 156.8 ± 59.3, p = 0.023). 

Fig. 3. Body mass (g) of metamorphic individuals of Bufo spinosus between 
Nicosulfuron treatment (Timing of exposure or concentration). Data represent 
mean ± SE. Colors represent different concentrations (i.e., Control = light blue, 
Low= blue, High= dark blue). N (Control)=7, N (Embryo-Low)=10, N (Em-
bryo-High)=15, N (Larval-Low)=14, N (Larval-High)=11, N (Continuous- 
Low)=13, N (Continuous-High)=14. 
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Mean swimming speed was influenced by nicosulfuron treatment, 
with significant main effects of Exposure (ηp

2=0.05, F(2, 424)=11.72, 
p<0.001). Furthermore, the interaction between exposure and stage was 
also significant (ηp

2=0.04, F(6, 339)=2.81, p = 0.011, Fig. 4). Conversely, 
neither Concentration nor Exposure influenced max speed, which 
instead was solely affected by developmental stage (p<0.001, Table S3). 

Nicosulfuron concentration influenced the total distance moved 
(ηp

2=0.06, F(2, 133)=4.600, p = 0.011). However, the interaction between 
concentration and stage was not significant (F(6, 354)=0.774, p = 0.509, 
Fig. 4). Nicosulfuron concentration influenced the total distance moved, 
with tadpoles exposed to high concentrations moving greater distances 
than those exposed to low concentrations and those in the control group. 

Scaling exponents were influenced by Nicosulfuron treatment 
through an interaction with stage (ηp

2=0.11, F(6, 340)=5.283, p<0.001, 
Fig. 4D). There was no significant main effect of Concentration itself 
(ηp

2=0.01, F(2, 421)=0.251, p = 0.778). At GS37, control tadpoles showed 
greater behavioural complexity (lower αDFA values) than tadpoles 
exposed to low concentration (− 0.052 ± 0.015, p = 0.002) or high 
concentration (− 0.070 ± 0.015, p<0.001). At GS41, on the contrary, 

control tadpoles showed lower behavioural complexity (higher αDFA 
values) than tadpoles exposed to low concentration (0.065 ± 0.016, 
p<0.001) or high concentration (0.063 ± 0.016, p<0.001). 

Finally, the number of activity bouts performed by tadpoles was not 
influenced by nicosulfuron treatment (Table S3) but changed between 
stages (Table S3). 

4. Discussion 

Overall, we found that exposure to nicosulfuron at environmental 
concentrations altered several morphological and behavioural traits of 
developing tadpoles. The most salient result of our study is the lack of 
effect of the timing of exposure as compared to the effects of the con-
centrations tested. Such results suggest that exposure to nicosulfuron 
can trigger similar effects irrespective of the developmental stage at 
which exposure occurs (e.g., embryonic development solely, larval 
development solely, or both). This indicates that the mechanisms 
through which nicosulfuron alters development are similar between 
embryos and larvae. More importantly, temporally restricted exposure 

Fig. 4. Total activity time (s; A), Total distance travelled (mm; B), Mean swimming speed (mm s− 1; C) and αDFA (unitless scaling index inversely related to 
behavioural complexity; D) relative to Gosner developmental stages in Bufo spinosus tadpoles. Data represent mean ± SE. Intervals between Gosner developmental 
stages were calculated using the mean number of days between two Gosner stages for all individuals. Colors represent different concentrations (i.e., Control = light 
blue, Low= blue, High= dark blue). Because timing of exposure did not significantly affect these results (see results), they were pooled together. N (Control)=12–18, 
N (Low)=48–58, N (High)=45–57. 
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(e.g., embryonic development solely) can induce long-lasting effects 
throughout larval development up to metamorphosis. 

The environmental concentrations that we tested were sublethal, as 
they did not induce elevated mortality and did not alter developmental 
durations. Yet, these concentrations influenced tadpole morphology at 
pivotal developmental stages between the end of somatic growth and the 
onset of actual metamorphosis (Cheron et al., 2021). At these stages, 
individuals from the control group had larger bodies and had longer and 
wider tail muscles. Similarly, these morphological effects were depen-
dant on the concentration tested, with individuals from the lower con-
centration showing altered morphology compared to individuals from 
the higher concentration. This suggests that exposure to nicosulfuron 
influenced the patterns of growth of – and thus energetic investments in - 
different body parts (body versus tail), and notably influenced tail 
musculature. The latter is critical for locomotion, as tadpoles with 
smaller and/or thinner tail muscles need greater swimming effort 
(Touchon and Wojdak, 2014). 

Accordingly, exposure to nicosulfuron strongly influenced all the 
behavioural metrics we investigated. This result was expected given the 
well-known influences of sulfonylurea herbicides on behaviour in other 
species (Saglio et al., 2001); effects that are probably mediated by 
disruption of acetylcholinesterase (AChE, Bretaud et al., 2000; Pretto 
et al., 2011). Indeed, links between locomotor behaviour and cholines-
terase have been shown in rainbow trout (Oncorhynchus mykiss), with 
decreased brain AChE activity being related to decreased swimming 
behaviour (Beauvais et al., 2001). In our study species, nicosulfuron at 
sublethal concentrations has been shown to increase antioxydant de-
fenses and teratogenic effects in embryos (Cheron et al., 2022). Hence, 
we suspect a nicosulfuron-mediated disruption of AChE activity in the 
brain of tadpoles, which is known to increase throughout meta-
morphosis (Franceschini et al., 1987; Sasaki et al., 1985). 

Moreover, long-lasting effect of nicosulfuron beyond hatching might 
be explained by epigenetic modifications which is one potential mech-
anism that can modulate developmental or behavioural plastic re-
sponses to environmental cues (Ledon-Rettig et al., 2013). Alarm 
predator cues have been shown to have little but existing impacts on 
tadpoles physiology though DNA methylation but these effect were 
weaker than clutch effect (Sarma et al., 2020). Study on zebrafish 
showed that permethrin insecticide can lead to transgenerational effects 
though DNA methylation and alteration of glutamatergic signalling 
reflecting on offspring behaviour (Blanc et al., 2021). 

A second hypothesis might be that nicosulfuron might interfere or 
mimic some hormones knowing that endocrine disruption is a relatively 
common effect of exposure to pesticides (see Hayes et al. 2006). 

Tadpoles exposed to nicosulfuron were overall more active, swam 
faster and travelled longer distances. Moreover, behavioural complexity 
(as assessed through DFA, Cheron et al. 2021) was also affected by 
exposure to nicosulfuron with a peak of behavioural complexity occur-
ring earlier in the development of Control individuals (e.g., GS 37) 
compared with exposed individuals (e.g., GS 41). Such behavioural ef-
fects are expected to bear consequences on traits related to locomotion, 
such as foraging efficiency (Browne and Moore, 2014), predator 
avoidance and escape ability (Moreira et al., 2019). Whether these 
behavioural alterations are consequences of diverging morphologies, 
disruption of behaviour-related physiological mechanisms (i.e., AChE) 
or a combination thereof, remains to be tested. 

Finally, exposure effects tended to persist through metamorphosis, 
with post-metamorphic individuals from the higher concentration group 
displaying larger body mass than their counterparts from the low con-
centration or control groups. Again, such results may be linked to 
different investments in body parts (body versus tail), behavioural al-
terations (which in turn can affect foraging efficiency and thus energy 
acquisition), or a combination thereof. Another, non-mutually exclusive 
hypothesis would be linked to the pattern of energetic mobilization 
occurring at the end of metamorphosis. At this stage, tadpoles become 
aphagic and rely, at least in part, on tail resorption to fuel energetic 

requirements of ultimate stages of metamorphosis (Bouchard et al., 
2016; Gonçalves et al., 2015; Ruthsatz et al., 2018). In our study, at the 
latest stages of development corresponding to tail atrophy and resorp-
tion, tadpoles from the control group display both longer and higher tail 
muscles, suggesting that the dynamics of tail resorption and associated 
energetic recovery may strongly diverge between individuals exposed or 
not to nicosulfuron. Whatever the underlying mechanism, this result 
reinforces the notion that a transient and/or early exposure to nic-
osulfuron can bear long-lasting influences on developing amphibians. 

5. Conclusion 

Exposure to sublethal concentrations of an increasingly used herbi-
cide altered both the morphological and behavioural development of a 
widespread amphibian species that inhabits agricultural areas. Most 
notably, the lack of effect of the timing of exposure of different devel-
opment stages (embryonic versus larval) on the traits we investigated 
suggests that similar mechanisms are at play during embryonic and 
larval development. Future studies are required to identify such mech-
anisms. Sulfonylurea herbicides affect activity and behaviour through 
disruption of AChE activity (Bretaud et al., 2000; Saglio et al., 2001), 
and whether the same mechanisms occur in the developing embryos of 
amphibians remains to be tested (de Llamas et al., 1985). Given the 
temporal variation in agrochemical fate due to local variation in climatic 
conditions (Cabrerizo et al., 2018), and given that the timing of appli-
cation coincides with the reproduction of amphibians and other 
non-target species in temperate areas (Berger et al., 2013), our results 
reinforce the need for regulatory toxicology to take into account the 
effects of low, temporally variable, environmental concentrations of 
agrochemicals on non-target species occurring in agricultural areas. 
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