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Abstract 

Environmental pollution and climate change can bias the sex ratios of animal populations in 

which sexual development is sensitive to environmental contaminants and temperature. 

Investigating these effects in field studies and ecotoxicological experiments is important but 

difficult when males and females cannot be distinguished without sacrificing them or 

applying expensive, specialized sexing methods. In this study, we examined the utility of skin 

coloration as a non-invasive sex marker in juvenile common toads (Bufo bufo) that appear 

sexually monomorphic. We raised toadlets from eggs in the lab, and exposed them during 

larval development to one of six treatments: two concentrations of two endocrine disruptor 

chemicals each (a glyphosate-based herbicide and 17α-ethinylestradiol, a contraceptive) and 

two controls. Before the first hibernation, we took a photograph of each toadlet’s back, then 

sexed them by inspecting their gonads, and measured the hue, saturation and brightness of 

their dorsal skin coloration from the photographs. We found significant sexual dichromatism 

with males being yellower-greener (less red) and brighter than females; 34% of males and 

85% of females could be categorized correctly based on objective colour measurements from 

photographs. The ratio of greenish and reddish individuals as categorized subjectively by 

human vision correlated strongly with the sex ratio of treatment groups. Treatment with 1 

µg/L 17α-ethinylestradiol resulted in 100% females, with similar coloration as normal 

females. Intersex individuals occurred in treatment groups with 3 µg/L glyphosate and 1 ng/L 

17α-ethinylestradiol; these animals were less saturated and darker reddish-brown compared to 

normal individuals. These results suggest that skin coloration can indicate phenotypic sex and 

gonadal abnormalities in common toads. Although skin colour measurement in itself is 

insufficient for identifying an individual's sex or the sex ratio of a single group, it can be 

useful for qualitative comparisons of sex ratios between groups when no other means of 

phenotypic sexing is possible. We propose that counting the number of greenish and reddish 
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individuals as seen by the human eye is a cheap and fast non-invasive method for identifying 

natural populations or experimental groups that may have skewed sex ratios compared to 

other groups, and this approach is worth testing in other species to help conservation practices 

and non-destructive ecotoxicological experiments. 

 

Keywords: anuran amphibians, sexual dichromatism, endocrine disruptors, intersex 

individuals, phenotypic sex marker, sex reversal 
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1. Introduction 

With the human population growing, anthropogenic environmental changes threaten wildlife 

populations worldwide at an ever increasing rate. Sex ratio and reproductive health are crucial 

determinants of population viability, and both can be influenced by environmental conditions 

in several ways. First, whether an individual develops into a male or a female can depend on 

the environment. For example in species like many turtles and crocodiles, sex determination is 

temperature-dependent (Mitchell and Janzen, 2010), while other ectothermic vertebrates are 

prone to undergo sex reversal whereby individuals develop into the phenotypic sex opposite 

to their genetic sex (Flament, 2016; Holleley et al., 2016; Lambert et al., 2019; Ospina-

Álvarez and Piferrer, 2008). Although sex reversal can occur under normal natural 

circumstances, climatic or chemical perturbations may increase its frequency (Flament, 2016; 

Lambert, 2015; Lambert et al., 2017b, 2018; Tamschick et al., 2016b). Second, even after sex 

determination is finalized gonad development and reproductive health can be disrupted by 

environmental contaminants, which can decrease fertility or fecundity rates (Guillette and 

Edwards, 2008; Orton and Tyler, 2015). Third, in many species males and females can differ 

in their sensitivity to environmental stress, which can lead to sex-dependent mortality and 

thereby skewed sex ratios (Jones et al., 2009). The EU lists over 553 candidate substances as 

endocrine disruptor chemicals (EDC), which may alter the oestrogen, androgen, or thyroid 

hormone systems that are essential for normal embryonic development and reproductive 

activity (Orton and Tyler, 2015), and from this list 194 substances with endocrine-disrupting 

activity have been documented in at least one study of a living organism (Petersen et al., 

2007). Through these effects, both global climate change and chemical pollution may 

endanger ecosystem health, so monitoring sex ratios in natural populations and investigating 

EDC effects in controlled experiments are important for conservation planning. 
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Amphibians are disappearing at a rate faster than any other vertebrate groups (Ceballos et al., 

2015), and they are especially sensitive to chemical pollution because their skin is very 

permeable and they are exposed to agricultural, industrial, and household chemicals in both 

aquatic and terrestrial habitats (Orton and Tyler, 2015; Vitt et al., 1990). While their sexual 

development is vulnerable, i.e. easily disrupted by various environmental effects (Abdel-

moneim et al., 2015; Flament, 2016; Orton and Tyler, 2015), investigation of these outcomes 

is hindered by the fact that sex identification in many amphibian species is often difficult. 

Sexual dimorphism, like larger body size in females (Shine, 1979), or secondary sexual 

characters like vocal sacs or nuptial pads or fangs (Sever and Staub, 2011) are, in many 

species, either non-existent or arise only at sexual maturity, which usually takes several years 

(Wells, 2010). EDC effects may be detectable much earlier than maturation (Orton and Tyler, 

2015); however, due to the difficulty of sexing immature individuals, the majority of 

ecotoxicological studies identify phenotypic sex by sacrificing the animals and inspecting 

their gonads anatomically and/or histologically (e.g. Abdel-moneim et al., 2015; Griffing et 

al., 2017; Sharma and Patiño, 2010; Spolyarich et al., 2011). As the ultimate goal of such 

research is protection and conservation of the animals, there is also need to find non-

destructive methods for phenotypic sexing. There exist a few less invasive methods, for 

example measuring the levels of sex hormones from blood, faeces or urine (Hogan et al., 

2013; Narayan, 2013) or laparoscopy, i.e. inspecting the gonads through a small wound in 

anaesthesia (Rostal et al., 1994). A relatively novel approach for sex identification is the 

analysis of genetic markers from a sample taken non-invasively (e.g. a buccal swab), but this 

method is available for only a handful of species (Alho et al., 2010; Lambert et al., 2019; 

Tamschick et al., 2016b). All these non-destructive sexing methods can potentially be used on 

immature animals and sexually monomorphic species, but they are expensive and require 

special instruments and expertise. Furthermore, genetic sex does not necessarily equal 
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phenotypic sex in amphibians due to the occurrence of sex reversals (Flament, 2016). For 

example in a common frog (Rana temporaria) population, 9% of genetically female adults 

expressed the male phenotype (Alho et al., 2010), whereas 2–16% of individuals was sex-

reversed in 12 of 16 green frog (Rana clamitans) populations (Lambert et al., 2019).  

A candidate method for non-invasive sex identification may be based on sexual dichromatism, 

i.e. differences in colour between the two sexes (Lifshitz and St Clair, 2016). In many 

amphibian species, adult males are more brightly coloured than adult females (Bell and 

Zamudio, 2012). Immatures usually appear monomorphic to the human eye, but subtle sexual 

dichromatism can develop before their first winter, e.g. in juvenile wood frogs (Rana 

sylvatica) males are yellower than females (Lambert et al., 2017a). A physiological link 

between sex and colour is suggested by further aspects of amphibian biology. Environmental 

factors that are known to affect sexual development such as temperature (Harkey and 

Semlitsch, 1988) and EDCs (Noriega and Hayes, 2000; Tamschick et al., 2016a) have been 

found to also influence skin colour in some cases. A few studies indicate that amphibian 

coloration can be controlled by sex steroids, e.g. testosterone and 17β-estradiol induced the 

development of adult male and female colour, respectively, in two frog species (Greenberg, 

1942; Hayes and Menendez, 1999). Sex steroid receptors are present in the integument of 

amphibians (Sever and Staub, 2011), even in tadpoles’ skin before metamorphosis (Chieffi et 

al., 1975). These results suggest that skin colour might indicate sex in immature individuals, 

even in species that seem sexually monochromatic to the human eye.  

In this study, we investigated the possibility of sexing juveniles by skin colour in common 

toads (Bufo bufo). This species is abundant throughout Europe and in northern Asia, 

occupying various habitats including human-modified environments, so it is a useful potential 

indicator as it can be studied across a diversity of environmental gradients. Although it is 

listed in the "Least Concern" category of the IUCN Red List, its populations are potentially 
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threatened by local habitat loss to urbanization, climate change, infections and water pollution 

(Aram et al., 2009). At first glance, the two sexes in common toads seem similarly brown, 

although a Russian field guide (Bannikov et al., 1977) and personal observations (Fig. S1) 

suggest that adult males have light greenish-brownish dorsal coloration whereas females are 

browner or reddish. Here our aim was to explore such sexual differences in toadlets before 

their first winter. We collected toad eggs from natural populations and reared the larvae in the 

laboratory until they reached the size and age for phenotypic sexing by dissection, and we 

quantified their dorsal skin coloration objectively from photographs. To investigate the role of 

environmental effects in the development of sexual dichromatism, we treated the tadpoles 

with one of two EDCs which had been reported to cause male-to-female sex reversal, intersex 

gonads, and female-skewed sex ratios: a glyphosate-based herbicide (Howe et al., 2004; 

Lanctôt et al., 2014) and 17α-ethinylestradiol (EE2), a contraceptive (Hayes, 1998; 

Tamschick et al., 2016b) that gets into natural water bodies mostly with treated wastewater, 

because the wastewater cleaning methods cannot eliminate it totally (Avar et al., 2016; 

Krantzberg and Hartley, 2018). Using these data, we examined the utility of colour based on 

human vision as a practical index for assessing sex ratios.  

 

2. Material and methods 

2.1. Experimental procedures  

The animals used in this study were raised from eggs laid by 88 pairs of common toads. We 

captured the adults at 10 ponds in Hungary between 16–28 March 2017 and housed them in 

our laboratory for a few days until they spawned, as detailed in an earlier paper (Bókony et 

al., 2018). Throughout the study, lab temperature was 20 ± 1.55 °C and the photoperiod was 

set to follow the local light-dark cycles in nature. From each clutch we kept ca. 30 
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haphazardly chosen eggs in 0.5 L reconstituted soft water (RSW; 48 mg NaHCO3, 30 mg 

CaSO4 × 2 H2O, 61 mg MgSO4 × 7 H2O, 2 mg KCl added to 1 L reverse-osmosis filtered, 

UV-sterilized tap water). Two weeks after spawning, when the larvae reached the free-

swimming stage (developmental stage 25 according to Gosner, 1960), we selected 6 healthy-

looking individuals from each family and moved each of them into a 2-L plastic box filled 

with 1 L RSW (one tadpole per box). The treatments (described below) began at this stage 

and lasted until each tadpole started to metamorphose. Throughout the treatment period, we 

changed the rearing water twice a week and fed the tadpoles with chopped and slightly boiled 

spinach ad libitum. 

We used 4 EDC treatments and 2 controls. Within each family, we randomly assigned one 

tadpole to each of the 6 treatment groups; our starting sample size was 528. The control group 

was kept in clean RSW, whereas the solvent-control group's rearing water contained 1 µL/L 

ethanol. The former group served as control for the glyphosate treatments, in which a 

glyphosate-based herbicide formulation (Glyphogan® Classic; Monsanto Europe S.A., 

Brussels, Belgium; containing 41.5 w/w% glyphosate and 15.5 w/w% polyethoxylated 

tallowamine surfactant) was added to the rearing water to maintain a nominal concentration of 

either 3 µg/L or 3 mg/L glyphosate. The solvent-control group served as control for the EE2 

treatments, in which the nominal concentration was either 1 ng/L or 1 µg/L EE2, obtained by 

dissolving EE2 powder (Sigma E4876) in 96% ethanol and adding 1 µL of this solution to 

each litre of rearing water. Each treatment was renewed at every water change. 

Concentrations measured in 5 samples of rearing water per treatment validated that the actual 

concentrations were close to the nominal concentrations (Supplementary Material, Table S1). 

The EDC concentrations we applied are environmentally relevant: the lower concentrations 

represent typical levels while the higher concentrations are close to the maximum levels 
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detected in natural water bodies (Avar et al., 2016; Bhandari et al., 2015; Bókony et al., 2018; 

Edwards et al., 1980). 

When a tadpole started metamorphosis (i.e. appearance of forelimbs, developmental stage 42), 

we changed its rearing water to 0.1 L clean RSW (i.e. no chemical treatment) and slightly 

tilted the container to allow the animal to leave the water. When the individual completed 

metamorphosis (i.e. disappearance of the tail, developmental stage 46), we moved it into a 

clean rearing box, lined with wet paper towels and a piece of egg carton for shelter which 

were changed every two weeks. We fed the toadlets ad libitum with springtails and small 

crickets sprinkled with a 3:1 mixture of CaCO3 and Promotor 43 multivitamin powder 

(Laboratorios Calier S.A., Barcelona, Spain). We raised the toadlets for ca. half a year after 

the metamorphosis, because at this age (i.e. before the first hibernation) their gonads are 

completely differentiated (Ogielska and Kotusz, 2004) and a study on wood frogs showed that 

skin colour becomes sexually dichromatic before the first winter (Lambert et al., 2017a). 

Between 6th October and 10th November 2017, we sexed and photographed 412 toadlets as 

follows. By this time, our initial sample size of 528 decreased by 116 because 114 individuals 

died (most of them, n=77, in the 3 mg/L glyphosate treatment) and 2 toadlets escaped from 

their boxes. We euthanized the toadlets by a one-hour immersion into a room-temperature 

water bath of 5.4 g/L MS-222 (Sigma E10521) buffered to neutral pH with the same amount 

of Na2HPO4 (Hadfield and Whitaker, 2005; Torreilles et al., 2009), in a white box similar to 

which they lived their entire life. We used a high concentration of MS-222 that is an effective 

and rapid method for euthanizing amphibians (Torreilles et al., 2009), because we wanted to 

minimize the time exposed to any stress associated with euthanasia. During euthanasia and 

photographing, the animals were kept at the same temperature as during their life. With this 

protocol, we aimed to minimize any effect that would change the toadlets’ coloration. We 

photographed each animal as described in the next section (we did not take photos of younger 
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animals like Lambert et al. (2017a) did, because our study was a first attempt to find out if 

there was any sexual dichromatism at all in juvenile toads). Then we determined their sex by 

dissection and identification of testes or ovaries under a stereomicroscope with 1-3× optical 

zoom. We categorized individuals with mixed-sex gonads (i.e. containing both male and 

female tissues based on the gross morphological observation of the gonads; Fig. 1) as intersex 

(Abdel-moneim et al., 2015; Sharma and Patiño, 2010; Spolyarich et al., 2011). All 

experimental procedures were carried out according to the permits issued by the Government 

Agency of Pest County (Department of Environmental Protection and Nature Conservation) 

and the Budapest Metropolitan Municipality (Department of City Administration, 

FPH061/2472-4/2017). The experiments were further approved by the Ethical Commission of 

the Plant Protection Institute (ATK NÖVI). 

2.2. Measuring skin coloration 

Before the euthanasia, one researcher (N.U.) categorized each toadlet subjectively into one of 

seven groups based on their skin colour as black, green, brown, and four categories of red: 

reddish brown, brownish red, red, extremely red (Figure S4). We used 4 categories of red, 

because the colour of the toadlets is usually brownish-reddish, so we expected the majority of 

variation along the brown-red continuum. The observer was unaware of the animals' sex. 

Although treatment group was included in each animal's identification code, the observer did 

not consider this information during colour scoring and had no presumption of what effect 

each treatment should have on skin coloration, so her categorizations were unbiased. 

After the euthanasia and before the dissection we photographed each toadlet in a standardized 

setting to measure their dorsal skin coloration (Fig. S2). All photographs were taken with a 

Canon PowerShot SX50 HS digital camera, with a pixel count of 12 megapixels. We used 

manual settings for integration time and lens aperture (F-stop: f/5 with a shutter speed 1/13 

sec, ISO 80), macro mode without flash, 2-sec self-timer, and the white balance was set to 
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'fluorescent'. Photos were taken in a windowless room, lit only by an OSRAM L36W/965 

BIOLUX fluorescent lamp (rated lamp efficacy 64 lm/W; colour temperature 6500 K; colour 

rendering index Ra ≥ 95). The camera was fixed on a tripod 50 cm above the toadlets, right 

below the lamp. Images were saved as uncompressed Canon Raw Version 2 (CR2) RAW 

image files, because the RAW format is 12-bit and allows less information loss than the JPG 

format (Stevens et al., 2007). Along with each toadlet we photographed a ColorChecker 

Classic mini card (X-Rite, Munsell Color Laboratories), which was used to standardize the 

reflectance values obtained from digital photographs (Myers, 2010; Plavcan, 2004).  

We analysed the photos in Adobe Photoshop (version CS6, Adobe Systems Inc., San Jose, 

California, USA). To obtain the reference colour levels corresponding to each square of the 

ColorChecker chart, we converted one of our RAW images using the software of 

ColorChecker Passport into an Adobe Digital Negative (DNG) file (Bowman, 2016). Then we 

used the obtained colour profile in Camera Raw 10.3 plug-in for Adobe Photoshop. We used 

the Quick Selection Tool to cut the body from the photo (i.e. head and back without the legs), 

then we cut off a 5-pixel wide buffer band along the contours of the body to ensure that we 

did not select pixels belonging to the background. Then we used the Average Blur function to 

obtain the average colour of the pixels in this selected body region, and we used the Color 

Picker Tool to obtain the hue, saturation, and brightness values of this average colour 

(Lambert et al., 2017a). Hue represents the shade of the colour (values closer to 0° meaning 

more red while those closer to 60° meaning more yellow), saturation represents the intensity 

of the colour (percentage of grey relative to hue; higher values meaning "more colourful"), 

and brightness represents the amount of light reflected by the colour (percentage of white). 

We chose these parameters because they quantify colours based on human perception, and 

ultimately our goal was to develop an easy method for toad sexing by human vision. 

However, these parameters can be relevant also for animal vision by correlating with the 
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amount of various pigments that produce the coloration (McGraw et al., 2005; Saks et al., 

2003).  

2.3. Statistical analyses 

All analyses were run in the R 3.5.0 computing environment (R Core Team, 2016), using the 

following packages: nlme (Jose et al., 2018), car (Fox et al., 2018), lsmeans (Lenth, 2016), 

MASS (Venables and Ripley, 2003), multcompView (Graves et al., 2015). 

We used linear mixed-effects (LME) models to test whether each colour variable (hue, 

saturation, and brightness) differed across treatments and sexes. In each model, treatment (6 

groups) and sex (3 groups) were used as fixed factors without interaction and family was used 

as random factor. We also considered capture site as a random factor but found it non-

significant (see Supplementary Material, Table S2) and therefore excluded it from the models 

presented here (Zuur et al., 2009). Because graphical examination of the data showed 

heteroscedasticity, we allowed the variances to differ between sexes and treatment groups in 

all models using the 'varIdent' function (Zuur et al., 2009). Then we calculated linear contrasts 

(i.e. differences between group means) from the model estimates to compare the three sex 

categories with each other pairwise and to compare each treatment group to its respective 

control (pre-planned post-hoc tests; see Ruxton and Beauchamp, 2008). The significance level 

of these comparisons was corrected for the number of tests using the false-discovery rate 

(FDR) method (Pike, 2011).  

We used a subset of the data to examine whether the interaction between sex and treatment 

had a significant effect on hue, saturation, and brightness. We excluded intersex animals and 

the 3 mg/L glyphosate treatment group, because the sample size in these groups was too low 

for testing the interaction effect. We also excluded the 1 µg/L EE2 treatment group because 

all animals in this group were females (see Results). With this reduced dataset, we used the 
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same LME model structure as described above, but we also included the treatment × sex 

interaction and tested its significance with an analysis-of-deviance test (type-2 ANOVA). We 

used another subset to compare the hue, saturation and brightness between the 1 µg/L EE2 

treatment group and the females of the solvent-control group, to test if skin colour differed 

between normal females and a group containing both normal females and male-to-female sex-

reversed individuals (all animals in the 1 µg/L EE2 treatment group had ovaries, so we 

assume that there must be male-to-female sex-reversed individuals among them; see Results). 

We calculated this contrast from an LME model including only females, with treatment as the 

fixed effect, family as the random effect, and allowing the variance to differ among the 6 

groups (Zuur et al., 2009). 

We used a discriminant function analysis to test which colour variables contributed 

significantly to distinguishing between males and females. Discriminant analysis is a 

classification technique that generates a linear combination of variables which maximizes the 

probability of correctly assigning observations to pre-determined groups. We used sex as the 

response variable (excluding intersex individuals) and hue, saturation, and brightness as 

predictor variables (each mean-centred and divided by its standard deviation, to provide 

standardized coefficients). 

We investigated whether the human eye can see the sexual dichromatism in toadlets, and 

whether the colours scored by human vision can be used to infer the sex ratio of groups. To 

this end, first we used LME models to test whether each colour variable was related to the 

colour score as seen by the human eye. In these models, the fixed effect was the subjective 

categories of skin coloration, the response variable was the objective colour variable (hue, 

saturation, or brightness), and we used family as a random factor. We compared pairwise the 

subjective colour categories with each other, correcting P-values with the FDR method.  
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To analyse the relationship between sex and human-scored colour, first we used binominal 

tests to investigate if sex ratio deviated from 1:1 in each subjective colour category. Then, we 

used a generalized linear mixed model with quasi-binomial error to estimate the probability of 

an individual being female in each subjective colour category, and to compare the sex ratios 

between the subjective colour groups. In this model, sex was the dependent variable, the 

toadlet’s colour category was the predictor variable, and family was random factor. Because 

the results of these analyses suggested that the "green" and "extremely red" colours provided 

the most reliable information for assessing sex ratios (see details in Results), and these two 

colour groups were the most distinguishable based on hue (see Results), we chose these two 

colour groups for our next analyses. We used two approaches to test if group sex ratio can be 

predicted by the ratio of red and green individuals in each treatment group. First, we used 

binominal tests to investigate if the ratio of "extremely red" and "green" individuals deviated 

from 1:1 in each treatment group, and qualitatively compared these results with the results of 

binomial tests of the real sex ratios observed in each treatment group. Second, we used a 

generalized linear model with quasi-binominal error to investigate if differences between 

group sex ratios can be predicted by differences in the ratio of red and green animals. In this 

model, we used the proportion of females out of all sexable (i.e. not intersex) animals as the 

dependent variable, and the predictor variable was the percentage of "extremely red" 

individuals out of the sum of "green" and "extremely red" animals in each group. Each data 

point (i.e. group) was weighted by sample size (i.e. the sum of males and females).  

2.4. Validation of the colour measurement method 

In 2019 we performed a follow-up study to validate two aspects of our colour measurement 

methods. For this study we used toadlets that were raised for the purpose of another 

experiment, applying similar protocols and lab conditions as in 2017 (without EDC 

treatments). We reared the animals for two and a half months after metamorphosis (four 
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months after the start of tadpole development), because we found in a similar study in 2018 

that gonad development at this age is already sufficient for phenotypic sexing (Bókony et al., 

unpublished manuscript). We used these toadlets to address the reproducibility of subjective 

colour scoring and the effect of euthanasia on skin colour, as follows.  

First, to test the reproducibility of categorizing toadlet colour by the human eye, we asked 14 

volunteers (11 women, 3 men) to score the skin coloration of 310 toadlets; 13 observers were 

naïve to this task. We used a modified set of categories, for the following reasons. First, our 

findings in the 2017 study showed that hue ranging from green to red was the most important 

aspect of coloration in discriminating between the two sexes (see Results). Second, our 

experience in 2017 revealed that it was difficult to separate five categories between brown 

and red (e.g. only 60 out of 412 animals were categorized as reddish brown or brownish red 

by our original scoring system). Third, we also found in 2017 that some animals would be 

best categorized between brown and green. Therefore, we switched to the following six 

subjective colour categories: green, greenish, brown, black, reddish, and red. Each observer 

scored each animal once, and we tested the reproducibility between observers using the 

method of Culp et al. (2018), as implemented in the "ordinalRR" package of R. This method 

is an extension of the model of de Mast and Van Wieringen (2010), which assumes that 

observers classify the test subjects into ordinal categories along a continuum of a latent 

property (in our case, "true colour"), and observers may differ from each other in their 

category boundaries (i.e. the cut-off value of "true colour" between neighbouring categories). 

For this analysis, we converted our colour categories into ordinal scores representing a 

continuum from green to red (1=green, 2=greenish, 3=brown or black, 4=reddish, 5=red). We 

treated our 14 observers as a random sample from a larger population of observers, and 

estimated their cut-off values using the Bayesian approach of Culp et al. (2018) and the 

default settings of "ordinalRR". We calculated reproducibility as the proportion of matches 
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between observer pairs averaged over all toadlets (equation 25 in Culp et al., 2018). 

Additionally, to assess the utility of the 14 observers' scores for predicting toadlets' sex by 

their colour, we ran a linear model with quasi-binomial error for each observer, using toadlet 

sex as dependent variable and the colour scores from 1 to 5 as numeric predictor variable. Sex 

was identified by dissection after colour assessments, using the same euthanasia protocol as in 

2017. We note here that because the colour categories were different, this follow-up study 

cannot directly validate the usefulness of colour categories used in the 2017 experiment. 

However, our aim was to evaluate, in more general, whether different observers categorize the 

same objects similarly, and whether such subjective scores predict toadlet sex. 

Second, we tested the effect of euthanasia on skin coloration. Although temperature, light and 

substrate background were standardized during the experiments and euthanasia, it is possible 

that handling stress or death changed the colour of the animals (Kindermann et al., 2013). We 

made two photographs of each of 110 toadlets dissected in 2019. We took the first photo right 

before putting them in the MS-222 solution, when they were still alive, and the second photo 

one hour later when they were dead. We measured their objective skin colour variables the 

same way as in 2017. To test if death changed coloration, we compared the hue, saturation 

and brightness between live and dead animals using paired t-tests. We used LME models to 

test if the sex differences that we found in 2017 can be detected in the live animals as well. 

Our dependent variables were hue, saturation and brightness, our independent variables were 

the status of the individuals (alive or dead) and sex (excluding one intersex individual) and 

their two-way interaction, and we used animal ID as a random factor. We tested the 

significance of the interaction with an analysis-of-deviance test (type-2 ANOVA) to assess if 

sexual dichromatism differed between live and dead animals. Then we calculated linear 

contrasts from the model estimates to compare the two sexes before and after death.  
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3. Results 

3.1. Sex ratios in EDC treatment groups 

The ratio of male and female toadlets did not deviate significantly from 1:1 in the control 

group or in any of the two glyphosate treatments (Table 1). Although there were almost twice 

as many females as males in the 3 mg/L glyphosate treatment (Table 1), the power of 

detecting skewed sex ratio in this group was low because of small sample size due to high 

mortality (87.64%). While the sex ratio was slightly female-biased in the solvent-control 

group, it did not deviate significantly from 1:1 in the 1 ng/L EE2 treatment, but 100% of 

animals in the 1 µg/L EE2 treatment became females (Table 1). We found 1 and 3 intersex 

individuals, respectively, in the 1 ng/L EE2 and 3 µg/L glyphosate treatment groups (Table 

1). 

3.2. Sexual dichromatism in toadlets 

The LME models showed that the colour variables differed significantly between the sexes 

(Table 2, Fig. 2). Skin coloration had higher hue and higher brightness in males than in 

females, whereas saturation was similar in the two sexes (Table 2, Fig. 2). The higher hue 

values of males correspond to a greenish-yellowish brown whereas the lower hue values of 

females correspond to a deep reddish brown (Fig. S2). Intersex individuals had significantly 

lower hue values, lower saturation, and lower brightness than males and females, although the 

difference in brightness between females and intersex individuals was marginally non-

significant (Table 2, Fig. 2). Neither the treatments' main effects nor the treatment × sex 

interaction was significant for any of the three colour variables (Table 3, Table 4, Fig. S3). 

The all-female group of 1 µg/L EE2 treatment did not differ from the females in the solvent-

control group in hue (linear contrast: b ± SE = 0.132 ± 0.420, t161 = 0.314, P = 0.754), 



18 

 

saturation (b ± SE = 0.218 ± 1.187, t161 = 0.184, P = 0.854) or brightness (b ± SE = 0.346 ± 

0.468, t161 = 0.741, P = 0.460, Fig. S3). 

The discriminant analysis produced one highly significant discriminant function (Wilk’s λ = 

0.897, P < 0.001), in which the standardized coefficient of hue (-1.02) was much larger than 

that of saturation (0.11) and brightness (-0.09). Using this function, the toadlets could be 

classified as males or females with an overall accuracy of 65.7% (53 out of 154 males, 34% 

and 215 of 254 females, 84% correctly classified); 88.5% of sexable (i.e. not intersex) toadlets 

with hue ≤ 25 were females (Table S3). 

3.3. Scoring by human vision 

Variation among animals in all three objective colour variables was detected by the human 

eye (Fig. 3). Hue was significantly higher in the "green" group than in all other subjective 

colour groups (P ≤ 0.005; Fig. 3). For saturation, the "black" group had significantly lower 

values, and the "red" and "extremely red" groups had significantly higher values than all the 

other groups (P < 0.001; Fig. 3). Similarly, for brightness the "black" group had significantly 

lower values and the "extremely red" group had significantly higher values than all the other 

groups (P < 0.001; Fig. 3).Investigating whether the subjective colour categories can provide 

information about sex, we found that the "green" group had significantly male-biased sex 

ratio, while significantly female-biased sex ratio was found in the "extremely red" and "black" 

groups (note, however, that the sample size was very small in the latter group), and there was 

a trend for female bias in the "brown" group (Table 5). The probability that an individual is 

female was significantly lower in the "green" group than in every other subjective colour 

category; it was highest in the "extremely red" and "black" groups (Table 5). Based on these 

results, we chose "green" and "extremely red" as the potentially most informative categories 

for inferring sex ratios.  
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Focusing on "green" and "extremely red" individuals, we found that their ratio deviated from 

1:1 significantly in the 1 µg/L EE2 treatment group but not in any other treatment groups 

(Table S4). This result is qualitatively identical to what we found with the real sex ratios 

(Table 1). We found a significant positive relationship between the proportion of females and 

the ratio of "extremely red" and "green" individuals across the six treatment groups (binomial 

model: b ± SE = 0.077 ± 0.024, P = 0.031, Fig. 4). This relationship was not exclusively due 

to the female-only group, because the result did not change qualitatively when we excluded 

the 1 µg/L EE2 treatment group (b ± SE = 0.033 ± 0.007, P = 0.022). In groups with >50% 

females, there were more red than green individuals, whereas the opposite was true for the 

groups with >50% males (Fig. 4), excepting the 3 mg/L glyphosate treatment group in which 

sample size was very small (Table 1). Neither "green" nor "extremely red" animals occurred 

among intersex individuals (Table 5).  

3.4. Validation of the colour measurements 

The estimated boundaries between subjective colour categories showed considerable variation 

among the 14 observers: the cut-off values between neighbouring categories were misaligned 

(Fig. S5). Reproducibility was 0.47 when calculated as the proportion of perfect matches; it 

was 0.87 when we allowed for mismatches between neighbouring categories (e.g. one 

observer scoring "red" and another scoring "reddish" was accepted as a match). For all 14 

observers, the relationship between colour scores and toadlet sex showed an increasing 

likelihood of being female as the scores increased from green to red (logit slope ranging from 

0.095 to 0.437); this relationship was significant (P < 0.05) for 9 observers and marginally 

non-significant (0.05 < P < 0.095) for 3 observers (Fig. S5). 

We found that the hue values increased significantly after euthanasia (paired t-test: t109 = 3.63, 

P < 0.001), but the sex difference was not changed significantly by death (non-significant sex 

× status interaction, Table S5): females had significantly lower hue values than males both 
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before and after euthanasia (Table S6). Saturation decreased significantly after euthanasia (t109 

= 9.51, P < 0.0001), but it did not differ between sexes either before or after death (Table S5, 

Table S6). Brightness did not change significantly after death (t109 = 1.03, P = 0.302), but the 

sex difference did (significant sex × status interaction, Table S5): males had significantly 

higher brightness values than females when alive; the direction of this difference was the 

same after death but became reduced and non-significant (Table S6). 

 

4. Discussion 

Our study has provided four main findings. First, we have detected significant colour 

differences between male and female toadlets with objective photographing methods. Second, 

these differences were also visible to the human eye, such that differences in group sex ratio 

were predicted by the ratio of green and red individuals. Third, two EDCs did not affect 

coloration per se, but larval treatment with 1 µg/L EE2 resulted in 100% female toadlets with 

normal female coloration. Fourth, intersex individuals occurred in both treatments with low 

EDC concentrations, and their objective colour variables differed from those of both males 

and females. We discuss each of these findings in detail below. 

Using objective measurements from photographs, we found sexual dichromatism in half-year 

old common toads: males were yellower and brighter while females were redder and darker. 

Our follow-up study showed that these differences are more prominent in live animals than 

after euthanasia, and already detectable in two-months old toadlets. Although the majority of 

known cases of sexual dichromatism in anurans develop at sexual maturity or during the 

breeding season (Bell and Zamudio, 2012), our results show that dichromatism can appear 

even before the first hibernation, as has been found also in another species (Lambert et al., 

2017a). In many dichromatic species, the male colour is yellower and/or brighter than the 
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female colour (Bell and Zamudio, 2012; Lambert et al., 2017a), suggesting that this kind of 

dichromatism may be widespread in frogs and toads perhaps due to female sensory bias or 

developmental constraints. In the common toad, we found that sex differences in hue and 

brightness were significant after euthanasia in half-year old toadlets, but only in hue and not 

in brightness in two-months old toadlets, although this difference might have been due to the 

smaller sample size of the latter. In the future it would be worth to find the earliest time when 

dichromatism becomes reliably detectable, to minimize the rearing time needed for getting 

colour data. 

Our results show that these objective colour differences can be detected by human vision, as 

toadlets seen "green" had higher hue and those seen "extremely red" had higher brightness 

than all other colour groups, and toadlets seen "green" had the lowest probability of being 

female. We found that different observers ranked the toadlets consistently from green to red, 

but they differed in the threshold values they used to break up the continuous scale of colour 

variation into subjective colour categories. Allowing for mismatches due to this variation in 

thresholds, we found good between-observer reproducibility (87%) in subjective colour 

scoring. All 14 observers tended to assign more red scores to female toadlets, and this 

relationship was significant or close to significant in almost all observers, without any training 

before colour scoring. These findings suggest that, even though individual observers do not 

necessarily agree if a toadlet is brown or reddish, they often agree which out of any two 

toadlets is redder. Also, their scores agree in showing that redder toadlets are more likely to 

be female. 

We found that skin coloration by itself does not allow confident identification of toadlet sex at 

the individual level, because only 66% of juveniles could be correctly sexed based on the hue 

(and to a lesser extent, brightness and saturation) of their dorsal skin from photographs, and 

males were less readily identifiable (34%) than females (84%). Similarly, when categorized 
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by human vision, ca. 30% of toadlets in the male-dominated "green" category and in the 

female-dominated "extremely red" category belonged to the opposite sex. Due to this 

relatively large uncertainty of individual sexing by colour, the sex ratio of any single 

population cannot be quantitatively estimated by colour either. Thus, this approach cannot be 

used to accurately identify the phenotypic sex of individual toadlets nor of cohort sex ratios. 

However, the information that there is a statistically significant relationship between sex and 

colour can be useful in certain situations, as we explain below. 

First, skin colour might be a useful indicator combined with other phenotypic traits. For 

example, the colour differences we observed may be due to the distribution of pigment cells 

such as xanthophores and erythrophores that are responsible for yellow and red coloration, 

respectively, while melanophores modulate darkness (Bell and Zamudio, 2012). It is possible 

that the density of pigment cells may differ between male and female skin and might be 

measurable by skin biopsy (although this method may be more expensive or complicated, and 

more invasive than photographing, it might perhaps provide more accurate information on 

sex). Additionally, other aspects of sexual dimorphism may also become detectable before 

sexual maturation, as has been found for toxin gland size in juvenile toads (Chen et al., 2017). 

It would be worth investigating if secondary sexual traits like forearm size or head shape 

differ not only in adults but also in immatures. Combining such traits with colour scores into 

an indicator set might enable more reliable phenotypic sexing than each indicator alone. 

Second, our results indicate that judging skin coloration by the naked eye may facilitate 

qualitative comparisons of sex ratios between natural populations or experimental groups. In 

our experiment, there was good correlation between the experimental groups’ sex ratios and 

the ratio of red and green toadlets in each group (except for a group with very small sample 

size): the ratio of red to green individuals increased as the proportion of females in the group 

increased. Furthermore, the ratio of red to green individuals deviated significantly from 1:1 
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only in the single group in which the sex ratio also deviated strongly and significantly from 

1:1. Thus, such subjective categorization may be a cheap and fast method for identifying 

populations which have skewed sex ratios compared to others, e.g. a high ratio of red toadlets 

may be an indicator of strong female bias relative to other populations. This method may be 

useful in monitoring of natural populations for conservation management and in field or lab 

projects that aim to assess and/or manipulate sex ratios without applying invasive sex-

identification procedures (e.g. longitudinal ecotoxicological studies, captive breeding 

programs or wildlife conservation programs). For example, a change over time in the ratio of 

green and red toadlets in a single population, or a difference between a polluted site and a 

reference site in the ratio of green and red toadlets may indicate a difference in sex ratio, 

which could serve as a basis for further research or conservation action. Such comparisons 

within each study should be done using the colour scores of a single observer, due to the 

differences in colour perception between individual humans. However, we caution that the 

uncertainty of the sex-colour relationship does not allow for assigning sex to an individual or 

a sex ratio value to a toadlet group; it only provides information about the probability of being 

female or having female-biased sex ratio. When interpreted carefully, keeping the method's 

inaccuracy in mind, this information can be valuable when no other information on sex is 

obtainable.  

Sex ratio did not deviate from 1:1 in any of the treatment groups except for the 1 µg/L EE2 

treatment and a marginally significant female bias in the solvent control group. The latter 

might be due to natural fluctuation within the limited sample of 78 surviving individuals, or 

perhaps the very low concentration of ethanol (0.000001 v/v%) might have  affected sex. In 

the future it would be worth testing the EDC impacts of very low ethanol concentrations, 

because ethanol is often used as solvent in ecotoxicological experiments. Although there were 

almost twice as many females than males in the 3 mg/L glyphosate treatment group, this 
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sample was too small for powerful statistical analysis because survival was very low (4 males 

and 7 females). The high mortality rate was probably caused by the polyethoxylated 

tallowamine (POEA) additives that are present in many glyphosate-based herbicides (Howe et 

al., 2004; Lanctôt et al., 2014; Rissoli et al., 2016) like the formulation we used. Nevertheless, 

glyphosate itself might have endocrine disruptor effects at relatively high concentrations, as 

indicated by previous studies that found female-biased sex ratios and higher incidence of 

intersex in treatments with glyphosate or its formulations (Howe et al., 2004; Lanctôt et al., 

2014). In low concentrations, neither the glyphosate-based herbicide nor EE2 skewed the sex 

ratios of our toadlets, which is in accordance with previous findings in amphibians (Pettersson 

and Berg, 2007; Tamschick et al., 2016b). However, in the 1 µg/L EE2 treatment group, all 

the surviving 82 toadlets developed into females (i.e. had ovaries), which means that this 

concentration caused sex reversal in 100% of genetically male individuals, as reported in 

other species (Tamschick et al., 2016b). The coloration of toadlets did not differ significantly 

between the 1 µg/L EE2 treatment group (including sex-reversed individuals, i.e. genetic 

males that developed into females) and normal females (in the solvent-control group). This 

result has two implications. First, because EE2 is a synthetic hormone that mimics the effects 

of endogenous oestrogens, our result suggests that the development of toad skin colour is 

regulated by sex hormones, similarly to what was found in other anuran species, (Greenberg, 

1942; Hayes and Menendez, 1999). Second, it suggests that skin colour in common toads may 

only indicate phenotypic sex but not genetic sex or sex reversal; developing genetic sex 

markers will be needed to address this question. The EDC treatments themselves had no effect 

on coloration within each sex, implying that skin colour does not indicate EDC exposure 

directly, but it may indicate endocrine disruptor effects indirectly via altering gonad 

development and thereby probably the levels of sex hormones. 
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In both low-concentration treatment groups we found a very low percentage of intersex 

individuals, which did not occur in either control groups, similarly to the results of previous 

studies on EE2 and glyphosate-based herbicides (Howe et al., 2004; Sharma and Patiño, 2010; 

Tamschick et al., 2016b). The coloration of the intersex individuals was significantly different 

from the normal males and females: they had less saturated and darker skin. Although their 

hue was redder, they appeared pale brown or reddish-brown to the human eye. Because of our 

small sample size of intersex individuals, we cannot assess the utility of skin colour as a 

phenotypic marker for intersex, but we urge future studies into this question. Such a marker 

would be very useful because intersex individuals have been found in nature in several 

amphibian species, especially in anthropogenic habitats (Griffing et al., 2017; Orton and 

Tyler, 2015; Skelly et al., 2010), and we know nothing about their reproductive success and 

their effects on population viability, because so far intersex could only be detected by 

dissection (Orton et al., 2014).  

Interestingly, in our study, the parents of all four intersex toadlets were captured from urban 

ponds (four families from three different ponds; see Bókony et al., 2018). Although we did 

not examine the histology of toadlet gonads, our finding is in accordance with the higher 

incidence of abnormal testes (containing testicular oocytes) in suburban and urban ponds that 

was observed in green frogs (Skelly et al., 2010), although this was not confirmed by another, 

larger study (Lambert et al., 2019). Because our toadlets were raised in the lab from eggs, and 

animals originating from different habitats were exposed to the same chemicals, it is possible 

that parental exposure to anthropogenic environments made the offspring susceptible to 

abnormal sexual development which might have been amplified by our low-concentration 

EDC treatments (Orton and Routledge, 2011). Such low concentrations often occur in natural 

waters (Avar et al., 2016; Bhandari et al., 2015; Edwards et al., 1980; Kumar et al., 2016), so 
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intersex and other gonadal abnormalities may become more and more frequent with human-

induced environmental change. 

Taken together, we have found sexual dichromatism in juvenile common toads that is 

detectable objectively from photographs as well as by human vision. Our results show that 

skin colour cannot be used as an unambiguous indicator of an individual's sex or as a direct 

proxy of a population's sex ratio. However, our findings suggest that counting the number of 

greenish and reddish individuals can provide qualitative information on phenotypic sex ratios, 

thus this can be a cheap, fast and non-invasive method for identifying populations or 

experimental groups that may have skewed sex ratios relative to others. Furthermore, our 

findings suggest that skin coloration might also indicate abnormalities of sexual development 

(intersex). We propose that the utility of sexing by colour is worth exploring in other species 

as well, and combining coloration with other phenotypic markers may be a fruitful approach 

for developing indicator sets for identifying the sex of each individual reliably. Replacing 

destructive or invasive sexing methods with non-invasive indicator sets will help the 

conservation of wild populations. 

 

Acknowledgements 

We are indebted to Zoltán Tóth for letting us use his camera and for helpful discussions, and 

to Kenneth J. Ryan for extensive help with the ordinalRR package. We are grateful to Réka 

Bertalan, Zsófia Boros, Dávid Herczeg, Attila Hettyey, Dóra Holly, Andrea Kásler, Zsanett 

Mikó, Edina Nemesházi, Stephanie Orf, Eszter Szabó, Gergely Tarján, János Ujszegi, and 

Viktória Verebélyi for colour scoring and helping with animal care. Bálint Üveges, Csenge 

Kalina, Márk Szederkényi, Patrik Katona, and Evelin Karlik also helped with toad captures 



27 

 

and care. We thank Olivér Csíkvári at Bálint Analitika for analysing EDC concentrations 

from our water samples. 

 

Funding 

The study was financed by the National Research, Development and Innovation Office of 

Hungary (NKFIH 115402), with additional funding from the Lendület program of the 

Hungarian Academy of Sciences (MTA, LP2012-24/2012). VB was supported by the János 

Bolyai Scholarship and NU by the Young Researcher program of the Hungarian Academy of 

Sciences. None of the funding sources had any influence on the study design, collection, 

analysis, and interpretation of data, writing of the paper, or decision to submit it for 

publication. 

 

References 

Abdel-moneim, A., Coulter, D.P., Mahapatra, C.T., Sepúlveda, M.S., 2015. Intersex in fishes 

and amphibians: Population implications, prevalence, mechanisms and molecular 

biomarkers. J. Appl. Toxicol. 35, 1228–1240. https://doi.org/10.1002/jat.3204 

Alho, J.S., Matsuba, C., Merilä, J., 2010. Sex reversal and primary sex ratios in the common 

frog (Rana temporaria). Mol. Ecol. 19, 1763–1773. https://doi.org/10.1111/j.1365-

294X.2010.04607.x 

Aram, A., Aziz, A., Boris, T., Jelka, C.I., Petros, L., Claes, A., Dan, C., John, W., Natalia, A., 

Nazan, Ü., Nikolai, O., Richard, P., Sako, T., Kaya, U., 2009. Bufo bufo (common toad) 

[WWW Document]. IUCN Red List Threat. Species 2009 e.T54596A11159939. URL 

http://dx.doi.org/10.2305/IUCN.UK.2009.RLTS.T54596A11159939.en. 



28 

 

Avar, P., Zrínyi, Z., Maász, G., Takátsy, A., Lovas, S., G.-Tóth, L., Pirger, Z., 2016. β-

Estradiol and ethinyl-estradiol contamination in the rivers of the Carpathian Basin. 

Environ. Sci. Pollut. Res. 23, 11630–11638. https://doi.org/10.1007/s11356-016-6276-2 

Bannikov, A.G., Darevsky, I.S., Ishchenko, V.G., Rustamov, A.K., Szczerbak, N.N., 1977. 

Opredelitel zemnovodnykh i presmykayushchikhsya fauny SSSR [Guide to amphibians 

and reptiles of the USSR Fauna]. Prosveshchenie, Moscow. 

Bell, R.C., Zamudio, K.R., 2012. Sexual dichromatism in frogs: Natural selection, sexual 

selection and unexpected diversity. Proc. R. Soc. B Biol. Sci. 279, 4687–4693. 

https://doi.org/10.1098/rspb.2012.1609 

Bhandari, R.K., Deem, S.L., Holliday, D.K., Jandegian, C.M., Kassotis, C.D., Nagel, S.C., 

Tillitt, D.E., vom Saal, F.S., Rosenfeld, C.S., 2015. Effects of the environmental 

estrogenic contaminants bisphenol A and 17α-ethinyl estradiol on sexual development 

and adult behaviors in aquatic wildlife species. Gen. Comp. Endocrinol. 214, 195–219. 

https://doi.org/10.1016/j.ygcen.2014.09.014 

Bókony, V., Üveges, B., Ujhegyi, N., Verebélyi, V., Nemesházi, E., Csíkvári, O., Hettyey, A., 

2018. Endocrine disruptors in breeding ponds and reproductive health of toads in 

agricultural, urban and natural landscapes. Sci. Total Environ. 634, 1335–1345. 

https://doi.org/10.1016/j.scitotenv.2018.03.363 

Bowman, A., 2016. White balance and colour calibration workflow in adobe photoshop with 

the X-Rite ColorChecker Passport [WWW Document]. URL 

https://support.xritephoto.eu/wp-content/uploads/2017/01/White-Balance-Camera-

Calibration-Photoshop.pdf 

Ceballos, G., Ehrlich, P.R., Barnosky, A.D., García, A., Pringle, R.M., Palmer, T.M., 2015. 

Accelerated modern human–induced species losses: Entering the sixth mass extinction. 



29 

 

Sci. Adv. 1, e1400253. https://doi.org/10.1126/sciadv.1400253 

Chen, W., Hudson, C.M., Devore, J.L., Shine, R., 2017. Sex and weaponry: The distribution 

of toxin-storage glands on the bodies of male and female cane toads (Rhinella marina). 

Ecol. Evol. 1–8. https://doi.org/10.1002/ece3.2914 

Chieffi, G., Deliro, G., D’Istria, M., Valentino, M.A., 1975. Appearance of sex hormone 

receptors in frog (Rana esculenta) tadpole skin during metamorphosis. Experientia 31, 

989–990. 

Culp, S.L., Ryan, K.J., Chen, J., Hamada, M.S., 2018. Analysis of Repeatability and 

Reproducibility Studies With Ordinal Measurements. Technometrics 60, 545–556. 

https://doi.org/10.1080/00401706.2018.1429317 

de Mast, J., Van Wieringen, W.N., 2010. Modeling and evaluating repeatability and 

reproducibility of ordinal classifications. Technometrics 52, 94–106. 

https://doi.org/10.1198/TECH.2009.08052 

Edwards, W.M., Triplett, G.B.J., Krame, R.M., 1980. A watershed study of gliyphosate 

transport in runoff. J. Environ. Qual. 9, 661–665. 

https://doi.org/doi:10.2134/jeq1980.00472425000900040024x 

Flament, S., 2016. Sex reversal in amphibians. Sex. Dev. 10, 267–278. 

https://doi.org/10.1159/000448797 

Fox, J., Weisberg, S., Price, B., Adler, D., Bates, D., Baud-Bovy, G., Bolker, B., Ellison, S., 

Firth, D., Friendly, M., Gorjanc, G., Graves, S., Heiberger, R., Laboissiere, R., Maechler, 

M., Monette, G., Murdoch, D., Nilsson, H., Ogle, D., Ripley, B., Venables, W., Walker, 

S., Winsemius, D., Zeileis, A., R-Core, 2018. Companion to applied regression [WWW 

Document]. URL https://cran.r-project.org/web/packages/car/citation.html 



30 

 

Gosner, K.L., 1960. A simplified table for staging anuran embryos larvae with notes on 

identification. Herpetologica 16, 183–190. https://doi.org/10.2307/3890061 

Graves, S., Piepho, H.-P., Selzer, L., Dorai-Raj, S., 2015. Visualizations of paired 

comparisons [WWW Document]. URL https://cran.r-

project.org/web/packages/multcompView/index.html 

Greenberg, B., 1942. Some effects of testosterone on the sexual pigmentation and other sex 

characters of the cricket frog (Acris gryllus). J. Exp. Zool. 91, 435–451. 

https://doi.org/10.1002/jez.1400910308 

Griffing, A.H., Bowerman, J., Sessions, S.K., 2017. Histology reveals testicular oocytes and 

trematode cysts in the threatened Oregon spotted frog (Rana pretiosa). Northwest. Nat. 

98, 24–32. https://doi.org/10.1898/NWN16-13.1 

Guillette, L.J., Edwards, T.M., 2008. Environmental influences on fertility: can we learn 

lessons from studies of wildlife? Fertil. Steril. 89, e21–e24. 

https://doi.org/10.1016/j.fertnstert.2007.12.019 

Hadfield, C.A., Whitaker, B.R., 2005. Amphibian emergency medicine and care. Semin. 

Avian Exot. Pet Med. 14, 79–89. https://doi.org/10.1053/j.saep.2005.04.003 

Harkey, G.A., Semlitsch, R.D., 1988. Effects of temperature on growth, development, and 

color polymorphism in the Ornate Chorus Frog Pseudacris ornata. Copeia 1988, 1001–

1007. https://doi.org/10.2307/1445724 

Hayes, T.B., 1998. Sex determination and primary sex differentiation in amphibians: Genetic 

and developmental mechanisms, in: The Journal of Experimental Zoology. pp. 373–399. 

https://doi.org/10.1002/(SICI)1097-010X(19980801)281:5<373::AID-JEZ4>3.0.CO;2-L 

Hayes, T.B., Menendez, K.P., 1999. The effect of sex steroids on primary and secondary sex 



31 

 

differentiation in the sexually dichromatic reedfrog (Hyperolius argus: Hyperolidae) 

from the Arabuko Sokoke forest of Kenya. Gen. Comp. Endocrinol. 115, 188–199. 

https://doi.org/10.1006/gcen.1999.7321 

Hogan, L.A., Lisle, A.T., Johnston, S.D., Goad, T., Robertston, H., 2013. Adult and juvenile 

sex identification in threatened monomorphic Geocrinia frogs using fecal steroid 

analysis. J. Herpetol. 47, 112–118. https://doi.org/10.1670/11-290 

Holleley, C.E., Sarre, S.D., O’Meally, D., Georges, A., 2016. Sex reversal in reptiles: 

Reproductive oddity or powerful driver of evolutionary change? Sex. Dev. 10, 279–287. 

https://doi.org/10.1159/000450972 

Howe, C.M., Berrill, M., Pauli, B.D., Helbing, C.C., Werry, K., Veldhoen, N., 2004. Toxicity 

of glyphosate-based pesticides to four North American frog species. Environ. Toxicol. 

Chem. 23, 1928–1938. 

Jones, K.S., Nakagawa, S., Sheldon, B.C., 2009. Environmental sensitivity in relation to size 

and sex in birds: Meta‐Regression Analysis. Am. Nat. 174, 122–133. 

https://doi.org/10.1086/599299 

Jose, P., Douglas, B., Saikat, D., Deepayan, S., Team, R.C., 2018. Linear and nonlinear mixed 

effects models [WWW Document]. URL https://cran.r-project.org/package=nlme 

Kindermann, C., Narayan, E.J., Wild, F., Wild, C.H., Hero, J.M., 2013. The effect of stress 

and stress hormones on dynamic colour-change in a sexually dichromatic Australian 

frog. Comp. Biochem. Physiol. - A Mol. Integr. Physiol. 165, 223–227. 

https://doi.org/10.1016/j.cbpa.2013.03.011 

Krantzberg, G., Hartley, P., 2018. Feasible policy development and implementation for the 

destruction of endocrine disruptors in wastewater. Sci. Total Environ. 631–632, 246–



32 

 

251. https://doi.org/10.1016/j.scitotenv.2018.03.031 

Kumar, A.K., Sarma, P.N., Mohan, S.R.V., 2016. Incidence of selected endocrine disrupting 

estrogens in water bodies of hyderabad and its relation to water quality parameters. 

Environ. Eng. Manag. J. 15, 315–325. https://doi.org/10.30638/eemj.2016.032 

Lambert, M.R., 2015. Clover root exudate produces male-biased sex ratios and accelerates 

male metamorphic timing in wood frogs. R. Soc. Open Sci. 2. 

https://doi.org/10.1098/rsos.150433 

Lambert, M.R., Carlson, B.E., Smylie, M.S., Swierk, L., 2017a. Ontogeny of sexual 

dichromatism in the explosively breeding wood frog. Herpetol. Conserv. Biol. 12, 447–

456. 

Lambert, M.R., Smylie, M.S., Roman, A.J., Freidenburg, L.K., Skelly, D.K., 2018. Sexual 

and somatic development of wood frog tadpoles along a thermal gradient. J. Exp. Zool. 

Part A Ecol. Integr. Physiol. 329, 72–79. https://doi.org/10.1002/jez.2172 

Lambert, M.R., Stoler, A.B., Smylie, M.S., Relyea, R.A., Skelly, D.K., 2017b. Interactive 

effects of road salt and leaf litter on wood frog sex ratios and sexual size dimorphism. 

Can. J. Fish. Aquat. Sci. 74, 141–146. https://doi.org/10.1139/cjfas-2016-0324 

Lambert, M.R., Tran, T., Kilian, A., Ezaz, T., Skelly, D.K., 2019.  Molecular evidence for sex 

reversal in wild populations of green frogs ( Rana clamitans ) . PeerJ 7, e6449. 

https://doi.org/10.7717/peerj.6449 

Lanctôt, C., Navarro-Martín, L., Robertson, C., Park, B., Jackman, P., Pauli, B.D., Trudeau, 

V.L., 2014. Effects of glyphosate-based herbicides on survival, development, growth and 

sex ratios of wood frog (Lithobates sylvaticus) tadpoles. II: Agriculturally relevant 

exposures to Roundup WeatherMax® and Vision® under laboratory conditions. Aquat. 



33 

 

Toxicol. 154, 291–303. https://doi.org/10.1016/j.aquatox.2014.05.025 

Lenth, R. V., 2016. Least-Squares Means: The R Package lsmeans. J. Stat. Softw. 69, 1–33. 

https://doi.org/10.18637/jss.v069.i01 

Lifshitz, N., St Clair, C.C., 2016. Coloured ornamental traits could be effective and non-

invasive indicators of pollution exposure for wildlife. Conserv. Physiol. 4, 1–16. 

https://doi.org/10.1093/conphys/cow028 

McGraw, K.J., Safran, R.J., Wakamatsu, K., 2005. How feather colour reflects its melanin 

content. Funct. Ecol. 19, 816–821. https://doi.org/10.1111/j.1365-2435.2005.01032.x 

Mitchell, N.J., Janzen, F.J., 2010. Temperature-dependent sex determination and 

contemporary climate change. Sex. Dev. 4, 129–140. https://doi.org/10.1159/000282494 

Myers, R.D., 2010. ColorChecker Passport Technical Review [WWW Document]. URL 

http://www.rmimaging.com/information/information_index.html 

Narayan, E.J., 2013. Non-invasive reproductive and stress endocrinology in amphibian 

conservation physiology. Conserv. Physiol. 1, 1–16. https://doi.org/10.1093/; 

conphys/cot011 

Noriega, N.C., Hayes, T.B., 2000. DDT congener effects on secondary sex coloration in the 

reed frog Hyperolius argus: A partial evaluation of the Hyperolius argus endocrine 

screen. Comp. Biochem. Physiol. - B Biochem. Mol. Biol. 126, 231–237. 

https://doi.org/10.1016/S0305-0491(00)00201-7 

Ogielska, M., Kotusz, A., 2004. Pattern and rate of ovary differentiation with reference to 

somatic development in anuran amphibians. J. Morphol. 259, 41–54. 

https://doi.org/10.1002/jmor.10162 

Orton, F., Baynes, A., Clare, F., Duffus, A.L.J., Larroze, S., Scholze, M., Garner, T.W.J., 



34 

 

2014. Body size, nuptial pad size and hormone levels: Potential non-destructive 

biomarkers of reproductive health in wild toads (Bufo bufo). Ecotoxicology 23, 1359–

1365. https://doi.org/10.1007/s10646-014-1261-3 

Orton, F., Routledge, E., 2011. Agricultural intensity in ovo affects growth, metamorphic 

development and sexual differentiation in the Common toad (Bufo bufo). Ecotoxicology 

20, 901–911. https://doi.org/10.1007/s10646-011-0658-5 

Orton, F., Tyler, C.R., 2015. Do hormone-modulating chemicals impact on reproduction and 

development of wild amphibians ? Biol. Rev. 90, 1359–1365. 

https://doi.org/10.1111/brv.12147 

Ospina-Álvarez, N., Piferrer, F., 2008. Temperature-dependent sex determination in fish 

revisited: Prevalence, a single sex ratio response pattern, and possible effects of climate 

change. PLoS One 3, 2–4. https://doi.org/10.1371/journal.pone.0002837 

Petersen, G., Rasmussen, D., Gustavson, K., 2007. Study on enhancing the Endocrine 

Disrupter priority list with a focus on low production volume chemicals [WWW 

Document]. Revis. r4eport to DG Environ. URL 

http://ec.europa.eu/environment/chemicals/endocrine/pdf/final_report_2007.pdf 

Pettersson, I., Berg, C., 2007. Environmentally relevant concentrations of ethynylestradiol 

cause female-biased sex ratios in Xenopus tropicalis and Rana temporaria. Environ. 

Toxicol. Chem. 26, 1005–1009. https://doi.org/10.1897/06-464R.1 

Pike, N., 2011. Using false discovery rates for multiple comparisons in ecology and evolution. 

Methods Ecol. Evol. 2, 278–282. https://doi.org/10.1111/j.2041-210X.2010.00061.x 

Plavcan, J.M., 2004. A simple method for measuring colour in wild animals: Validation and 

use on chest patch colour in geladas (Theropithecus gelada). Sex. Sel. Primates New 



35 

 

Comp. Perspect. 94, 230–252. https://doi.org/10.1111/j.1095-8312.2008.00981.x 

R Core Team, 2016. R: A language and environment for statistical computing. R Foundation 

for Statistical Computing V, Austria. 2016 [WWW Document]. URL https://www.r-

project.org/ 

Rissoli, R.Z., Abdalla, F.C., Costa, M.J., Rantin, F.T., McKenzie, D.J., Kalinin, A.L., 2016. 

Effects of glyphosate and the glyphosate based herbicides Roundup Original® and 

Roundup Transorb® on respiratory morphophysiology of bullfrog tadpoles. 

Chemosphere 156, 37–44. https://doi.org/10.1016/j.chemosphere.2016.04.083 

Rostal, D.C.., Grumbles, J.S.., Lance, V.A.., Spotila, J.R.., 1994. Non-lethal sexing techniques 

for hatchling and immature desert tortoises (Gopherus agassizii). Herpetol. Monogr. 8, 

83–87. 

Ruxton, G.D., Beauchamp, G., 2008. Time for some a priori thinking about post hoc testing. 

Behav. Ecol. 19, 690–693. https://doi.org/10.1093/beheco/arn020 

Saks, L., McGraw, K., Hõrak, P., 2003. How feather colour reflects its carotenoid content. 

Funct. Ecol. 17, 555–561. https://doi.org/10.1046/j.1365-2435.2003.00765.x 

Sever, D.M., Staub, N.L., 2011. Hormones, sex accessory structures, and secondary sexual 

sharacteristics in amphibians, in: Norris, D., Lopez, K.H. (Eds.), Hormones and 

Reproduction of Vertebrates Volume 2: Amphibians. Academic Press, Amsterdam; 

Boston; Heidelberg; London; New York, Oxford; Paris; San Diego; San Francisco, 

Singapore; Sydney; Tokyo, pp. 83–98. 

Sharma, B., Patiño, R., 2010. Effects of cadmium, estradiol-17b and their interaction on 

gonadal condition and metamorphosis of male and female African clawed frog, Xenopus 

laevis. Chemosph. 79 79, 499–505. https://doi.org/:10.1016/j.chemosphere.2010.02.044 



36 

 

Shine, R., 1979. Sexual selection and sexual dimorphism in the Amphibia. Copeia 1979, 297–

306. 

Skelly, D.K., Bolden, S.R., Dion, K.B., 2010. Intersex frogs concentrated in suburban and 

urban landscapes. Ecohealth 7, 374–379. https://doi.org/10.1007/s10393-010-0348-4 

Spolyarich, N., Hyne, R. V., Wilson, S.P., Palmer, C.G., Byrne, M., 2011. Morphological 

abnormalities in frogs from a rice-growing region in NSW, Australia, with investigations 

into pesticide exposure. Environ. Monit. Assess. 173, 397–407. 

https://doi.org/10.1007/s10661-010-1395-6 

Stevens, M., Parraga, C.A., Cuthill, I.C., Partridge, J.C., Troscianko, T.S., 2007. Using digital 

photography to study animal coloration doi:10.1111/j.1095-8312.2007.00725.x. Biol. J. 

Linn. Soc. 90, 211–237. 

Tamschick, S., Rozenblut-ko, B., Ogielska, M., Kekenj, D., Gajewski, F., Krüger, A., Kloas, 

W., Stöck, M., 2016a. The plasticizer bisphenol A affects somatic and sexual 

development , but differently in pipid , hylid and bufonid anurans *. Environ. Pollut. 

216, 282–291. https://doi.org/10.1016/j.envpol.2016.05.091 

Tamschick, S., Rozenblut-kościsty, B., Ogie, M., Lehmann, A., Lymberakis, P., Hoffmann, 

F., Lutz, I., Kloas, W., Stöck, M., 2016b. Sex reversal assessments reveal different 

vulnerability to endocrine disruption between deeply diverged anuran lineages. Sci. Rep. 

6, 1–8. https://doi.org/10.1038/srep23825 

Torreilles, S.L., McClure, D.E., Green, S.L., 2009. Evaluation and refinement of euthanasia 

methods for Xenopus laevis. J. Am. Assoc. Lab. Anim. Sci. 48, 512–6. 

Venables, W.N., Ripley, B.D., 2003. Modern Applied Statistics with S’, 4th ed. Springer, 

New York. https://doi.org/https://doi.org/10.1007/978-0-387-21706-2 



37 

 

Vitt, L.J., Caldwell, J.P., Wilbu, H.M., Smith, D.C., 1990. Amphibians as harbingers of 

decay. Bioscience 40, 418. https://doi.org/10.1017/cbo9781139683500.008 

Wells, K.D., 2010. The ecology & behavior of amphibians. University Of Chicago Press, 

Chicago and London. https://doi.org/10.7208/chicago/9780226893334.001.0001 

Zuur, A.F., Ieno, E.N., Walker, N.J., Saveliev, A.A., Smith, G.M., 2009. Mixed effects 

models and extensions in ecology with R, Profiles of drug substances, excipients, and 

related methodology. Springer Science+Business Media, New York. 

https://doi.org/10.1007/978-0-387-87458-6 

 



38 

 

Tables & Figures 

Table 1. The number of male, female, and intersex individuals in each treatment group. P-

values show whether the group's sex ratio (i.e. proportion of females among non-intersex 

individuals) differed significantly from 1:1 according to binomial tests. Each treatment group 

started with 88 tadpoles. Total sample size at dissection was 412 toadlets. 

Treatment Male Female Intersex P 

Control 46 36 0 0.320 

3 µg/L glyphosate  39 35 3 0.728 

3 mg/L glyphosate  4 7 0 0.549 

Solvent control  30 48 0 0.054 

1 ng/L ethynilestradiol  35 46 1 0.266 

1 µg/L ethynilestradiol  0 82 0 < 0.001 
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Table 2. Sex differences in objective colour variables measured from photos (n = 412 

toadlets).  

Dependent variable Contrast Estimate ± SE t P 

Hue male – intersex 3.93 ± 0.84 4.68 <0.001 
 male – female 1.99 ± 0.25 7.67 <0.001 
 intersex – female -1.94 ± 0.85 -2.28 0.023 

Saturation male – intersex 5.02 ± 1.71 2.92 0.010 
 male – female 1.99 ± 0.25 0.28 0.778 
 intersex – female -1.94 ± 0.85 -2.73 0.010 

Brightness male – intersex 2.09 ± 0.76 2.75 0.019 
 male – female 0.69 ± 0.30 2.29 0.033 

  intersex – female -1.39 ± 0.77 -1.81 0.071 

 

Linear contrasts (differences between means) were estimated from linear mixed-effects 

models with sex and treatment as fixed factors and family as random factor; df=317. P-values 

were corrected with the FDR method. 
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Table 3. Differences between treatment groups in objective colour variables measured from 

photos (n = 412 toadlets).  

Dependent variable Contrast* Estimate ± SE t P 

Hue SC – C 0.09 ± 0.36 0.26 0.795 
 g – C 0.22 ± 0.35 0.64 0.750 
 G – C -0.32 ± 0.61 -0.53 0.750 
 e – SC -0.23 ± 0.35 -0.66 0.750 
 E – SC 0.19 ± 0.37 0.52 0.750 

Saturation SC – C 1.17 ± 0.86 1.35 0.443 
 g – C 0.45 ± 0.82 0.55 0.581 
 G – C -2.61 ± 1.74 -1.50 0.443 
 e – SC -0.58 ± 0.99 -0.59 0.581 
 E – SC 0.62 ± 1.04 0.60 0.581 

Brightness SC – C -0.11 ± 0.42 -0.28 0.837 
 g – C -0.08 ± 0.40 -0.21 0.837 
 G – C -1.16 ± 0.89 -1.30 0.744 
 e – SC 0.29 ± 0.42 0.71 0.798 

  E – SC 0.44 ± 0.42 1.04 0.744 

 

Linear contrasts (differences between means) were estimated from linear mixed-effects 

models with sex and treatment as fixed factors and family as random factor; df=317. P-values 

were corrected with the FDR method. 

*Treatment groups are abbreviated as C: control, SC: solvent control, g: 3 µg/L glyphosate, G: 

3 mg/L glyphosate, e: 1 ng/L EE2, E: 1 µg/L EE2. 
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Table 4. ANOVA tables of the LME models testing the effect of the treatment × sex 

interaction on the three objective colour variables, with family as random factor.  

Dependent variable Model terms χ2 df P 

Hue Sex 55.56 1 <0.001 
 Treatment 1.42 3 0.701 
 Sex × Treatment 0.72 3 0.869 

Saturation Sex 0.56 1 0.455 
 Treatment 2.03 3 0.565 
 Sex × Treatment 2.76 3 0.430 

Brightness Sex 6.59 1 0.010 
 Treatment 0.40 3 0.940 

  Sex × Treatment 1.05 3 0.790 

 

Intersex individuals and the 3 mg/L glyphosate treatment group were excluded because the 

sample size in these groups was too low. The 1 µg/L EE2 treatment group was also excluded, 

because all these animals were females. 
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Table 5. Number of males, females, and intersex individuals assigned into each subjective 

colour category. “P (♂:♀)” shows the P-value from binomial tests that analyse if the group 

sex ratio deviates from 1:1; “♀ probability” gives the predicted probability of being female in 

each subjective colour group, as estimated from a quasi-binomial model. Asterisks indicate 

significant differences from the “green” group (*P<0.05, **P<0.01, ***P<0.001). 

 

 

Skin colour Male Female Intersex P (♂:♀) ♀ probability 

brown 25 55 2 0.064 0.687*** 

black 1 8 0 0.039 0.889* 

green 56 29 0 <0.001 0.341 

reddish brown 6 15 1 0.238 0.714** 

brownish red 13 25 0 1 0.658** 

red  32 51 1 0.902 0.614*** 

extremely red 21 71 0 0.006 0.772*** 
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Fig. 1. Gonads of juvenile toads: a) normal morphology of testes (T); b) an intersex individual 

with one testis and one ovary; c) normal morphology of ovaries (O). Both sexes have a pair of 

Bidder's organ (B), an ovary-like formation with unknown function. 
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Fig. 2. Dorsal skin coloration of toadlets (a: hue, b: saturation, c: brightness) in relation to sex. 

Error bars show the mean ± SE values; boxplots show the distribution of data (thick middle 

line: median, box: interquartile range; whiskers extend to the most extreme data points within 

1.5 × interquartile range from the box). Groups marked by the same letters do not differ from 

each other significantly (P > 0.05 after FDR correction). 
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Fig. 3. Dorsal skin coloration of toadlets (a: hue, b: saturation, c: brightness), measured 

objectively from photos, in relation to their coloration categorized subjectively by human 

vision. Groups marked by the same letters do not differ from each other significantly (P > 

0.05 after FDR correction). In each boxplot, the thick middle line and the box shows the 

median and the interquartile range, respectively; whiskers extend to the most extreme data 

points within 1.5 × interquartile range from the box. 
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Fig. 4. Sex ratio (proportion of females among non-intersex animals) in relation to the 

proportion of "extremely red" individuals among "extremely red" and "green" toadlets across 

the six treatment groups (C: control, Sc: solvent control, g: 3 µg/L glyphosate, G: 3 mg/L 

glyphosate, e: 1 ng/L EE2, E: 1 µg/L EE2). The size of the circles is proportional to 

log10(sample size). The solid line was fitted from a quasi-binomial model; the dotted lines 

indicate the 1:1 sex ratio and 1:1 ratio of red and green toadlets. 
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Supplementary Material 

Supplementary Methods and Results 

 

1. Validation of nominal concentrations 

 

1.1. Methods 

During the experiment we collected water samples to measure the actual concentrations of 

glyphosate and EE2. Because we renewed each treatment twice a week upon each water 

change, and the longest time between two water changes was 5 days, we prepared 5 water 

samples for each treatment as follows. Over the course of 5 days during the experiment, we 

freshly prepared one sample of each treatment every day (1 one-litre container per day for the 

higher concentration of each chemical and 3 containers per day for the lower concentration of 

each chemical; the latter were pooled for analysis to yield one 3-L sample to enable the 

detection of small quantities). On the 5th day, we collected all the samples into amber PET 

flasks and delivered them to the Bálint Analitika laboratory, along with a 3-L sample from our 

reverse-osmosis filtered tap water from which all rearing water was prepared for the 

experiment. The 21 samples were stored and analysed by HPLC as described in our earlier 

paper (Bókony et al. 2018). 

 

1.2. Results 

In the samples treated with EDCs, the measured concentrations were close to the nominal 

concentrations (Table S1). Neither glyphosate (detection limit: 0.3 µg/L) nor EE2 (detection 

limit: 0.001 µg/L, quantification limit: 0.005 µg/L) was detected in the RSW sample, which 

corresponds to our control treatment. 

 

Table S1. Concentrations measured in EDC-treated water samples (each value is a single 

measurement).  

 

EDC Nominal 

concentration 

Measured concentration (µg/L) 

Day 0 Day 1 Day 2  Day 3 Day 4 

Glyphosate 3000 µg/L 3510 3130 2980 2760 2700 

3 µg/L 3.86 4.01 2.65 3.86 4.00 

EE2 1 µg/L 0.26 1.09 4.13 0.94 1.01 

0.001 µg/L <0.005 0.005 0.005 0.006 <0.001 
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2. Site as random factor 

 

2.1. Methods 

In our experiment, the toadlets were raised from eggs spawned by parents that had been 

collected from 10 study sites. To test if site of origin was a significant random effect, for each 

dependent variable we compared the fit of two LME models, one with and one without site as 

a random intercept, using likelihood-ratio tests. Both models contained family as a random 

effect (nested into site of origin when the latter was also included), and all models included 

the fixed effects of sex and treatment.  

 

2.2. Results 

In all cases, site as a random factor did not improve model fit significantly (Table S2). 

Therefore, we decided not to include site in subsequent analyses. 

 

Table S2. Results of likelihood-ratio tests comparing models with and without site of origin 

as a random intercept. 

 

 
AIC when site as 

random factor 
  

Dependent 

variable 
included excluded ΔAIC P 

Hue 1929.95 1931.22 1.27 0.39 

Saturation 2747.54 2749.01 1.47 0.47 

Brightness 2090.80 2092.06 1.26 0.39 
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3. Toadlets' skin colour 

 

Table S3. Number of individuals by sex, and the cumulative proportion of males (from 

bottom to top) and of females (from top to bottom) at each hue value of skin coloration. 

 

    Cumulative proportion* of 

Hue (°) Males Females Intersex males females 

18 1 0  0.38 0.00 

20 0 2  0.38 0.67 

21 1 4  0.38 0.75 

22 0 2  0.38 0.80 

23 1 7 1 0.38 0.83 

24 2 17 1 0.39 0.86 

25 2 22 1 0.40 0.89 

26 11 35 1 0.42 0.83 

27 14 41  0.45 0.80 

28 19 43  0.50 0.77 

29 32 28  0.56 0.71 

30 21 17  0.57 0.68 

31 23 18  0.58 0.65 

32 12 10  0.60 0.64 

33 8 2  0.65 0.63 

34 4 5  0.54 0.63 

35 2 1  0.75 0.62 

36 1 0   1.00 0.62 

 
*Cumulative proportion means that each row gives the number of all females in that row and 

all rows above it divided by the number of all sexable individuals in that row and all rows 

above it. Similarly, for males, cumulative proportion in a row is the number of all males in 

that row and all rows below it divided by the number of all sexable individuals in that row and 

all rows below it. 
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Table S4. Number of individuals assigned into each subjective colour category in each 

treatment group. “P (G:R)” shows the P-value from binomial tests that analyse if the ratio of 

green and extremely red individuals deviates from 1:1 in each treatment group. 

 

Skin colour Control 

3 µg/L 

glyphosate  

3 mg/L 

glyphosate  

Solvent 

control  

1 ng/L 

ethynil-

estradiol  

1 µg/L 

ethynil-

estradiol  

Brown 22 11 2 18 15 14 

Black 1 1 1 2 4 0 

Green 23 19 2 17 14 10 

Reddish brown 5 8 0 3 3 3 

Brownish red 4 10 1 6 6 11 

Red  14 14 4 12 23 17 

Extremely red 13 14 1 20 17 27 

P (G:R) 0.132 0.487 1.000 0.743 0.720 0.008 
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Table S5. ANOVA tables of the LME models testing the effect of the sex × status interaction 

on the three objective colour variables, with individual ID as random factor (N = 110 

toadlets). 

 

Dependent variable Model terms χ2
1 P 

Hue Sex 6.04 0.014 
 Status (alive/dead) 23.79 <0.001 

 Sex × Status 0.80 0.372 

Saturation Sex 0.00 0.957 
 Status (alive/dead) 88.69 <0.001 

 Sex × Status 0.17 0.676 

Brightness Sex 3.22 0.073 
 Status (alive/dead) 1.33 0.249 

  Sex × Status 4.29 0.038 
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Table S6. Differences between sexes in objective colour variables measured from photos (N 

= 110 toadlets) before and after euthanasia. 

 

Dependent variable Status Contrast Estimate ± SE t108 P 

Hue Alive female - male -1.70 ± 0.66 -2.59 0.011 
 Dead female - male -1.45 ± 0.66 -2.21 0.029 

Saturation Alive female - male -0.12 ± 1.12 -0.11 0.912 
 Dead female - male 0.24 ± 1.12 0.21 0.833 

Brightness Alive female - male -0.63 ± 0.26 -2.43 0.017 

  Dead female - male -0.24 ± 0.26 -0.91 0.364 
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4. Supplementary Figures 

 

Figure S1. A pair of toads in amplexus in a natural pond. Notice that the male on top has light 

greenish-yellowish brown dorsal coloration whereas the female is reddish brown. Photo by 

Nikolett Ujhegyi. 
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Figure S2. Examples of the analysed photographs, a) with a male on the left and a female on 

the right, b) and their averaged skin colour (hue value: 36 in the male and 42 in the female). 

The brightness of both images was increased by 30% for illustration purposes (i.e. to facilitate 

the detection of colour difference between the two toadlets; note that the photos were 

analysed without manipulation). 
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Figure S3. Objective measurements of dorsal skin colour (i.e. from photos) in male (blue), 

female (red), and intersex (purple) toadlets in the six treatment groups (C: control, Sc: solvent 

control, g: 3 µg/L glyphosate, G: 3 mg/L glyphosate, e: 1 ng/L EE2, E: 1 µg/L EE2). Error 

bars represent means ± standard errors. Sample sizes are shown at the bottom of the graph. 
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Figure S4. Examples of the subjective dorsal skin colour categories used in the 2017 study. 

On the left side are the males (♂), and the females (♀) on the right or in the middle. The 

intersex individuals (when present) are on the right side of each colour group. The brightness 

of these images was increased by 15% for illustration purposes (i.e. to facilitate the detection 

of colour differences; all photos were analysed without manipulation). Note that it is more 

difficult to see the colour differences from pictures than in real life, depending on the settings 

and type of the display screen. 
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Figure S5. A) Examples of dorsal skin colours in the 2019 study. From left to right, the upper 

animals illustrate variation from black to brown, and the lower animals illustrate variation 

from green to red. Individual humans ordered these animals similarly, but they differed in the 

thresholds by which they assigned toadlets into neighbouring categories (see next panel). B) 

Cut-off points between colour categories for 14 observers. The X axis represents the "true 

colour value" (with zero mean and unit variance) as estimated by the de Mast – van 

Wieringen model (Culp et al. 2018). Each cut-off value is marked by a white line between the 

categories green, greenish, brown, reddish, and red. Asterisks denote the significance of the 

relationship (logistic regression) between toadlet sex and each observer's colour scores 

(*0.05<p<0.095, **0.01<p<0.05, ***0.001<p<0.01). All observers except for observer E were 

naïve to the task. 

 

A) 
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