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General Introduction 

 

 

The topics of animal colouration and adaptive colour behaviour have attracted 

considerable attention from the research community, going back to Alfred Russel Wallace 

and Henry Walter Bates (Bates 1862; Wallace 1877). Both conducted extensive research 

on animal colouration, however, many functional questions which they posed remain 

unanswered until today (Caro 2017).  

Body colouration is an important feature directly connecting an animal to its 

environment (e.g., perception of conspecifics or predators, thermo- and osmoregulation, 

protection from UV radiation) (Cuthill et al. 2017) and are integrated in visual 

communication systems subject to evolutionary transitions guided by natural and sexual 

selection mechanisms (Andersson 1994).  

Several signals provide organisms with traits that improve their chances of survival 

in the complex dynamics of predator-prey interaction (Freeberg et al. 2017). For example, 

animals integrate body shapes, colourations, and behaviours to blend into their 

environment, or use different visual antipredator strategies at different times of day, lighting 

conditions, distances, during movement or when motionless (Stevens 2015; Caro and 

Koneru 2021). On the other hand, sexual communication signals not only help individuals 

attract mates and/or compete for opportunities to breed, but they also ensure that 

individuals recognize their own species and potential mating partners to reproduce 

(Andersson 1994).  

In anuran amphibians (frogs and toads) acoustic signals were historically regarded 

as the primary communication mode subject to natural and sexual selection (Wells 2007; 

Coleman 2009). However, visual communication in anurans is nothing less than 

spectacular, with diverse species using an incredible range of elaborate colours to court 

mates, compete with rivals or evade predators (Hödl and Amézquita 2001). For example, 

male Moor frogs (Rana arvalis) turn from brown to blue during their short reproductive period 

to avoid mismatching (Sztatecsny et al. 2012) (Fig. 1A), or male Krefft’s river frogs 

(Phrynobatrachus krefftii) predominantly use bright yellow vocal sac displays without 

acoustic signals during male-male interactions (Hirschmann and Hödl 2006) (Fig. 1B). 
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Figure 1. (A) A blue male Moor frog (Rana arvalis) in amplexus with a brown female. (B) The yellow 

vocal sac of Phrynobatrachus krefftii (Krefft’s river frog). Pictures provided by Marc Sztatecsny (A) 

and Walter Hödl (B). 

Exploring the significance of adaptive body colourations involves investigating both 

the proximate causes (mechanisms) and ultimate causes (functions) aiming to understand 

the interplay of different selection pressures shaping animal colouration (Booth 1990; Caro 

et al. 2016; Cuthill et al. 2017). Thereby, asking how an animal changes body colouration 

include the physiology of an animal, such as hormonal control of pigment response 

(aggregation vs. dispersion), pigment production, pigment uptake (e.g., carotenoids), food 

availability, or exposure to sunlight (fading of colours) (Booth 1990; Sköld et al. 2013). On 

the other hand, when asking why an animal changes its body colouration, one must 

consider several factors that influence an animal’s life including changes in body size, 

vulnerability, reproductive status, habitat, predators, metabolism or environmental factors. 

Additionally, various situations such as courtship, mating, or predation may also play a role 

(Booth 1990; Sköld et al. 2013). Understanding the pressures acting on colour adaptions 

provide insights into the diversity of visual signalling strategies, influencing crucial aspects 

of survival and reproduction in different anuran species (Hernández et al. 2021; Postema 

et al. 2023).  

This thesis investigates functions and mechanisms of two completely different visual 

communication strategies: first, the slow ontogenetic colour change from conspicuous red 

with white spots to emerald green body colouration in the Wallace’s flying frog, 

Rhacophorus nigropalmatus (Fig. 1A,B), and second, the rapid dynamic colour change from 

brown to yellow in the Asian common toad, Duttaphrynus melanostictus (Fig. 1C,D). We 

explored the visual significance of adaptive body colourations in the context of survival and 

reproduction, integrating physiology, ecology and behaviour. The studies also emphasize 

how zoo-based research (captive settings) in combination with field experiments can help 

to study visual signal behaviour and their production in different species. 
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Figure 2. Juvenile (A) and adult (B) Wallace’s flying frog, Rhacophorus nigropalmatus, and a brown 

non-breeding (C) and yellow breeding (D) male Asian common toad, Duttaphrynus melanostictus. 

Picture (A) provided by Samantha Cloer, picture (B) by Daniel Zupanc. 

 

Colour change used for survival: Ontogenetic colour shifts in 

antipredator camouflage in Wallace’s flying frogs 

Ontogenetic colour change between life stages where juveniles have completely 

different colourations than adults commonly take several weeks to months and result in a 

permanent change of body colouration (Booth 1990). Ontogenetic colour change is mostly 

triggered by a long-term influence of hormones which change morphology, amount and 

distribution of pigments during ontogenesis (Leclercq et al. 2009). Today, 92 anuran species 

are reported to exhibit colour differences during ontogeny (Bell and Zamudio 2012), serving 

as adaptions to changing ecological factors and habitats (e.g., Hyla regilla (Wente and 

Phillips 2003)), as static sexual signal for conspecifics (e.g., at sexual maturity in several 

Bufonidae and Hylinae (Bell and Zamudio 2012)) and/or as antipredator strategies (e.g., 

Oreophryne ezra (Bulbert et al. 2018)).  

To understand how changing colour adaptations are applied as antipredator 

mechanisms, we investigated underlying mechanisms (Chapter 1), and how they effectively 

reduce predation risks (Chapter 2) in the Wallace’s flying frog (Fig. 2A,B). 
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Chapter 1 

Carotenoids are often part of (direct and indirect) honest signals, used as visual 

indicator for health (reviewed in Svensson and Wong 2011). Carotenoid supplements have 

positive effects on general health as well as ornamentation in several anuran species 

(Dugas et al. 2013; Umbers et al. 2016). Carotenoids can only be absorbed by diet (Ziegler 

2003; Feltl et al. 2005), but are assumed to be rare in nature (Olson and Owens 1996). A 

lack in carotenoids result in several nutritional diseases, which bear negative effects on 

immune modulation or reproductive success, but also colour signal or cue production 

modulating sexual and natural selection (Ogilvy et al. 2012; Ferrie et al. 2014).  

In the first chapter of this thesis, we investigated the influence of dietary carotenoid 

pigments on colour production and colour changes. To this end, we tested the influence of 

dietary carotenoids on body colouration of the Wallace's flying frog – a species with a 

striking ontogenetic colour change from red juveniles to green adults. However, adults 

raised in captivity often exhibit lighter and/or turquoise body colourations compared to wild 

individuals (Ready 2009). We predicted that the intake of carotenoids during post-

metamorphic stage aid in storing and accumulating carotenoid pigments and establishing 

the wildtype colouration of adults. 

Chapter 2 

Effective antipredator colourations are challenged by conflicting selection 

pressures such as conspecific communication, variation in transmission environment, 

ontogenetic changes, or abiotic/physiological factors amongst others (Cuthill et al. 2017; 

Postema et al. 2023). In turn, animals developed different strategies to cope with these 

selection pressures, for example to use plastic colour strategies (changing colour over time) 

(reviewed in Postema et al. 2023). To the best of our knowledge, research on adaptive 

defence colourations in response to changing predators, habitats, or body sizes has only 

been carried out in invertebrates such as moths and butterflies (Valkonen et al. 2014; 

Gaitonde et al. 2018; Postema 2022) or spiders (Yu et al. 2022a; Yu et al. 2022b). Plastic 

antipredator strategies allow animals to adapt their appearance to their environment, to 

signal their toxicity or to be camouflaged as something inedible – all while growing and 

moving through different habitats (Booth 1990).  

In the second chapter we aimed to reveal the function of ontogenetic colour 

changes as antipredator strategies in the Wallace’s flying frog. The bright red juveniles 

develop several white spots on their back one month after metamorphosis that almost 

vanish when they turn green as adults. We hypothesized that Wallace’s flying frogs use two 

distinct defence colouration strategies: crypsis and masquerade. Cryptic animals are hard 
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to detect, thereby working on the sensory level of the predator, in that the predator does not 

detect the prey in the first place. Contrary, masquerade works on the cognitive level of the 

predator – the predator detects the object, but misclassifies it as something inedible 

(Skelhorn et al. 2010a; Skelhorn et al. 2010b; Skelhorn and Ruxton 2010; Skelhorn 2015). 

In anurans crypsis such as background matching, is a common antipredator strategy, which 

reflects that many species are brown, green, or grey (Wells 2007; Rojas 2016) and thereby 

cryptic in their respective habitats. To date, we have only very little evidence of anurans 

using masquerading strategy to evade predators (Toledo and Haddad 2009; Rojas 2016). 

Here, we explored whether the juvenile colouration and the white spots contribute to 

predator defence in frogs and compared their efficacy in predator avoidance with that of 

cryptic green colour of adult frogs.  

 

Colour change used for reproduction: Dynamic colour change and 

mate recognition in the explosive breeding Asian common toad 

Anurans use diverse visual signals in their reproductive behaviours, influencing 

successful reproduction, for example during courtship (Reichert 2012) or for mate choice 

(Gomez et al. 2009). The nature of these signals might vary based on their mating system 

(Wells 2007; Bell and Zamudio 2012). Anuran mating systems are described along a 

continuum from prolonged to explosive breeding strategies. In prolonged breeders, 

breeding period lasts over a longer time span, often females compare and select their 

mating partners in extensive courtships using acoustic, tactile, chemical, and visual signals. 

Contrary, in explosive breeders, all sexually receptive individuals arrive synchronously at 

a spawning site, and breeding takes place over a period of a few days. High male-male 

competition and males searching and scrambling for females result in a low reproductive 

success rate for males and limited female choice (Wells 2007). During such encounters, 

some species exhibit a dynamic change of body colouration. 

During this dynamic sexual dichromatism – a particular type of dynamic colour 

change – species dynamically develop differing body colouration from the other sex (Bell 

and Zamudio 2012). Generally, 178 anuran species are known to express dynamic colour 

change (Bell et al. 2017). In anurans, dynamic colour changes can occur within minutes to 

hours, or within days to weeks (e.g., Kindermann et al. 2013). Interestingly, the majority of 

(tropical) anurans exhibiting dynamic colour change turn from brown to yellow (Bell et al. 

2017), whereas one (temperate) explosive breeder turns from brown to blue (male Moor 

frogs, Rana arvalis) (Brehm 1893). 
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In the following chapters, we explored the hormonal regulation of dynamic colour 

change (Chapter 3), and the significance of dynamic visual signals (Chapter 4) in the 

explosive breeding Asian common toad (Fig. 2C,D). 

Chapter 3 

From a mechanistic perspective, dynamic colour change in anurans likely works 

through modulation of pigment aggregations or pigment dispersion. Likewise, dynamic 

colour change may also occur by changing the angels of light reflecting crystals in the skin. 

All these processes can take from seconds to days (Figon and Casas 2018). Compared to 

fish and cephalopods, dynamic colour change via aggregation and dispersion is slower in 

amphibians, likely because chromatophores in the latter group are regulated by hormones 

and lack neuronal innervation (Aspengren et al. 2008; Aspengren et al. 2009). We 

hypothesize that the onset of sudden, strong rain showers, a drop in temperature and/or a 

drop in air pressure shortly before the explosive breeding event, as well as a highly 

competitive breeding aggregation act as environmental and social stressors triggering 

stress hormone release.  

In the third chapter, we studied the hormonal basis and explored the role of stress 

hormones (catecholamines) in the activation of rapid dynamic colour change. Stress 

hormones mediating fight or flight response are highly conserved and known to influence 

skin colour changes, e.g., dispersion (Burgers et al. 1953) or aggregation (Wright and 

Lerner 1960) of pigments. Environmental stressors certainly influence endocrine systems 

and physiology (Zaffaroni-Caorsi et al. 2023). We thereby assume that the onset of 

monsoon coupled with high competition and a short breeding period elicits a stress 

response. Dynamic sexual dichromatism could be a by-product of this response which was 

eventually co-opted and adapted as a visual signal. 

Chapter 4 

In dynamic and complex breeding environments, discriminating and detecting 

signals is challenging (Bee and Micheyl 2008). Species that reproduce in large and 

explosive aggregations are confronted with a high occurrence of frequency overlap of 

concurrently vocalizing conspecifics, which could impede signal recognition and 

assessment by females and thus might reduce individual male reproductive success. 

Acoustic signals therefore likely serve as long‐range localization signals (Bee 2007), 

whereas sexual selection integrates visual signals into the reproductive display to help 

facilitate the detection of individuals within dense groups (Gomez et al. 2011; Taylor et al. 

2011a; Taylor et al. 2011b). This suggests that dynamic sexual dichromatism is particularly 
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advantageous in large choruses (Sztatecsny et al. 2010) and might influence mate 

preference and mate success (Taylor and Ryan 2013; Stange et al. 2016). There are two, 

non‐mutually exclusive ways that dynamic sexual dichromatism could act as a visual signal 

in intraspecific communication in explosive breeding anurans. First, male colouration could 

function as preference trait for females to choose a breeding partner according a certain 

quality (i.e., body size, sperm quality), or as a signal during male‐male interactions to 

facilitate efficient mate selection and prevent mismatch.  

In the fourth chapter, we characterized and studied the function of dynamic colour 

change in the Asian common toad. Males change body colouration from brown to bright 

yellow during their short explosive breeding period. We tested the hypothesis that male 

colouration functions as a visual male-male signal facilitating rapid mate recognition to 

increase mating opportunities in highly competitive breeding aggregations. Furthermore, we 

test whether male body colouration, morphology, and body condition explain mating 

success. 
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Supplementary material 

 

Supplementary methods 

Free-ranging bird species in the rainforest house 

White-breasted woodswallow (Artamus leucorynchus), Nicobar pigeon (Caloenas 

nicobarica), Orange-bellied leafbird (Chloropsis hardwickii), Pied imperial pigeon (Ducula 

bicolor), Black bulbul (Hypsipetes leucocephalus), White-rumped Shama (Kittacincla 

malabarica), Blue-crowned hanging parrot (Loriculus galgulus), Pheasant pigeon 

(Otidiphaps nobilis), Java sparrow (Padda oryzivora), Blue-winged pitta (Pitta moluccensis), 

Beautiful fruit dove (Ptilinopus pulchellus), Black-capped bulbul (Pynconotus melanicterus), 

Crested partridge (Rollulus rouloul), Spotted dove (Streptopelia chinensis), Indian white-

eye (Zosterops palpebrosus).  

 

Supplementary results 

 

Supplementary Table 1 Generalized Linear Model differences of number of bird attacks on different 

model frogs 

 Estimate SE z p 

Intercept -3.085 0.387 -7.982 < 0.001 *** 

Green 1.3 0.447 2.906 0.0037 ** 

Red 2.237 0.423 5.286 < 0.001 *** 

Red-spotted 1.195 0.452 2.644 0.0082 ** 

 

Supplementary Table 2 Pairwise comparisons between attacks on colour models from Tukey 

adjusted least squares means 

contrast Estimate SE z p 

control vs green -0.1 0.0321 -3.115 0.0099 

control vs red -0.2562 0.0397 -6.459 < 0.001 

control vs red-spotted -0.0875 0.0312 -2.804 0.026 

green vs red -0.1562 0.0456 -3.425 0.0034 

green vs red-spotted 0.0125 0.0385 0.325 0.9882 

red vs red-spotted 0.1688 0.045 3.75 0.001 

 

Supplementary Table 3 Least squares means (lsmeans) of attacks on coloured model frogs; 

lsmeans and standard error (SE) was back-transformed 

 

 

 

 lsmean SE Lower CI Upper CI 

Control 0.0437 0.0162 0.0121 0.0754 

Green 0.1437 0.0277 0.0894 0.1981 

Red 0.3 0.0362 0.229 0.371 

Red-spotted 0.1313 0.0267 0.0789 0.1836 
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Supplementary figure 1 Animal droppings in the rainforest house of the Vienna Zoo.  
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Supplementary material 

Supplementary methods  

Colour analysis 

We used Avicol v6 software (Gomez 2006) to extract brightness, hue, and chroma 

measures – the essential parameters or attributes to describe colouration from reflectance 

spectra. Hue corresponds to the everyday meaning of colour and was calculated as 

maximal reflectance searched in the range 300–700 nm (Endler 1990; Gomez 2006; Gomez 

et al. 2009). Brightness corresponds to colour lightness or darkness (total reflectance) and 

is calculated as the surface area under the spectral curve. Chroma is the concentration of 

the reflectance around a wavelength, and it corresponds to colour saturation, or 

colourfulness. To describe colour changes from brown to yellow, we analysed chroma in the 

wavelength range for the spectral location of yellow, which we computed as the proportion 

of the total reflectance ranging from 560–590 nm (R(560–590nm)/R(300-700nm)) (Dimmick and 

Hubbard 1939; Gomez 2006; Hall et al. 2010; Long et al. 2010; Sétamou et al. 2014).  

Visual modelling and colour discrimination 

Significant effects of our treatments on the colour variables do not necessarily imply 

that these effects can be perceived by conspecific rivals or mating partners. Thus, we 

additionally quantified whether spectral differences could be detectable by toads using a 

colour vision model and then calculating the discriminability between different body 

colourations. We thereby examined the ability of toads to discriminate among untreated 

females (n=15), control group males (n=15), and EP (n=11) and NE (n=9) treated males. 

As spectral sensitivities are not available for our study species, we modelled the toads’ 

visual system by using a user-defined model with the spectral sensitivity of the Common 

toad (Bufo bufo) (Yovanovich et al. 2017; Yovanovich et al. 2019). Resulting small errors in 

the estimation of receptor sensitivities do not seriously affect model results (Lind and Kelber 

2009; Bitton et al. 2017). For the analysis, we used the function ‘vismodel’ of the R package 

PAVO to calculate quantum catches of each photoreceptor for the visual system (Maia et 

al. 2013). To compute the contrast in the toads’ visual space for daylight, the lighting 

conditions were defined as 'D65', which corresponds to standard daylight conditions (Siddiqi 

et al. 2004; Green et al. 2019; Chaves-Acuña et al. 2020). We considered the longest 

photoreceptor (LWS cone) being responsible for achromatic vision (Siddiqi et al. 2004; 

Gödert et al. 2021). 

To calculate chromatic and achromatic discriminability between colouration 

differences, we used a well-established receptor-noise model which calculates colour 
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differences or estimates of discriminability expressed as just-noticeable-differences (JND; 

chromatic: JND(dS); achromatic: JND(dL)) based on the relative photoreceptor densities 

(Vorobyev and Osorio 1998). JND values of 1 represent the threshold of predictably 

noticeable discriminability between the toad’s body colours. JNDs higher than 1 provide 

increased distance in the colour space and proportionally increased discernibility and 

discrimination (Igic et al. 2012; Chaves-Acuña et al. 2020). JND values < 1 provide not 

noticeable contrast and colour of conspecifics remain visually indistinguishable (Vorobyev 

et al. 2001; Siddiqi et al. 2004). We calculated JNDs with the function ‘coldist’ of the R 

package PAVO comparing females against control males, EP- and NE-treated males, and 

control males against EP- and NE-treated males measured 30 min post-administration. For 

the chromatic and achromatic calculations, the photoreceptor proportion was set to 3 : 17 

for the two cone types, derived from the frog species Xenopus laevis, which have circa 15% 

BS and 85% RS cones (Wilhelm and Gábriel 1999); the Weber fraction was set to 0.05 

following Siddiqi et al. 2004, which assume this threshold for frogs as an intermediate value 

between humans and birds (Vorobyev and Osorio 1998; Siddiqi et al. 2004). 

 

Supplementary results 

 

 

Figure S1. Schematic timeline of experimental sessions, indicating human Chorionic Gonadotropin 

(hCG) priming, epinephrine (EP), norepinephrine (NE) and control treatment and back reflectance 

measurements (RM). 
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Figure S2. Comparisons of colour parameters before [baseline 1 (B1), n=45] and after [baseline 2 

(B2), n=45] priming with human Chorionic Gonadotropin (hCG) of Duttaphrynus melanostictus. The 

individuals received a single injection of 30 µl saline and hCG (20 IU/g bodyweight). Boxplots 

represent median and percentiles of absolute measurements; dots denote outliers. Total brightness 

is given in absolute values, maximal reflectance in nm and yellow chroma in %. 
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Figure S3. Comparisons between respective colour parameters of Duttaphrynus melanostictus 

males 30 min, 60 min, 120 min, 180 min and 12 hours after treatment. Test groups received either 

saline solution (control, n=15), epinephrine (EP, n=11) or norepinephrine (NE, n=9). Boxplots 

represent means and percentiles of absolute measurements; dots denote outliers (also see 

supplementary material, table S1). Asterisk indicate significant differences between test groups from 

GLMMs (*: P<0.05, **: P<0.01, ***: P<0.001).  
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Figure S4. Mean reflectance spectra including standard error of male Duttaphrynus melanostictus 

back colouration before hormone treatment [baseline 1 (B1)], after the human Chorionic 

Gonadotropin (hCG) treatment [baseline 2 (B2)], and after 30, 60, 120, 180 min and 12 hours after 

catecholamine treatment [panel A – epinephrine (EP), n=11; panel B – norepinephrine (NE), n=9].  
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Table S1. Comparison of body colouration of Duttaphrynus melanostictus males 30, 60, 120, 180 

min and 12 hours after hormone [epinephrine (EP) and norepinephrine (NE)] or control treatment 

(saline solution). Reported are means and range. Total brightness results are reported as absolute 

values. 

30 min Total brightness Max. reflectance (nm) Yellow chroma (%) 

EP 
3624 

(2375–4974) 
692  

(654–700) 
11  

(9–12) 

NE 
3635  

(2774–4319) 
678  

(646–700) 
11  

(10–12) 

Control 
2313 

(1642–3538) 
693 

(589–700) 
9 

(8–14) 

60 min Total brightness Max. reflectance (nm) Yellow chroma (%) 

EP 
3636 

(2511–4847) 
680 

(628–700) 
11 

(10–13) 

NE 
3273 

(1804-5470) 
675 

(632–700) 
11 

(9 – 14) 

Control 
2041 

(1322–3081) 
696 

(671–700) 
9 

(8–11) 

120 min Total brightness Max. reflectance (nm) Yellow chroma (%) 

EP 
3215  

(2205–4978) 
685 

(649–700) 
11  

(10–13) 

NE 
2526 

(1527–3705) 
694 

(649–700) 
10  

(8–12) 

Control 
2076 

(1123–3297) 
700 

(700–700) 
9  

(8–11) 

180 min Total brightness Max. reflectance (nm) Yellow chroma (%) 

EP 
3255 

(2396–4944) 
694 

(667–700) 
11  

(10–12) 

NE 
2498  

(1587–3527) 
689 

(643–700) 
10  

(8–12) 

Control 
2398 

(1475–3267) 
691 

(594–700) 
9  

(8–13) 

12 h Total brightness Max. reflectance (nm) Yellow chroma (%) 

EP 
2572 

(1558-5037) 
694 

(631–700) 
11  

(9–12) 

NE 
2024  

(1253-3089) 
689 

(638–700) 
11  

(9–13) 

Control 
2197  

(1443-3238) 
700 

(700–700) 
9  

(8–11) 
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Abstract 

In some anuran species (frogs and toads), males rapidly change their body colour 

during brief mating aggregations. In such explosive breeding events, many males actively 

search and compete for a limited number of females. Male Asian common toads 

(Duttaphrynus melanostictus) change body colouration from brown to a conspicuous bright 

yellow and from a mechanistic perspective, we know that stress hormones are able to elicit 

this rapid colour change. We hypothesize that male yellow colour acts as visual signal 

facilitating mate recognition in dense breeding aggregations. First, we explored whether 

colour differences are sufficient to be perceived and distinguished by the toads using a 

colour vision model. In behavioural experiments, we tested the interactions of male toads 

with a yellow 3D model (resembling a breeding male) and a brown 3D model (resembling a 

female). Then we compared male body colour, morphological parameters and body 

condition of mated and non-mated males to investigate if colouration explains mating 

success in their natural habitat during breeding. Our results show that dynamic yellow 

colouration displayed by males during mating can be easily discriminated against brown 

female conspecifics from a toad’s point of view. During model experiments, males had twice 

as much physical contact with brown models and clasped them 40 times more often than 

yellow models. Colouration and several morphological traits did not differ between mated 

and non-mated males, hence mating success was not influenced by variations in colour or 

morphology. We discuss that dynamic sexual dichromatism in the Asian Common toad has 

evolved as a visual signal mediating fast mate recognition and solves a common problem 

in time-limited, dense breeding aggregations by minimizing male mismatch and optimizing 

mate finding. 

 

 

Key words: amphibians; Asian common toad; Duttaphrynus melanostictus; sexual 

dichromatism; visual signal; 3D model experiment 
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Introduction 

Rapid, dynamic colour change is widespread across several animal taxa, including 

cephalopods (Mäthger et al. 2009), fish (Sköld et al. 2013), reptiles (Ligon and McGraw 

2018) and amphibians (Kindermann and Hero 2016). It can be described as a quick and 

reversible adaption of body colouration for thermoregulation, UV protection, predator 

avoidance, or sexual communication (Hutton et al. 2015). In some species, only one sex 

rapidly changes body colouration. This phenomenon is known as dynamic sexual 

dichromatism, and in these cases colour change is mostly used as visual signal to 

communicate with conspecifics (Bell and Zamudio 2012), as for example male panther 

chameleons (Furcifer pardalis) during courtship interactions (Herrel et al. 2020). This 

specific type of sexual dichromatism is rare, mostly observed in cephalopods (Hall and 

Hanlon 2002) and anurans (frogs and toads) (Doucet and Mennill 2009). In the latter, 

dynamic sexual dichromatism mainly occurs in explosive breeding species (Bell et al. 2017), 

e.g., Hoplobatrachus tigerinus (Dicroglossidae), Rhinella granulosa (Bufonidae), Scinax 

ruber (Hylidae). During short breeding events, males display bright conspicuous body 

colours compared to the dull brown they exhibit around the year (Bell et al. 2017). 

In explosive mating systems, individuals of one or several species aggregate to 

breed during limited and ecologically preferable time windows. In aggregate breeders, 

hundreds of individuals come together to mate and compete; mating partners are not 

exclusive, and thus individuals vigorously fight for limited mating opportunities. Explosive 

breeding takes place synchronously over a period of a few days where males search for a 

limited number of females (Emlen and Oring 1977; Wells 2007). Scrambling competition for 

females result in a low reproductive success rate for males and limited female choice 

(Sullivan et al. 1995; Wells 2007). The increased individual density and limited time window 

to breed lead to high intrasexual competition (Wells 2007; Vojar et al. 2015). Successful 

reproduction during explosive breeding events becomes even more difficult when multiple 

species gather at the same pond and breed simultaneously (Gottsberger and Gruber 2004; 



74 

Ulloa et al. 2019). Acoustic overlap of calling males, along with both biotic and abiotic 

background noise (e.g., rain) confounds species and mate recognition (Gerhardt and Klump 

1988; Gerhardt and Bee 2006). Under such breeding conditions, we assume that selection 

favours strategies which facilitate rapid mate recognition, mate acquisition, and avoid 

mismatch between males. For example, in some species, males displace and attack other 

males in amplexus and mostly larger males are more successful, also males arriving earlier 

at the breeding pond are more successful to secure a female (Wells 2007). To avoid 

mismatch, males of some species emit release calls when clasped by other males (Yu and 

Sharma 2012) or display a striking dynamic dichromatism (Sztatecsny et al. 2012). 

Pioneering work on dynamic sexual dichromatism from Sztatecsny et al. (2012) in 

the Moor frog (Rana arvalis) and Rehberg-Besler et al. (2015) in the Neotropical yellow toad 

(Incilius luetkenii) show that males distinguish males and females based on body 

colouration during dense explosive breeding aggregations. In the temperate R. arvalis, 

males turn blue during their short reproductive season lasting around one week (Brehm 

1893). The conspicuous blue body colouration provides instant mate recognition and 

improves mating opportunities, but colourations are not related to body condition or 

morphology (Sztatecsny et al. 2012). However, mating experiments with different sized 

frogs showed that larger and heavier Moor frogs were able to secure a mate (Rausch et al. 

2014). Male morphology (thick forearms and large nuptial pads) also influenced male 

mating success in Columbia Spotted frogs (Rana luteiventris) and allowed securing a 

female in an extreme scramble mating system (Greene and Funk 2009). In the tropical I. 

luetkenii males turn yellow during breeding but fade to brown as soon as they are in 

amplexus with a female (Doucet and Mennill 2009). Male bright and conspicuous colours 

displayed only for a few days facilitate mate recognition but body condition of single males 

does not relate to brightness (Gardner et al. 2023) and female Neotropical Yellow toads do 

not choose males based on body colouration (Gardner et al. 2021). Dynamic sexual 

dichromatism has been documented in at least 75 species that are aggregate breeders, but 

only few studies investigate its behavioural function in explosive breeders (Bell et al. 2017). 
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Effective communication is a key aspect of reproductive success in these mating systems 

(Wells 2007), thus we hypothesize that rapid colour change evolved multiple times as 

functional colour signal, a dynamic visual solution to increase mating opportunities and 

rapidly find a mating partner in highly competitive explosive mating systems. 

We study this idea in a population of the Asian common toad, Duttaphrynus 

melanostictus under natural conditions in Karnataka, India. The species is distributed 

worldwide, with only some populations exhibiting dynamic colour change. Those that 

display dichromatism also form explosive mating aggregations (Fig. 1). In these 

populations, males change body colouration from inconspicuous brown – similar to females 

– to bright yellow during the short breeding season (personal observations of the authors). 

We know that stress hormones (catecholamines) mediate the production of bright yellow 

colourations in D. melanostictus (Stückler et al. 2022); however, the functional significance 

of sexual selected, dynamic dichromatism in males is still unknown. 

Here we examine the visual signal function of male yellow colouration during 

reproduction. We predict that sexual dynamic dichromatism in male Asian common toads 

acts as visual signal to facilitate mate recognition (similar to R. arvalis (Sztatecsny et al. 

2012) or I. luetkenii (Rehberg-Besler et al. 2015)). In light of the highly competitive 

environment and the fact that females are amplected shortly after or upon arriving at the 

breeding site, we predict that females have few options for choosing mates. Consequently, 

male colourations might not serve as a basis for mate assessment and, in turn, mating 

success may not be based on female preference. To investigate this idea we first explored, 

whether colour differences and similarities are sufficient to be easily perceived and 

distinguished by the toads. In behavioural experiment, we then tested if male yellow 

colouration acts as visual signal to avoid mismatch and to quickly detect and secure a brown 

mate. Exploring this, we set up a model experiment, testing the behavioural response of 

toads to different body colourations (brown and yellow) of realistic model toads. We predict 

that male toads respond differently towards model toads (avoiding yellow models, spending 
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more time with brown models). However, if male dynamic colouration indicates male quality 

and mating success, then we predict that we find differences in body colouration in relation 

to morphology, or body condition between mated and non-mated males which might 

influence female preference or access. To test this, we measured, compared and correlated 

colouration, morphometry and body condition between mated and non-mated males during 

an explosive breeding event.  

 

Methods 

Study species and study site 

The Asian common toad, D. melanostictus inhabits moist places, as well as urban 

lowland areas and breeds in stagnant water pools in South- and Southeast Asia (Ngo and 

Ngo 2013). Maximum reproductive activity and development of oocytes in females 

coincides with the arrival of heavy rains and thereby differs throughout the Asian continent 

(Jørgensen et al. 1986). While toads exhibit dynamic dichromatism and gather in explosive 

breeding events in most populations across the Indian subcontinent (e.g., Western Ghats), 

they breed throughout the year in other parts of South‐East Asia (Thailand, Java) and no 

information on dynamic colour change exists for the latter populations (Church 1960; 

Jørgensen et al. 1986; Köhler et al. 2022). Dynamic colour change during explosive 

breeding was investigated from 11–12 June 2023 (day 1 and 2) in a riverbed with rainwater-

filled puddles, formed by heavy monsoon rains in the previous night, in Uttara Kannada, 

Karnataka, India (Fig. 1). The breeding location consisted of three large, partly connected 

paddles of different sizes and water depths. The riverbed adjoined a 3–4 m high laterite wall 

on one side and a betel nut (Areca catechu) plantation on the other. Yellow males and brown 

females migrated from both sides to the breeding event.  
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Figure 1. Explosive breeding event of the Asian common toad (Duttaphrynus melanostictus) in their 

natural habitat in Karnataka, India.  

 

Visual model and colour discrimination 

First, we quantified whether conspecifics could detect spectral differences in body 

colouration between mated males (in amplexus), non-mated males (not in amplexus) and 

females (all in amplexus with a male) with a colour vision model calculating the 

discriminability between different body colourations (using the R package PAVO) (Maia et 

al. 2019). For this we randomly collected mated males (N = 27), non-mated males (N = 27) 

and females (N = 27) with a net from the breeding aggregation and immediately measured 

body colouration of flank, head, and vocal sac/throat with a spectrometer (JAZ series; 

Ocean Optics, Dunedin, USA) according a standardized protocol (Stückler et al. 2022). 

Spectral sensitivities are not available for D. melanostictus, therefore we modelled the visual 

system of the toads using spectral sensitivities of Common toads, Bufo bufo (function 

‘vismodel’) (Yovanovich et al. 2017; Yovanovich et al. 2019). We used standard daylight as 

the lighting condition (‘D65’) (Siddiqi et al. 2004; Green et al. 2019; Chaves-Acuña et al. 
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2020), and the longest photoreceptor (LWS cone) for achromatic vision (Siddiqi et al. 2004; 

Gödert et al. 2021). 

We used a receptor-noise model calculating colour differences (just-noticeable-

differences, JNDs) with the function ‘coldist’ (Siddiqi et al. 2004; Chaves-Acuña et al. 2020). 

We calculated chromatic (JND(dS)) and achromatic (JND(dL)) contrasts comparing means of 

mated males against non-mated males and females. The threshold for discriminating 

between two colours is 1. Mean contrast values below 1 are indistinguishable, while JND 

values ranging from 1 to 3 signify poor detectability. Values above 3 indicate detectable 

contrasts (Vorobyev et al. 2001; Siddiqi et al. 2004; Igic et al. 2012; Chaves-Acuña et al. 

2020). Photoreceptor proportion was set equally for the chromatic and achromatic 

calculations (Robertson et al. 2022). Following Siddiqi et al. (2004), the Weber fraction was 

set to 0.05. 

Model experiment 

To experimentally test how male yellow colouration influences mating, we used 3D 

model toads to observe live male responses to differing body colours in a natural explosive 

breeding aggregation. We created realistic toad models by casting a preserved D. 

melanostictus toad from a specimen of the collection of the Natural History Museum Vienna. 

The cast was filled with Polyurethane resin. The resulting object was scanned, adjusted to 

size (5.5 cm SVL) and seven models were printed (3Dee GmbH & Co KG, Vienna) (Fig. 2). 

We painted each model with non-toxic, water-based acrylic colour paint (Daler-Rowney Ltd., 

Bracknell, United Kingdom). As reference we used the spectral reflectance of yellow male 

Hoplobatrachus tigerinus (unpublished data D. Preininger) and the brown colouration data 

of the population kept at the Vienna Zoo (Stückler et al. 2022) (Fig. 5A). 
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Figure 2. Comparison of live and model toads: a yellow male (A) and a brown female (B) live toad 

of Duttaphrynus melanostictus, and 3D model toads (5.5 cm SVL length) resembling a breeding 

yellow male (C) and a brown female model (D). 

 

We presented a brown model, resembling a female and a yellow model mimicking a 

breeding competitor to a group of male D. melanostictus at the explosive breeding 

aggregation. The models were attached 70 cm apart from each other with a thin fishing line 

on the crossbar of a T-shaped wooden stick. The stick was 1.2 m long, allowing a distance 

of 1.5 m between experimenter and models as well as live toads. The experimenter lowered 

the models into the water and stood motionless for 2 min, so that the toads could recover 

from human disturbance and resume natural behaviour (habituation period). Then the 

experimenter moved the T-shaped stick with the model toads slightly up and down, for 5 

min to simulate activity (testing period). Each trail was video recorded with a digital camera 

(Panasonic SDR-SW 21) on a tripod. We recorded 20 trials on day 1 of the explosive 
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breeding event, after each trial ended, we set up the next experiment 5 m away to avoid 

repeated testing of the same individuals.  

Colour and morphological measurements 

To investigate the relationship of colouration and male body condition, we compared 

body colouration of flank, head, and vocal sac of mated (N = 27) and non-mated males (N 

= 27). Following colour measurements, we obtained length and width of nuptial pad, forearm 

width and length, upper arm width and length, chest width, snout-vent length (SVL), snout-

urostyle length (SUL) and weight of the same males. To calculate male body condition, we 

used the scaled mass index (SMI) derived from SVL and weight of males with a standard 

coefficient (Peig and Green 2009; Liao 2018; Landler et al. 2023). We calculated condition 

as SMI = m * (L0/L)b, in which m is the mass of the individual, L0 the mean of SVL, and L 

the SVL of the individual. The coefficient b is calculated using a linear regression of the 

natural logarithm of body mass (as dependent variable) and the natural logarithm of SVL 

(as independent variable), following Landler et al. (2023). The coefficient (slope of the 

standard major axis) for our study population was 3.507916.  

Colour analysis 

We analysed the reflectance spectra in R Studio with the package PAVO (Maia et 

al. 2019). With the function ‘procspec’ we applied LOESS smoothing of the reflectance 

spectra (opt = “smooth”, span = 0.35), and set all negative values to zero (fixneg = “zero”) 

(Malpica et al. 2022; Webster et al. 2023). We analysed the colour parameters brightness, 

hue and yellow chroma (see supplementary material Stückler et al. (2022)) to compare male 

breeding colourations. Spectral analysis were performed in R Studio with the package 

PAVO, function ‘procspec’ and ‘summary.rspec’ (brightness: “B2”; hue: “H1”; yellow chroma: 

“S1Y”). 
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Statistical analysis 

Upon substantial interrater reliability agreement for video analysis (Kappa = 0.706, 

P < 0.001) (Landis and Koch 1977), we analysed the number of physical contacts and 

amplexus attempts per video (5 min experimental period) using Wilcoxon signed rank tests.  

To compare colour measurements (flank, head and vocal sac), morphology (length 

and width of nuptial pad, forearm width and length, upper arm width and length, chest width, 

SVL, SUL and weight), and SMI between mated and non-mated males, we first tested all 

parameters for homogeneity by using Levene's test and Shapiro-Wilk normality test to test 

for normal distribution. If the parameters were normally distributed, we used a two-sample 

t-test; otherwise, we used a Wilcoxon rank sum test. Then we correlated colour parameters 

of flank, head, and vocal sac with SMI to understand if male colouration provides a cue to 

male quality, regardless of whether they were in amplexus or not.  

Ethical statement and permits 

All experiments reported in this article complied with the current laws of the country 

in which they were performed (India). The study was approved by the National Biodiversity 

Authority India (IN-KA97252580684335P). We followed the guidelines of the Association for 

the Study of Animal Behaviour for animals in research (ASAB 2024). Toads were handled 

carefully and handling time was kept to a minimum (less than 5 min for colour and 

morphological measurements).  

 

Results 

Description of the explosive breeding event 

During five days and nights prior the explosive breeding event, we observed four male D. 

melanostictus, which displayed partial to full yellow colour change close to the eventual 

explosive breeding site. In these days, it rained on and off for periods of 10–30 min several 
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times per day and night, with heavy continuous rainfall starting in the evening of 9 June 

2023. The explosive breeding event lasted two days (≈30 hours) and activity started on the 

morning of 11 June 2023 (day 1) after heavy rainfall in the previous 36 hours, followed by a 

drop in temperature from 28 °C to 24 °C and an increase of relative humidity from 67% to 

71% (compared to the mean temperature and mean relative humidity of the week before, 

Fig. 3). Mean temperature on day 1 was 24.2 °C, mean relative humidity was 70.8%. On 

day 2, mean temperature was 26.2 °C and relative humidity was 70.9%. Sound pressure 

level of male chorus at the breeding site averaged 83.4 dBC (SE = 0.4, N = 3, distance 1 

m; day 1, 14:00 h). First spawn was observed around 16:00 h of day 1. The operational sex 

ratio (OSR), counted in four randomly selected 1 m2 plots, was 3.3:1 on day 1. During the 

night, we observed less activity. The following morning, the breeding event continued with 

an OSR of 3.3:1 counting a total of 235 males (164 single males, 71 males in amplexus) 

and 71 females (all in amplexus). Activity and individual number steadily decreased and 

ended in the early afternoon of day 2.  

Figure 3. Mean temperature (in °C, red line) and mean relative humidity (in %, blue line) at our study 

site in Bare, India. The period of explosive breeding event of Duttaphrynus melanostictus is indicated 

in grey. 
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Colour vision model 

When looking at estimates of discriminability expressed as just-noticeable-

differences (JNDs), we found that comparisons of flank, head and vocal sac colourations of 

mated males to non-mated males showed no or poor contrast for sufficient discrimination 

in chromatic and achromatic conditions (flank: dS = 0.3, dL = 1.1; head: dS = 0.8, dL = 1.8; 

vocal sac: dS = 1.6, dL = 0.3). Whereas, contrast of yellow mated or non-mated males to 

females was much higher (mated males: flank: dS = 21.3, dL = 26.1; head: dS = 17.4, dL = 

22.6; vocal sac/throat: dS = 7.4; dL = 2.9; non-mated males: flank: dS = 21.6, dL = 25; head: 

dS = 17.9, dL = 20.8; vocal sac/throat: dS = 9.1, dL = 3.2) in chromatic and achromatic 

conditions, showing that toads can easily discriminate a brown female from yellow breeding 

competitors. 

Model experiment 

Male Asian common toads had significantly more physical contact (Wilcoxon signed-

rank test: z = -2.277, N = 20, P < 0.05) and amplexus attempts (Wilcoxon signed-rank test: 

z = -4.514, N = 20, P < 0.001) with brown model toads than with yellow model rivals (Fig. 

4). Males had physical contact with brown models 133 times (N = 20 videos, mean/trial = 

6.65), and 61 times with yellow models (N = 20 videos, mean/trial = 3.05). Males attempted 

amplexus 86 times with brown models resembling females (N = 20, mean/trial = 4.3) and 

only 2 times with yellow model toads (N = 20, mean/trial = 0.1). In the total test period of 

100 min, live males spent 225 seconds (3.75 min) in amplexus with brown models and only 

5 seconds with yellow models. 
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Figure 4. Mean number of interactions (active physical contact or amplexus) of male Asian common 

toads (Duttaphrynus melanostictus) with a yellow model toad (resembling a male competitor) and a 

brown model toad (resembling a female) during an explosive breeding event in their natural habitat 

(N = 20). Asterisk indicate significant differences of Wilcoxon signed-rank test: * P < 0.05; ** P < 0.01; 

*** P < 0.001.  

 

Comparison of mated and non-mated male traits 

Mated and non-mated male toads showed no differences in the three analysed 

colour parameters (brightness, hue and yellow chroma) measured of flank, head, and vocal 

sac (P > 0.05, N = 27/group, Fig. 5), nor in length and width of nuptial pad, forearm width 

and length, upper arm width and length and chest width (two-sample t-test, P > 0.05, N = 

27/group, Table 1), or SVL, SUL, weight and body condition (SMI) (Wilcoxon rank sum exact 

test: P > 0.05, N = 27/group, Table 1). Body condition of mated and non-mated male 

individuals did not explain yellow colour parameters (brightness, hue, yellow chroma) of 

flank, head, and vocal sac (spearman correlation, P > 0.05, N = 54), regardless of whether 

they were in the amplexus or not, e.g., males with higher SMI were not yellower or brighter 

or mating. 
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Table 1. Comparison of colour measurements (flank, head and vocal sac), morphological 

measurements and body condition (SMI) of mated (N = 27) and non-mated males (N = 27), providing 

means and standard errors.  

Parameters Mated males Non-mated males Z P 

Flank colouration 

Brightness 14.79 ± 0.86 13.86 ± 0.61 -1.8 0.07 

Chroma (in %) 34.7 ± 0.5 34.9 ± 0.4 -0.4 0.6 

Hue (nm) 644 ± 8.9 643 ± 9.9 -0.22 0.82 

Head colouration 

Brightness 16.79 ± 1.28 16.00 ± 0.90 -0.18 0.86 

Chroma (in %) 33.3 ± 0.5 32.8 ± 0.4 -1.06 0.29 

Hue (nm) 681 ± 6.1 691 ± 2.5 -0.59 0.55 

Vocal sac colouration 

Brightness 19.28 ± 1.11 19.66 ± 1.20 -0.44 0.66 

Chroma (in %) 24.7 ± 0.7 25.5 ± 0.7 -0.46 0.65 

Hue (nm) 682 ± 3.8 675± 7.1 -0.44 0.66 

Morphometry 

SUL (mm) 61.89 ± 0.75 63.14 ± 0.68 -0.94 0.35 

SVL (mm) 57.03 ± 1.15 59.24 ± 0.72 -1.47 0.14 

Nuptial pad width (mm) 1.74 ± 0.07 1.75 ± 0.06 -0.09 0.93 

Nuptial pad length (mm) 4.42 ± 0.12 4.51 ± 0.09 -0.57 0.57 

Forearm width (mm) 6.47 ± 0.18 6.44 ± 0.20 -0.14 0.89 

Forearm length (mm) 13.66 ± 0.28 13.10 ± 0.20 -1.58 0.11 

Upper arm width (mm) 6.12 ± 0.19 6.25 ± 0.17 -0.49 0.63 

Upper arm length (mm) 11.64 ± 0.34 11.39 ± 0.28 -0.58 0.57 

Chest width (mm) 21.25 ± 0.40 21.73 ± 0.30 -0.94 0.35 

Weight (g) 21.14 ± 0.71 22.55 ± 1.42 -0.45 0.66 

Body condition  

Scales Mass Index (SMI) 22.24 ± 0.98 21.73 ± 1.20 -0.45 0.66 
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Figure 5. Mean spectral reflectance (± SE) of flank (A), head (B), and vocal sac/throat (B) of 

Duttaphrynus melanostictus mated males (red, N = 27), non-mated males (black, N = 27), and 

females (blue, N = 27) during explosive breeding in their natural habitat. In panel A, grey dotted lines 

show reflectance spectra of yellow model toads, grey dashed lines of brown model toads. 
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Discussion 

Some populations of Asian common toads (D. melanostictus) breed in highly 

competitive, explosive aggregations, where over 200 males actively search for females. Our 

results show that the dynamic yellow colouration displayed by males during mating can be 

easily discriminated against brown female conspecifics. Males attempted mating 

significantly more often with brown model toads resembling females than with yellow 

models imitating males. We suggest that dynamic sexual dichromatism in the Asian 

Common toad has evolved as visual signal mediating fast mate recognition in time-limited, 

dense breeding aggregations. Selection strongly favours the evolution of sensory and 

cognitive systems that help animals to find or secure a mate (Searcy and Nowicki 2005). 

These abilities become even more important when mating is highly time constrained, 

because environmental conditions for mating and offspring survival are favourable for only 

a brief period during each year (Sullivan 1994). Heavy rains and a temperature drop were 

observed before the onset of the explosive mating event, which likely triggered a 

physiological response in males to change body colouration and move to the breeding site. 

On location, male Asian common toads were able to clearly distinguish rival males by their 

bright yellow colouration and likely classified them as non-mating partners and continued to 

search for brown females. Visual signals deployed in male competition to secure a mating 

partner are common in several animal taxa, e.g., fish (Candolin 1999), damselflies (Khan 

and Herberstein 2021) or birds (Jones et al. 2017), and some anuran species developed 

visual signals to avoid conspecific physical attacks by exploiting sensory rival responses 

(Grafe et al. 2012; Anderson et al. 2021). The majority of those signals however not only 

regulate agonistic interaction but rather advertise condition (male quality) and/or localization 

towards female observers (Summers et al. 1999; Rosenthal et al. 2004; Gomez et al. 2009).  

In female preference systems, male colouration or visual displays are subject to 

intersexual selection e.g., in several bird species, females choose males based on plumage 

colouration (Hill 2006). Visual preferences also mediate mate choice in a number of anurans 
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(Summers et al. 1999; Sullivan and Kwiatkowski 2007), e.g., in European tree frogs (Hyla 

arborea), females choose males based on colourful vocal sacs and a distinct flank stripe 

(Gomez et al. 2009). Colour differences related to health and condition provide a basis for 

females to assess a potential mate (McGraw and Ardia 2003; Pike et al. 2010). In Asian 

common toads, we found no differences between mated and non-mated males in 

colouration, morphometry, or body condition. Yellow colour brightness, hue or saturation do 

not relate to male´s body condition and mating success. Also, amplectant males did not 

show any size or morphological differences (large forearms or nuptial pads, sensu (Greene 

and Funk 2009) that might have allowed them to secure a mate more easily independent of 

colouration. It remains in question what traits provide a basis for females to choose a 

potentially fit male. Indeed, females might not be influenced by male body colouration (as 

e.g., in I. luetkenii ((Gardner et al. 2021)) and probably do not have the possibility for pre-

copulatory choice. In such dense breeding aggregations, high individual densities and 

strong male-biased OSR lead to high competition between males for mating opportunities 

(Wells 2007). Females are constantly pursued by males and one or more males attempt to 

clasp a female, in some cases females die in so-called mating balls (personal observation 

Stückler, Wampula and Preininger) (Trauth et al. 2000; Dittrich and Rödel 2023). One way 

for females to elevate offspring fitness in explosive breeding aggregations is polyandry 

(Sztatecsny et al. 2006; Rausch et al. 2014). However, there is no information on polyandry 

for our study species. Females were observed leaving the mating arena immediately after 

egg deposition, trying to hide in holes and being chased by males while doing so. On several 

occasions, females were amplected with more than one male (mating balls) and had no 

chance to struggle free, which likely ended fatally for many females. Closer investigations 

should be made to explore female choice, female survival and polyandry in the Asian 

common toad. 

Although sexual selection by mate choice is common in anurans and surely 

generated an enormous diversity in this and many taxa, we argue that this study adds to 

previous findings showing that dynamic sexual dichromatism in the Asian common toad 
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evolved to exploit male responses during mate searching. Admittingly, in many anurans, 

males advertise and females choose a preferable mate based on spectral and temporal 

acoustic information (Gerhardt and Huber 2002) and there is undeniable evidence for 

consistent trait preferences (Ryan et al. 2019). However, also visual signals (vocal sac-, 

foot- and body colourations) were demonstrated to play a dominant role in anuran 

communication systems (Starnberger et al. 2014a; Starnberger et al. 2014b). We thereby 

suggest that conspicuous visual signals evolved to mediate male decisions rather than 

those of females and regulate agonistic or aggressive competitions as particularly the case 

in explosive breeders.  

Most dynamic dichromatic anuran species are explosive breeders and 

predominantly, males change body colouration to conspicuous bright colours (Bell et al. 

2017). When looking at previous studies and the current results, it clearly highlights how a 

visual signal can enhance reproductive success in explosive breeding species. Moreover, 

it suggests that these dynamic colourations might have evolved several times under similar 

conditions to solve comparable competitive problems. We previously showed that the yellow 

colouration in Asian common toads is produced by catecholamines. Signal mediation by 

stress hormones, the intense competition and the short period to reproduce lead us to the 

suggestion that sexual dichromatism was initially a by-product of a stress response 

(Kindermann et al. 2013; Stückler et al. 2022) triggered by environmental stimuli that 

prelude highly competitive and brief explosive breeding events. As such, catecholamines 

stimulated melatonin aggregations in the skin, enabling a bright yellow appearance (Wright 

and Lerner 1960; Abe et al. 1969; Goldman and Hadley 1969) that presumably benefited 

signaller and receiver by avoiding unwanted mismatches that protract finding a female 

mating partner. Since females remain brown, the sensory and cognitive search mechanism 

for brown phenotypes as mates is maintained. In this case, the dynamic colour trait would 

impact competitor response by increasing the odds of mating and likewise being selected 

and transformed into a visual signal. Most sexual dichromatic anuran species change body 
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colouration to yellow, leading to the assumption that yellow colour is either easily produced 

or caused by physiological limits (Bell et al. 2017). Generally, yellow colour in anurans is 

produced by the dispersion of yellow pigments in xanthophores (Bagnara 1998; Aspengren 

et al. 2008). Nevertheless, the skin of Asian common toads contains melanophores, but 

chromatophores important for yellow colour production are absent (Ali and Naaz 2014). 

Future studies exploring how such bright yellow colour is produced are needed to also 

understand the physiological and morphological basis of this colour change.  

The question remains why evolution favoured such adaptations in some explosive 

breeders but not in others. How does species- and mate recognition work in monochromatic 

anuran explosive breeding species? In contrast to our study species, the Moor frog, the 

Neotropical yellow toad and also the nocturnal European common frog (Rana temporaria) 

where male throats become brighter for presumably similar signal influence (to avoid male 

attacks and recognize mates) (Sztatecsny et al. 2010), the majority of explosive breeding 

species lack dynamic colour change. Species- and mate recognition in those species might 

be facilitated through other cues and/or signals, such as sexual size dimorphism or distinct 

release calls (Marco and Lizana 2002; Yu and Sharma 2012), while dynamic visual signals 

might provide an optimal solution for species which physiological mechanism support such 

adaptations. Explosive breeding systems therefore provide an interesting study system to 

understand how selection acts on colour traits and influences dynamic visual signal design.  

 

Conclusion  

Our results support previous findings demonstrating that dynamic sexual 

dichromatism acts as a visual signal, enabling quick mate recognition and avoiding costly 

mismatches in time-limited, highly competitive breeding aggregations. This visual signal 

strategy in explosive mating systems could provide a convergent evolved solution to similar 

constraints in temperate and tropical anurans, to experience less harassment and allow 

faster mate finding. Physiological prerequisites, underlying mechanisms and adaptive 
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pathways facilitating dynamic signalling yet remain unknown. However, in temperate and 

tropical explosive breeding anurans, dynamic, visual mate recognition signals are likely 

more effective and efficient to avoid costs of mismatch and attacks than signals that regulate 

those agonistic encounters after they occurred. A dynamic signal solution further reduces 

costs associated with permanent conspicuousness, such as for visual predators. 
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General Discussion 

 

The four studies exploring different aspects of colour change in anurans provide 

insights about the requirements and effectiveness of ontogenetically changing colourations 

in Wallace's flying frogs and the function and underlying physiological mechanisms of 

dynamic colour change in male Asian common toads. The two distinct anuran study species 

– an arboreal, prolonged-breeding frog and an explosive-breeding toad – indicate 

evolutionary dynamics shaping anuran colouration with implications for ecology and 

behaviour. Numerous constraints and selective pressures guide, shape or even dictate 

adaptations of signal evolution. 

 

The first chapter shows how dietary pigments (carotenoids) influence ontogenetic 

and dynamic colour changes in the Wallace’s flying frog and how dietary pigments play an 

important role in successful husbandry. Food content and availability determines if this 

species can blend into its habitat and dynamically react to different light environments or 

stressors. In the second chapter, we investigated predation as a key selection pressure on 

colour adaption, which is a natural selection process eliminating or promoting colour 

modulations.  

In the third chapter we did not target a constraint but suggest that environmental 

and/or social pressures trigger hormone release of catecholamines (epinephrine and 

norepinephrine) eliciting dynamic colour changes. In the fourth chapter we demonstrated 

how sexual selection acts on dynamic colour changes by mediating fast mate recognition 

– solving a common problem in time-limited, explosive breeding aggregations. 

Given or because of the above-mentioned forces, and likely several others that 

constrain signal evolution, both investigated species have developed ontogenetically and 

dynamically changing colour signals over evolutionary time. These colour signals ensure 

survival and reproduction, likely through pre-existing adapted pathways, albeit achieved in 

entirely different ways. Most importantly, both study systems demonstrate the complexity of 

signal evolution and show how colour adaptations must meet numerous demands or 

selection factors. 
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Ontogenetic colour shifts in antipredator camouflage in Wallace’s 

flying frogs 

Chapter 1 

Wallace's flying frogs exhibit colour changes that, at least partially, depend on 

carotenoids. A high-carotenoid diet contributes to their green body colouration, enabling 

them to dynamically change colour in response to varying light conditions and tactile 

stressors. Frogs receiving less or no carotenoids were not able to adaptively change body 

colouration. Carotenoids play an important role in colour production and physiological 

functions, but need to be obtained by ingestion. Sufficient nutrition thereby improves crypsis 

in the canopy and predation avoidance in adults. This strategy, however, is not applied by 

juveniles, likely due to of different environmental pressures in their habitat and/or 

morphological constraints, such as their inability to glide. Gliding is an advantageous 

behavioural and morphological adaptation of adults but absent in juveniles. Both factors – 

different habitats and the lack of gliding ability might contribute to alternative colour 

adaptations in juveniles (Chapter 2). However, the function of dynamic colour change 

remains unknown, as does the endocrine control of both, dynamic and ontogenetic colour 

changes in this species.  

Chapter 2 

The conspicuous colouration of juveniles likely serves as an antipredator strategy. 

Red models with white spots received half of the attacks than the plain red models, 

suggesting that the white spots are the primary visual feature making the animal appear 

inedible. While bird colour perception is thought to be well adapted for detecting red objects 

(Teichmann et al. 2020), a general sensory bias (neophobia) towards white likely plays a 

role in the evolution of white spots on a conspicuous red body. Changes in receiver 

behaviour may have evolutionary implications for “signal” design; for example, if avian 

predators tend to prey on frogs with fewer white spots, natural selection may reinforce an 

increased number of white spots over time. Multiple selection pressures, including 

predation, microhabitat background colouration, environmental factors and nutrition, likely 

contribute to the ontogenetic changes in mimicry strategies from juvenile masquerading to 

crypsis as adult.  

 

While providing new evidence on the demands of natural colouration and predator 

avoidance through ontogenetic colour changes, Chapters 1 and 2 also highlight the complex 

interactions of selection pressures and constraints that mediated colour adaptations to 

match microhabitat characteristics, deceive predators and meet trophic demands.  
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Dynamic colour change and mate recognition in the explosive 

breeding Asian common toad 

Chapter 3 

A different complexity is evident during the reproductive period of the Asian common 

toads, which starts after heavy monsoon rains following a long dry period. Environmental 

conditions (temperature, air pressure) drastically change within a few days and initiate an 

explosive breeding event that lasts only 1-2 days with rigorous competition between 

hundreds of males for a mate. In this short time under exceptional social conditions, males 

dynamically change body colourations from brown to bright yellow. It remains unclear which 

factors trigger colour change in the first place. We hypothesize that the onset of sudden, 

strong rain showers, a drop in temperature and/or a drop in air pressure are triggering yellow 

colour change. There is plenty of evidence that environmental stressors can trigger stress 

hormone release (Wingfield 2003; Blas 2015). In many amphibian species, also different 

social stressors (such as reproduction) lead to the rapid release of catecholamines and 

corticosterone (Selye 1956; Carr 2011; Harvey et al. 1997). Catecholamines are released 

as part of the adaptive fight or flight stress response, and in our case they – at least partly 

– initiate dynamic colour change. We suspect that colour changes initially were a by-product 

of a stress response and eventually, sexual selection co-opted this effect and created an 

effective mate recognition signal in a challenging explosive breeding system. However, 

several factors remain unclear, for example what pressures – environmental or social – 

trigger the hormonal response mediating colour change and how such yellow colouration 

maintain for up to two days. 

  

Two main stress response systems in animals are the Sympathetic-Adrenal-

Medullary system (SAM) and the Hypothalamicpituitary-adrenal system (HPA), the latter is 

known as the Hypothalamic-pituitary-interrenal (HPI) axis in amphibians. SAM is a rapid 

pathway working via the nervous system. Thereby, the adrenal medulla gets activated and 

releases catecholamines (fight or flight response). Contrary, stress also activates the 

HPA/HPI axis but via the brain, releasing glucocorticoids, which is slower than SAM (Hu et 

al. 2008; Kaiser and Jaillardon 2023). In amphibians, corticosterone (CORT) is the main 

stress hormone released via the HPA/HPI axis (Moore and Jessop 2003). For example, in 

some explosively breeding species (Incilius luetkenii), the presence of conspecifics – even 

just a single male – increases CORT levels and skin colour brightness in males compared 

to solitary housing (Gardner et al. 2020). Also, greater reproductive intensity during short 

breeding events and increased energy demands require higher baseline CORT (Moore and 
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Jessop 2003; Madelaire and Gomes 2016). Therefore, CORT levels are likely high when 

dynamic colour change occurs. 

Another possible physiological trigger of dynamic colour change is sex steroid 

hormone action, given that testosterone (T) and estradiol (E2) play a prominent role in 

governing important reproductive signals. Many studies show that this effect can occur on 

rapid timescales (within minutes) and in response to social and/or environmental cues 

(Remage-Healey and Bass 2006; Mangiamele and Thompson 2012; Fuxjager et al. 2015; 

Moore et al. 2018). For example, there is some evidence that androgens may facilitate 

colour change in a few frog species by acting alone or in combination with other hormones 

(Aspengren et al. 2008; Kindermann et al. 2014; Tang et al. 2014). Exploring the 

involvement of other hormones such as T and CORT in mediating dynamic colour change 

would be the next step in investigating the complex interplay of different hormonal pathways. 

 

Chapter 4 

Our results suggest that dynamic sexual dichromatism has evolved as a visual signal 

mediating male decisions in dense breeding aggregations rather than those of females. In 

this case, sexual selection is most likely a stronger selection force compared to predator 

selection. Increased number of successful mating events increases the likelihood of passing 

on its genetic material, or other traits such as the ability to change body colouration. A large 

body of literature demonstrates how female preference effects signal selection (Ryan 1990), 

whereas the influence of male-male competition on sexual colour dimorphism is rarely 

discussed. Traditionally, anuran breeding systems are viewed through the lens of female 

choice, however when observing an explosive breeding aggregation, it is immediately 

obvious that there is no or only very limited female choice possible. The minute a female 

arrives at a male biased breeding pond, females get clasped by one or several males and 

often die during this male scramble competition (Wells 2007). Male-male competition is 

positively correlated with population densities and influenced by the operational sex ratio 

(OSR). In our study species, which is characterized by high male-male competition, male 

yellow colouration helps to avoid male-male fights, and – considering an enormous short 

breeding period – saves time and increases mating opportunities.  
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Conclusion of Chapters 

Overall, we have demonstrated that colour change as signal strategy has developed 

in very different ways and under completely different selection pressures in the two anuran 

amphibian species under investigation. Nevertheless, we also show how adaptations and 

investments into mere body colourations can determine if a frog or toad survives and is able 

to pass on its genes. 

 

Figure 3. Thesis overview illustrating the interactions of natural and sexual selection shaping 

adaptive animal body colouration for enhanced survival and reproduction. 

 

 

The diversity of visual signals that frogs and toads display likely reflects the diversity 

of evolutionary pathways that developed particular colour signals, as organism are exposed 

to several selection pressures or constraints guiding (or rather confining) signal evolution. 

Signal function and mechanism help to understand the adaptations that we observe when 

we look at colour signals and the solutions that were selected to improve them. Our 

investigations, results and conclusions provide a basis for a number of further questions 

and study suggestions which at the end of this thesis we want to briefly summarize. 
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Future studies and challenges 

Comparative approach 

A comparative approach studying the proximate and ultimate causes could provide 

information why certain colours are selected at differing life stages, which benefits come 

with a diversity of colourations and why certain colours were evolutionary forced over 

others. For example, several Rhacophorus species exhibit ontogenetic colour change: R. 

lateralis and R. malabaricus change from yellowish juveniles with small black spots to 

predominantly green adults. Rhacophorus pseudomalabaricus juveniles are black yellow 

striped, transitioning to green when adult. Contrary, Wallace’s flying frogs change from 

bright red to cryptic green adults (Biju et al. 2013). Testing functions and mechanisms, and 

comparing life histories of juvenile and adult colourations would certainly help to understand 

which ultimate and proximate causes mediate these ontogenetic colour changes.  

Yellow colour production in the Asian common toad 

The majority of dynamic colour changing species change colouration to yellow. In 

low light conditions, yellow colouration might give a high contrast, higher visibility, and a 

better signal detectability (Bell et al. 2017). From a physiological perspective, yellow 

colouration might be the “easiest” colour to produce. Yellow colour production in most 

anurans works via the aggregation of melanin pigments in melanophores, and a dispersion 

of yellow pigments in xanthophores (Hoffman and Blouin 2000; Rudh and Qvarnstrom 

2013). However, the only chromatophores in the skin of Asian common toads are 

melanophores containing melanin pigments, which are normally known to produce dark 

colours (Ali and Naaz 2014). How such bright yellow colour is produced remains 

unanswered and the genomic mechanisms responsible for producing different colourations 

remain largely unknown. A transcriptomics-based approach could be helpful to understand 

the genetic processes influencing colour production in anurans (Stuckert et al. 2019). 

Visual abilities of animals are poorly understood 

One challenge in studying animal colouration is the diversity of colour vision in 

animals, e.g., birds and insects can perceive UV which other animals cannot (Bennett & 

Cuthill 1994). Animals have multiple visual pigments, photoreceptors and photoreceptor 

types, differences in spectral sensitivities and relative densities and therefore have different 

colour discrimination abilities (Kelber et al. 2003; Marshal & Arikawa 2014). Understanding 

the visual abilities and ecology of animals and integrating this knowledge in visual models, 
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is of great importance to provide information on what animals perceive visually and how this 

shapes their visual communication and behaviour (Kelber et al. 2003). In the past, some 

anuran visual systems were studied extensively, but in the last decades they have received 

limited attention. New investigations with modern methods and larger diversity of anuran 

groups are necessary to comprehend selective processes on visual pigments and 

photoreceptors, as well as the circuitry of retinal signals, neuronal processing, and coherent 

behaviours (Donner & Yovanovich 2020). 

Lack of information on natural history  

In-depth exploration of body colourations in anurans need a profound understanding 

of the natural history of the study species, encompassing fundamental aspects like diet, 

predators, habitats, and activity periods. Unfortunately, such information is scarce for many 

amphibians (Michaels et al. 2014; Candioti et al. 2023). Descriptive field studies, 

observations such as predation notes, contributed by both the research community and 

herpetologically interested non-researchers, play a pivotal role in filling this knowledge 

gaps. An inclusive approach is crucial for developing a comprehensive understanding of 

amphibian ecology and behaviour.  

Frogs and toads: model species in studying colour change 

Anurans are ideal model organisms to explore function and mechanisms of colour 

change in both laboratory and natural conditions (Narins et al. 2003; Hirschmann and Hödl 

2006; Starnberger et al. 2014). The use of models (Chapters 2 and 4) is a well-established 

method when studying anuran behaviour (see e.g., Sztatecsny et al. 2012; Gardner et al. 

2021), allowing controlled experiments, and enabling the exploration of specific behaviours 

by isolating distinct traits. This approach provides standardization and enhances 

reproducibility in behavioural research studies. Furthermore, models are relatively 

affordable and easy to handle. The combination of controlled set-ups in which it is possible 

to manipulate different conditions and measure specific behaviours, and eventually 

validations and observations in the natural habitat are of great importance to get a more 

comprehensive overview of the functions and mechanisms of colour change. Our studies 

emphasize how a combination of approaches under laboratory conditions and field 

experiments can be selectively used to study visual signal behaviour in different species 

and yet give us more questions to answer. 
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Abstract  
 

Body colourations are integrated into visual communication systems and undergo 

evolutionary changes controlled by natural and sexual selection. This thesis investigates 

the visual significance of adaptive colourations in the context of survival and reproduction. 

In Chapters 1 and 2, we explored ontogenetic colour change of Wallace’s flying frogs 

(Rhacophorus nigropalmatus) which are green in their adult life stage, but juveniles are red 

with white spots. We show that dietary carotenoids contribute to the development of green 

body colouration and enable dynamic colour adaptions. Furthermore, we demonstrated that 

the conspicuous colouration of juveniles likely serves as an antipredator strategy, assuming 

that the white spots of juveniles are associated with animal faeces and thus part of a 

masquerade protecting the animals from predators. In Chapters 3 and 4, we examined 

dynamic colour change of male Asian common toads (Duttaphrynus melanostictus), 

which become yellow during their short mating season. We could show that yellow colour 

is mediated by stress hormones (catecholamines). In behavioural experiments with model 

toads in the animals' natural habitat, males had much more contact with brown models than 

with yellow models. Our results indicate that male yellow colour has evolved as a sexual 

signal facilitating rapid mate recognition in dense breeding aggregations with intense male-

male competition. Overall, we showed that colour change as a signalling strategy evolved 

in very different ways and under completely different conditions in the two amphibian 

species studied. 
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Zusammenfassung 
 

Körperfärbungen sind in visuelle Kommunikationssysteme eingebunden und 

unterliegen evolutionären Veränderungen, die durch natürliche und sexuelle 

Selektionsmechanismen gesteuert werden. In der vorliegenden Arbeit wird die Bedeutung 

visueller, adaptiver Körperfärbungen im Zusammenhang mit Überleben und Fortpflanzung 

bei Anuren untersucht. In den Kapiteln 1 und 2 untersuchten wir den ontogenetischen 

Farbwechsel des Wallace Flugfrosches (Rhacophorus nigropalmatus). Dieser als Jungtier 

rote Frosch mit weißen Punkten wird als ausgewachsenes Tier grün. Wir konnten 

feststellen, dass über die Nahrung aufgenommene Carotinoide zur Entwicklung der grünen 

Körperfarbe beitragen und dynamische Farbanpassungen ermöglichen. Die Funktion der 

unterschiedlichen Farbmorphen wurde in einem weiteren Schritt untersucht. Wir konnten 

zeigen, dass die weißen Punkte, die mit Tierkot assoziiert werden können, als wichtiges 

visuelles Merkmal fungieren, um vor Prädatoren geschützt zu sein. In den Kapiteln 3 und 4 

untersuchten wir den dynamischen Farbwechsel der männlichen Schwarznarbenkröten 

(Duttaphrynus melanostictus), die während der kurzen Paarungszeit leuchtend gelb 

werden. Wir konnten zeigen, dass die gelbe Körperfarbe durch die Stresshormone 

Adrenalin und Noradrenalin ausgelöst werden. In Verhaltensexperimenten mit Modellkröten 

im natürlichen Habitat der Tiere hatten die Männchen deutlich mehr Kontakt mit den 

braunen Modellen als mit den gelben Modellen. Unsere Ergebnisse zeigen, dass die 

Gelbfärbung der Männchen eine schnelle Partnererkennung im dichten Laichgeschehen 

mit viel Konkurrenz ermöglicht. Insgesamt konnten wir zeige, dass sich der Farbwechsel 

als Signalstrategie auf sehr unterschiedliche Weise und unter völlig unterschiedlichen 

Bedingungen bei den beiden untersuchten Amphibienarten entwickelt hat. 

 

 

 


