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Many animals communicate by rapidly (within minutes or seconds) chan-
ging their body coloration; however, we know little about the physiology
of this behaviour. Here we study how catecholaminergic hormones regulate
rapid colour change in explosive breeding toads (Duttaphrynus melanostic-
tus), where large groups of males gather and quickly change their colour
from brown to bright yellow during reproduction. We find that both
epinephrine (EP) and/or norepinephrine (NE) cause the toads” skin to
become yellow in minutes, even in the absence of social and environmental
cues associated with explosive breeding. We hypothesize that natural
selection drives the evolution of rapid colour change by co-opting the
functional effects of catecholaminergic action. If so, then hormones involved
in ‘fight or flight’ responses may mechanistically facilitate the emergence of
dynamic visual signals that mediate communication in a sexual context.

1. Introduction

Many species rapidly and reversibly change their body colour [1-4]. Iconic
examples include cephalopods and chameleons [4], which alter their colours
within seconds to provide instant camouflage, signal conspecifics [5], court
mates [6] or display aggressive motivation [7]. Yet, functions of rapid colour
change are often better studied than the physiological mechanisms that support
it [8]. While past work implicates a variety of hormonal and/or neuronal sys-
tems that help mediate quick changes in body coloration patterns [1], the
precise nature of these systems remains unclear.

In at least 178 anurans, males use rapid colour change (dynamic dichromatism)
to mediate socio-sexual interactions during the breeding season [9]. This behaviour
is especially important for species that engage in explosive breeding, where all
sexually receptive individuals arrive synchronously at a spawning site, and breed-
ing takes place over a period of a few days. Explosive breeding events are
characterized by male-biased sex ratios, with intense competition among males,
who then scramble to access female mates. Males consequently experience low
rates of reproductive success, whereas females experience relatively high rates of
mortality [10]. When dynamic colour change preceeds explosive breeding, it there-
fore likely regulates sexual recognition by helping males more easily distinguish
each other from females [11-13]. In this way, we might consider sexual dichroma-
tism that occurs prior to explosive breeding events an adaptive strategy that
facilitates the speedy acquisition (and subsequent loss) of a signal for intense
male-male competition [9]. If this is true, however, then mechanisms must
evolve to facilitate colour change in anticipation of reproduction.
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For most species, sudden and dramatic changes to the
environment trigger explosive breeding, including the onset
of monsoon rains and fluctuations in temperature, humidity,
or barometric pressure [14]. These environmental pertur-
bations—particularly when paired with increases in social
stress—can engage animal stress systems [15-17], including
the highly conserved stress systems that mediate adaptive
‘fight or flight” responses [18]. This latter system involves the
release of the catecholamine hormones epinephrine (EP) and
norepinephrine (NE) [19], which both act to modify an organ-
ism’s physiology to better contend with stressors. Importantly,
catecholamines also influence skin colour, as these hormones’
receptors are present on most chromatophores [20]. Such
effects can occur within minutes of catecholamine release
[21,22], resulting in either skin lighting [23,24] or darkening
[25,26]. We hypothesize that natural selection drives the evol-
ution of rapid colour change during explosive breeding events
by co-opting the functional effects of catecholaminergic
hormone action, which originally arose to mediate stress
responsivity. We, therefore, expect that (1) colour change is a
by-product or direct effect of a stress response triggered by
cues associated with the onset of explosive breeding events,
and (2) stress-related EP and/or NE pathways help activate
rapid colour change even in the absence of social stimulation
(which might be required later on to maintain colour
change). We examine this idea in Asian common toads
(Duttaphrynus melanostictus), where males change from an
inconspicuous brown (similar to females) to bright yellow
immediately prior to the formation of explosive breeding
aggregations. This behaviour is triggered by monsoon rains,
and causes greater than 200 individuals to arrive synchro-
nously at spawning sites during the daytime. We, therefore,
test for the effects of EP and NE on toad body coloration
over a 12-h period at the Vienna Zoo, as well as whether
these colour changes are sufficient for receiver discrimination.

2. Methods

The Vienna Zoo houses semi-free ranging Asian common toads in
the rainforest house (greater than 1000 m?). We caught 25 males
from this population and placed them in four terraria (100 x 50 x
50 cm) equipped with hiding structures, water bowls, and humid
and dry zones (mean temperature: 25 + 1°C; mean humidity 74 +
17%). Toads were housed under a 12-h light/dark cycle, and
were fed with vitaminized crickets every second day.

On three separate experimental sessions, we examined the
effect of EP and NE treatment on skin coloration (from December
2020 to February 2021). In each session, we randomly assigned
15 males to three different treatment groups (EF, NE or control;
n=>5 per group). Body size (mean/s.d. =49.05 + 0.83 mm, range =
40.19-58.42 mm, n=25) and weight (mean/s.d.=17.31+091g,
range = 11.17-29.05 g, n =25) were similar among each treatment
group of each session (Kruskal-Wallis: size: K=14.351, p =0.0731;
weight: K=10.402, p = 0.238), suggesting similar age. We allowed
four weeks to pass between sessions, as this time exceeds an ade-
quate period that ensures all catecholamines have cleared from
the toads’ circulation [27-29].

Each experimental session consisted of two parts: (1) priming
with human chorionic gonadotropin (hCG) and (2) treatment
with different catecholamines or saline solution (control). Before
part 1, we measured the toads’ size (SVL, mm), weight (g) and
back reflectance (baseline 1). Subsequently, we primed each toad
with a single injection of 30 pl hCG (Sigma-Aldrich CG10-1VL;
20 TU g~ bodyweight in saline solution) and placed them in their

respective fauna box (20 x 19 x 20 cm) for a period of 5 h. hCG is
a common exogenous reproductive hormone, widely used to
induce reproduction and breeding behaviour in amphibians
[30,31]. To verify the impact of hCG injections on body coloration,
we visually checked the individuals body coloration hourly.
Pigmentation changes between the toad’s general brown and the
conspicuous nuptial bright yellow coloration are highly noticeable
to human observers and easy to assess. After 5 h, we again per-
formed reflectance measurements of all individuals (baseline 2)
followed by the respective EB NE or saline treatments via 50 nl
intraperitoneal injection in the dorsal lymph sac. The test groups
were administrated a dose of (1) 50 pl EP (Sigma-Aldrich E4250;
18pg g™ bodyweight), (2) 50l NE (Sigma-Aldrich A7256;
04 pg g_l bodyweight), or (3) 50 pl saline (0.9% NaCl) as a control.
Drug dosages were chosen according to the weight of the
species based on prior studies in fish and amphibians [21,22,
32,33]. In all experiments, we minimized handling time to less
than 5min to reduce unintended stress effects on circulating
levels of catecholamines.

Back coloration was measured 30, 60, 120, 180 min and 12 h
after treatment (electronic supplementary material, figure S1)
with a spectrometer (JAZ series; Ocean Optics, Dunedin, USA)
according a standardized protocol. We used Avicol v6 software
[34] to extract brightness, hue and chroma measures—the essen-
tial parameters to describe coloration from reflectance spectra
(see electronic supplementary material) [35].

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 with the package ‘pavo’
[36]. We thereby examined the ability of toads to discriminate
among untreated females (1 =15), control group males, EP and
NE treated males, 30 min after the treatment (see electronic
supplementary material).

Statistical analyses were performed with the program R
(v. 3.4.2; R Studio Team 2021) and SPSS 26 (IBM SPSS Statistics,
USA). To test the impact of hCG on body coloration, we com-
pared colour parameters of baseline 1 and 2 using generalized
linear mixed models (GLMMs) with normal distribution, identity
link function and Student’s ¢ statistic with sequential Bonferroni
correction for post-hoc tests. The colour parameters were entered
as dependent variables, with measurement point (baseline 1 or 2)
as predictor variables and the identities of male and session as
random variables to correct for repeated measurements. Next,
we visually determined colour change from brown to yellow
(yes/no) and used Fisher’s exact test (with sequential Bonferroni
correction) to test for differences in the odds individuals change
colour among treatment groups. To understand what colour par-
ameters (brightness, hue or chroma) determine yellow coloration,
we selected measurements of males that were affected by respect-
ive hormone treatments (EPF, NE) and compared them to the
control with GLMMs. The colour parameters were entered as
dependent variables, with treatment, measurement point (30,
60, 90, 120 min, 12 h) and treatment x measurement point as pre-
dictor variables and male and session as random variables.
Finally, to test conspecific discriminability we performed a
GLMM on just-noticeable differences (JNDs) 30 min after treat-
ment. Chromatic and achromatic differences were entered as
dependent variables, treatment as predictor variable and identi-
ties of males and females as random variables.

3. Results

Priming males with hCG had no effect on coloration (GLMM
(B1 versus B2): brightness: F; gg=1.084, p =0.301; hue: F; gg=
0.512, p=0.476; chroma: F;gg=0.665, p=0.417; electronic
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Figure 1. Back coloration of males 30 min after EP/NE and control treatment.
Compared are colour parameters of the control (n = 15), EP (n =11) and NE
(n=9). Symbols denote individual data points, while ellipsoid boundaries
represent mean + 95% confidence interval of colour parameters.

supplementary material, figure S2). By contrast, catechol-
amine administration triggered significant changes in colour
(Fisher’s exact test: p <0.001), with the most visible changes
occurring 1.5-2 cm around the injection site. Compared to
controls, toads receiving EP and NE were brighter yellow
(GLMM: F; 140=20.428, p <0.001) and had higher yellow sat-
uration (GLMM: F; 140 =34.802, p <0.001; figure 1, electronic
supplementary material, table S1). EP/NE had no effect on
hue (GLMM: F,60=1.552, p=0.215; electronic supplemen-
tary material, figure S3, S4). Notably, this colour change is
similar to that which we see in wild populations of Asian
common toads, as individuals migrate to breeding sites.

We next assessed contrast among females, brown control
males, and hormone-treated yellow males, as viewed by con-
specifics (figure 2). Dynamic yellow coloration shows high
discernibility in contrast to brown control males (F.51=
7.895, p < 0.001; EP versus control: p =0.003; NE versus con-
trol: p<0.001). When looking at JND values (GLMM
estimated means +SE), yellow provides sufficient contrast
for discrimination between brown control males (EP: dS=
3.022+0.621; dL=11.552+1.965; NE: dS=3.328+0.622;
dL=11.998 +1.967) and females (EP: dS=23.768 +0.494;
dL =8.833 £ 1.474; NE: dS=4.196 +0.494; dL =8.812 +1.477)
in chromatic and achromatic conditions.

4. Discussion

Using Asian common toads, we show that catecholaminergic
hormones EP and NE help regulate rapid colour change. Repro-
ductively primed males given either hormone increase their
skin brightness and yellow colour saturation for at least 1 h,
whereas reproductive priming itself (via hCG) has no such
effect. This indicates that catecholamine action is sufficient to
trigger changes in skin colour from dull brown to bright
yellow, which likely mediates socio-sexual communication
during explosive breeding events [11,37].

Work in other anuran species similarly shows that catechol-
amines induce rapid colour change [21,23-26]. However, these
studies show that such changes occur after individuals engage

in sociosexual interactions (e.g. amplexus), suggesting that con-
specific encounters are important for hormonal effects on
colour to manifest. Our results indicate that this is not the
case in Asian common toads; rather, EP and NE change male
colour in the absence of any sociosexual interaction. The differ-
ence in these results is critical because it implies that stimuli
unrelated to male-male and/or male—female conspecific
encounters can start off the process of rapid colour change.
Our results, therefore, point to the idea that sexual selection
exploited (or co-opted) systems that govern adaptive catechol-
aminergic responses to environmental changes [38—40] to
help facilitate evolution of rapid colour change as a display
phenomenon. Such responses may have stemmed from abiotic
stressors associated with the onset of explosive breeding, such
as monsoon rains and/or sudden drops in barometric
pressure. Factors, like social stimuli from male-male encoun-
ters, are also likely involved (see below). Our captive samples
provide first directions, but further experiments—in free-
living toads—are needed to more thoroughly pinpoint precise
combinations of factors that elicit dynamic colour and underlie
its evolution.

Equally importantly is that our results suggest that con-
specifics can perceive EP- and NE-mediated changes to
toad skin colour. This conclusion comes from results showing
that colour difference between treated (yellow) and control
(brown) animals are sufficient for conspecific discrimination.
Indeed, toads visual systems are capable of colour discrimi-
nation through trichromatic colour vision [41], even under
low light conditions [42]. Work will be needed to verify this
finding in field settings to better establish how individuals
navigate complex breeding environments.

Colour change in D. melanostictus works exclusively via
large melanophores in the sub-epidermis, as individuals have
no other chromatophores (xanthophores, erythrophores) [43].
In other anurans, dispersion of yellow pigments in xantho-
phores and aggregation of dark pigments in melanophores
underlies yellow and orange colour [21,22,44]. But without
xanthophores, yellow coloration in our toads can only be
produced by pigment movement in melanophores. Thus, cat-
echolamines potentially mediate colour change by promoting
the aggregation of melanin pigments [8]. This idea is consistent
with our findings that EP and NE have no effects on hue, since
yellow and brown are virtually the same in this regard [45]. We
should, however, acknowledge that our treated individuals
only displayed colour changes around the injection site, and
some individuals did not change body coloration. As indicated
above, this suggests that other factors are likely involved in
mediating rapid colour change in our study species; for
instance, endocrine regulators such as corticosterone [46], mela-
nophore-stimulating hormone [47,48], and androgenic steroids
[44,49] may play a role. This latter hormone is especially
intriguing, given that it underlies ‘male-typical’ reproductive
behaviour [50] and influence colour in several anurans [44,49].
Similarly, physical and social cues associated with explosive
breeding events may interact with catecholamine action to
induce a more complete change in male colour.

In sum, our results show that EP and NE help mediate the
production of bright yellow coloration in Asian common
toads. This finding supports the idea that selection can co-
opt catecholaminergic hormone systems to help individuals
quickly adopt a discernible colour to optimize behavioural
interactions. Mechanisms of stress responsivity may therefore
be exploited by evolutionary forces for effective
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Figure 2. Colour differences of male (30-min post-treatment) and female toads. (a) Chromatic and achromatic contrast (expressed as just-noticeable differences
(JNDs) of males [control, epinephrine (EP) and norepinephrine groups (NE)] against female body coloration, and contrast of males (EP and NE group) against control
group coloration, as perceived by toads (spectral sensitivity of Bufo bufo). Dashed line = minimum threshold of discrimination (JND = 1). (b) Mean spectral reflec-
tance (incuding standard error) of back coloration of male (control: n=15; EP: n=11; NE: n=9) and female toads (n = 15).

communication in reproductive situations characterized by
intense male-male competition for mates.

Ethics. The study was approved by the Austrian animal experimen-
tation act (TVG 2012, BMBWE 2020-0.547.761), and it complies with
all current laws of the country in which it was performed (Austria).
We followed the guidelines of the Association for the Study of
Animal Behaviour [41]. Study animals originated from a population
bred and raised in the rainforest house of the Vienna Zoo (Zoological
Information Management System, GAN: MLJ20-02606).

Data accessibility. The dataset is available from the Dryad Digital Repo-
sitory: https://doi.org/10.5061/dryad.dbrv15f4b [51].

The data are provided in the electronic supplementary material [52].
Authors” contributions. S.S.: data curation, formal analysis, funding acqui-
sition, investigation, software, visualization, writing—original draft,
writing—review and editing; M.J.E.: conceptualization, methodology,
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