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Does dietary β-carotene influence ontogenetic colour change
in the southern corroboree frog?
Sara J. Walton1, Aimee J. Silla1, John A. Endler2 and Phillip G. Byrne1,*

ABSTRACT
Ontogenetic colour change occurs in a diversity of vertebrate
taxa and may be closely linked to dietary changes throughout
development. In various species, red, orange and yellow colouration
can be enhanced by the consumption of carotenoids. However, a
paucity of long-term dietary manipulation studies means that little is
known of the role of individual carotenoid compounds in ontogenetic
colour change. We know even less about the influence of individual
compounds at different doses (dose effects). The present study
aimed to use a large dietary manipulation experiment to investigate
the effect of dietary β-carotene supplementation on colouration in
southern corroboree frogs (Pseudophryne corroboree) during early
post-metamorphic development. Frogs were reared on four dietary
treatments with four β-carotene concentrations (0, 1, 2 and 3 mg g−1),
with frog colour measured every 8 weeks for 32 weeks. β-Carotene
was not found to influence colouration at any dose. However,
colouration was found to become more conspicuous over time,
including in the control treatment. Moreover, all frogs expressed
colour maximally at a similar point in development. These results
imply that, for our study species, (1) β-carotene may contribute little or
nothing to colouration, (2) frogs can manufacture their own colour, (3)
colour development is a continual process and (4) there may have
been selection for synchronised development of colour expression.
We discuss the potential adaptive benefit of ontogenetic colour
change in P. corroboree. More broadly, we draw attention to the
potential for adaptive developmental synchrony in the expression of
colouration in aposematic species.
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INTRODUCTION
Conspicuous colouration is found in most animal taxa and is known
to play a significant role in male–male competition, female mate
choice and anti-predator defence (Casas-Cardona et al., 2018;
Gomez et al., 2009; Sztatecsny et al., 2012). Such varied function
has resulted in considerable phenotypic variation in colouration,
both within and between species (Hofreiter and Schöneberg, 2010).
Adding to this variation, colour expression in vertebrates is rarely
static (Booth, 1990), with a diversity of species known to change
colour (Nilsson Sköld et al., 2013; Strickland and Doucet, 2021;
Zimova et al., 2018). This change can be rapid and reversible,

occurring within a matter of minutes (termed ‘dynamic’ colour
change; Kindermann et al., 2014), or take place over the entire
course of an individual’s life and can be irreversible (termed
‘ontogenetic’ colour change; Booth, 1990; Bulbert et al., 2018).

Among vertebrates, colour production often relies on pigment-
based systems (Bagnara, 1983; Ligon and McCartney, 2016),
whereby pigment granules are stored in specialised cells called
‘chromatophores’. Vertebrate chromatophores includemelanophores,
xanthophores, erythrophores, leucophores and iridophores, which
contain pigment granules responsible for producing brown,
yellow, orange and red, white, and structural effects, respectively
(Hofreiter and Schöneberg, 2010; Mills and Patterson, 2009;
Suga and Munesada, 1988). In the context of sensory ecology, the
production of red, orange and yellow colouration is of particular
interest, as these colours are known to regularly play an important role
in sexual signalling (Baeta et al., 2008; Davis and Grayson, 2008) and
aposematism (warning colouration) (Blount et al., 2012; Dreher et al.,
2015). Xanthophores produce red, orange and yellow colours through
a combination of long-wave shifted reflecting pigments, including
pteridines and carotenoids (Steffen and McGraw, 2009). Pteridines
are synthesised by vertebrates during purine production (Ziegler,
2003) and may be present in chromatophores from early
development. Carotenoids are a group of more than 1000 different
hydrocarbon molecules produced by all photosynthetic organisms
(Fernandes et al., 2018). Unlike pteridines, they cannot be produced
de novo by vertebrates and thus must be obtained through the diet
(Bendich and Olson, 1989; Fernandes et al., 2018).

In species in which dietary carotenoids contribute to colouration,
we can expect colour characteristics (such as hue, chroma and
luminance) to change during ontogeny for a number of reasons.
First, if carotenoids are used to produce ornaments and sexual
signals, colouration may become more pronounced as individuals
approach sexual maturity (Booth, 1990). Second, as individuals age,
they will typically undergo changes in foraging behaviour, diel
activities, habitat use and body size. These changes can influence
conspicuousness to visually oriented predators, pressure for the
development of defence mechanisms and expression of warning
colouration (Booth, 1990; Higginson and Ruxton, 2010). As such, a
common manifestation of ontogenetic colour change is a switch in
defensive strategies, most often seen when drab juveniles become
more colourful as they mature (Higginson and Ruxton, 2010; for
notable exceptions, see Bulbert et al., 2018; Wilson et al., 2007).
Third, because carotenoids must be acquired via the diet and can
be limited, trade-offs can occur between investment of carotenoids
in colouration versus the maintenance of essential bodily functions.
Specifically, when individuals experience periods of high metabolic
activity during growth, it may be critical for carotenoids to function
as anti-oxidants and remove reactive oxygen species that can
damage cells and DNA (Alonso-Alvarez et al., 2008; Lozano,
1994). As growth slows, carotenoids may become increasingly
available for investment in colour. Considering these life historyReceived 13 July 2021; Accepted 19 October 2021
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relationships, it is logical to predict that investment in carotenoid-
based colouration will increase during ontogeny.
The extent to which dietary carotenoids contribute to ontogenetic

colour change may critically depend on carotenoid class and
concentration. Carotenoids are a diverse group of compounds split
into two broad classes (carotenes and xanthophylls) based on their
structural characteristics (Miller et al., 1996; Pérez-Rodríguez,
2009). Carotenoid-based colouration ranges from pale to bright
yellow, through to orange, red and, occasionally, purple (Maoka,
2020). The chemical structure of any given carotenoid compound
has been found to influence colour expression (Meléndez-Martínez
et al., 2007). As the number of conjugated double bonds (CDBs)
in a carotenoid increases, so does its mean wavelength. Thus,
carotenoids such as β-carotene and lycopene (11 CDBs) are
perceivably more red than carotenoids such as violaxanthin and
neoxanthin (nine CDBs), which are more yellow (Meléndez-
Martínez et al., 2007). Carotenoids that share the same number of
conjugated bonds can vary in colour due to differences in the
location of CDB within their chemical structure (Meléndez-
Martínez et al., 2007). For example, the absorption maxima of
β-carotene (11 CDBs) are located at shorter wavelengths than those
of lycopene (11 CDBs), as two of the CDBs of β-carotene are
located in its rings, making it noncoplanar (Meléndez-Martínez
et al., 2007). Owing to the unique influence that carotenoid structure
exerts on colouration, careful examination of single carotenoid
compounds is crucial. Moreover, it is important to examine a
carotenoid compound at multiple concentrations to test for dose
effects. Under stable physiological conditions, the positive effects
of carotenoids on pigment-based colouration are expected to
increase up to a threshold (Cothran et al., 2015; McInerney et al.,
2019). When concentrations are below this threshold, carotenoids
may be limited and preferentially invested in other functions (Baeta
et al., 2008). When the threshold dose is exceeded, carotenoids
begin acting as pro-oxidants and have toxic effects that inhibit
colour expression (Palozza, 1998; Young and Lowe, 2001).
Identifying the concentrations at which individual carotenoids
begin to influence colouration is thus crucial for understanding their
effects on signalling. Despite the influence that carotenoids may
exert on colour development, few studies have examined the role of
individual carotenoid compounds (Ho et al., 2013; Prado-Cabrero
et al., 2020; Toomey andMcGraw, 2011; Weaver et al., 2018, 2020;
Yasir and Qin, 2010; Yi et al., 2014) or tested effects across a range
of dosages (Koch et al., 2016).
Amphibians are frequently used as models to investigate the

proximate and ultimate causes of colour variation as their colour can
depend on carotenoids. Amphibian colour is controlled by a
specialised dermal grouping of chromatophores called the dermal
chromatophore unit (DCU). The DCU is composed of three
chromatophores (melanophores, iridophores and xanthophores;
Bagnara et al., 1968; Kindermann and Hero, 2016), each
containing unique pigment granules responsible for brown–black,
blue–green and red–yellow colour, respectively (Suga and
Munesada, 1988). The DCU is thought to be responsible for
producing both dynamic and ontogenetic colour change in
amphibians (Bagnara et al., 1968), and dietary carotenoids are
predicted to play an important role in ontogenetic colour change. In
support of this notion, carotenoids have been identified in the skin
of various amphibian species (Bonansea et al., 2017; Brenes-Soto
et al., 2017; Matsui et al., 2002), and positive relationships have
been found between carotenoid presence and skin reflectance and
hue (Brenes-Soto et al., 2017). Despite these advances, we still have
a limited understanding of the influence of carotenoid compounds at

different doses on amphibian colour change. To date, only three
studies have manipulated dietary carotenoid availability to test for
effects on colouration in amphibians. These studies have provided
evidence that dietary carotenoids can make frogs more yellow, red
and orange (Brenes-Soto and Dierenfeld, 2014; Ogilvy et al., 2012;
Umbers et al., 2016). Unfortunately, however, these studies have
either used mixtures of multiple carotenoid types (Ogilvy et al.,
2012; Umbers et al., 2016) or failed to mention the doses of specific
carotenoids tested (Brenes-Soto and Dierenfeld, 2014).

The southern corroboree frog (Pseudophryne corroboree Moore
1953) is an excellent model species to investigate ontogenetic
changes in colouration and how colour change may be influenced
by the availability of dietary carotenoids. Pseudophryne corroboree
displays striking yellow and black colouration thought to function as
an aposematic signal (Umbers et al., 2020), and this species is
known to feed on carotenoid-rich algae as tadpoles and insects
as adults (Osborne, 1991; Umbers et al., 2016). Moreover, there is
some evidence that consumption of carotenoids can influence
P. corroboree skin colour. A recent dietary manipulation study
reported that the colour of frogs fed a mixture of carotenoids
for 50 weeks became increasingly orange shifted (Umbers et al.,
2016). Analysis of the skin of several experimental frogs using
high-performance liquid chromatography showed that the main
carotenoid compounds present were lutein and β-carotene (P.G.B.
and A.J.S., unpublished data). However, the extent to which each
compound influenced colouration remains unknown. Dietary
β-carotene has been shown to make the skin of false tomato frogs
(Dyscophus guineti) more yellow (Brenes-Soto and Dierenfeld,
2014), and this species sits in the same suborder (Neobatrachidae) as
P. corroboree. Therefore, the aim of the present study was to test the
effect of multiple doses of β-carotene on colour expression in
P. corroboree. The specific aims were to investigate (1) the influence
of different concentrations of β-carotene on colouration, (2) whether
colouration changes during post-metamorphic development and
(3) whether the effect of treatment dose on colouration changes
over time. If the availability of carotenoids increases during
individual development, we expect more pronounced dose effects
over time. Specifically, later in development, significant investment
in colour may only be possible under high-dose treatments where
carotenoid availability is not limited.

MATERIALS AND METHODS
Ethics statement
All procedures described in this study were evaluated and approved
by the University of Wollongong (UOW)’s Animal Ethics
Committee (AE18/15) and were conducted under scientific
license number SL102197. All relevant institutional and national
guidelines for the care and use of animals were followed.

Study animals
On 5 February 2019, 136 P. corroboree metamorphs from eight
clutches were transported to the Environmental Research Centre at
the UOW from a captive colony maintained at Taronga Zoo Sydney.
At the time of collection, individuals ranged in age from 4 to
8 weeks post-metamorphosis.

Husbandry and diet treatments
Upon arrival at UOW, metamorphs were separated into individual
enclosures (21×12×12 cm) and randomly assigned to one of four
experimental diet treatments: 0 mg g−1 β-carotene (T0); 1 mg g−1

β-carotene (T1); 2 mg g−1 β-carotene (T2); and 3 mg g−1 β-carotene
(T3). Of note, the values represent milligrams of carotenoid per
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gram of feed. Individuals from each clutch were evenly distributed
amongst treatment groups to control for genetic differences
influencing colour expression. Enclosures contained a 2 cm layer
of aquarium-grade pebbles, one cup (∼220 ml) of loosely packed
sphagnum moss (Sphagnum cristatum) and a singular, small PVC
pipe (inner diameter, 4.4 cm; length, 5.5 cm) to provide refuge.
Enclosures were flushed thoroughly with reverse osmosis water
twiceweekly. Sphagnummoss was removed and replaced with fresh
moss fortnightly to remove carotenoid residue and excrement, and
to avoid the accumulation of ammonia. Experimental enclosures
were positioned in rows in two-deep pairs along five shelves, and
containers remained on their allocated shelf for the duration of the
treatment period. Enclosures were kept in an artificially illuminated
constant-temperature room maintained at 20°C for the duration of
the experiment. UV+Visible lights (Reptisun 10.0 T5 High Output
36 in bulb; Pet Pacific, Emu Plains, Australia) were suspended
∼20 cm above enclosures and were maintained on a 9 h:15 h light:
dark cycle. Husbandry procedures were modelled on the
P. corroboree husbandry protocols employed at Zoos Victoria
and Taronga Conservation Society Australia.
Following arrival, all metamorphs were fed a basal diet consisting

of commercially available crickets (Acheta domesticus), which are
known to contain negligible levels of carotenoids (McInerney et al.,
2020) for 5 weeks until experimental diets commenced on 15March
2019. Experimental diets were administered twice weekly and were
prepared by dusting a standardised weight of crickets (∼15 g per
treatment) with one of four treatment powders, corresponding to
each experimental diet: 0 mg g−1 β-carotene (T0); 1 mg g−1 β-
carotene (T1); 2 mg g−1 β-carotene (T2); and 3 mg g−1 β-carotene
(T3) (Table 1). Cellulose microcrystalline powder (435 236; Sigma-
Aldrich, Castle Hill, Australia) was added to each dietary
supplement to ensure that feed quantity was balanced across
experimental diets (Table 1). Cellulose was used as a dietary
bulking agent as it has no nutritional value, and is commonly used to
balance feed quantity in amphibian dietary manipulation studies
(Keogh et al., 2018; McInerney et al., 2019). To prevent
developmental disorders, all treatment diets were supplemented
with a standard amount of calcium powder (0.25 g; Repti-Cal,
Aristopet, Melbourne, Australia) per feed (equivalent to
16.7 mg g−1). Carotenoid doses were based on recent carotenoid
supplementation studies on Litoria booroolongensis and
P. corroboree (Keogh et al., 2018; McInerney et al., 2019). In
these studies, β-carotene doses tested ranged from 0.1 to 10 mg g−1

and from 0.1 to 1 mg g−1, respectively, and the optimal doses
identified in both studies was 1 mg g−1. All doses were found to be
sublethal. Crickets were coated with diet treatments in a humidity-
and temperature-controlled room, and fed to frogs immediately after
dusting to prevent the loss of carotenoids caused by crickets

grooming off powder (Li et al., 2009). At each feed, individual frogs
were provided with 10–15 crickets (total mass, 0.38–0.47 g) to be
eaten ad libitum. The age of crickets ranged from 7 to 10 days old at
the beginning of the experimental period and was increased to
9 to 12 days old as the size of the frogs increased.

Colour quantification
To quantify temporal changes in colour, individuals were
photographed over a 32 week period from 15 March 2019 until
21 October 2019. The dorsal surface of each frog was photographed
immediately prior to the commencement of experimental diets and
every 8 weeks thereafter (weeks 0, 8, 16, 24 and 32).

Photographs were taken using a Canon EOS70D DSLR camera
(settings, IOS 400; shutter speed, 1/250; f-stop, 11; lens, 55 mm)
attached to a copy stand positioned at a height of 43 cm above the
photo-staging area. The photo-staging area was enclosed within two
opaque cylindrical containers stacked on top of each other to reduce
ambient light. The container lid included a hole for the camera lens
to project into the chamber, with black foam around to prevent stray
light from entering. To create a standardised lighting environment,
white LED lights were positioned in a ring around the inside of the
container. A ColorChecker Passport Classic Target (XRite) pad
consisting of 24 coloured squares was included in the photo-staging
area to enable colour standardisation during data quantification
(Fig. 1). The ColorChecker and ID tags were designed to be
minimally reflective (matte) to reduce reflectance-altering colour in
the photos. Photographs were taken and saved in RAW (CR2)
format to prevent colour alterations associated with file formatting
(Frey and Haworth, 2014). At each sampling time (weeks 0, 8, 16,
24 and 32), the body mass of each individual was recorded to the
nearest 0.001 g using a Kern PCB-350-3 balance immediately after
they were photographed.

Frog colour was quantified using specially written softwarewritten
in MATLAB (R2019a). Prior to colour data collection, images were
white balanced in the software with reference to the white square of
the XRite ColorChecker (Fig. 1). Colour averages were collected for
all areas of yellow colouration over the dorsal surface of each frog.
Colour values were recorded as red, green and blue (RGB) values
using image analysis techniques within the MATLAB software (as in
Cadena et al., 2018). RGB data were then transformed into hue,
chroma and luminance (HCL) values using another MATLAB

Fig. 1. Arrangement of the internal photo-staging area for colour
quantification of Pseudophryne corroboree. Shown is the placement of the
XRite ColorChecker, identification tag and a southern corroboree frog.

Table 1. Composition of experimental diets fed to Pseudophryne
corroboree metamorphs

Diet
treatment

β-carotene
mass (g)

β-carotene
concentration
per g of feed
(mg g−1)

Cellulose
mass (g)

Calcium
mass (g)

Total
supplement
mass (g)

T0 0.000 0 0.045 0.250 0.295
T1 0.015 1 0.030 0.250 0.295
T2 0.030 2 0.015 0.250 0.295
T3 0.045 3 0.000 0.250 0.295

N=34 for each treatment group. Diet supplements were dusted onto ∼15 g of
crickets per treatment, per feed.
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programme (for MATLAB code used for the analyses, see
Supplementary Materials and Methods). Hue is commonly
represented as degrees on a circular scale, in which red=0 deg (or
360 deg), green=120 deg and blue=240 deg. To translate our data to
this scale, hue (H) was transformed according to the formula:

H ¼ H0 þ 120; ð1Þ
where H0 represents the untransformed hue value from MATLAB.

Statistical analysis
In order to examine the relationship between diet treatment, time,
and the interaction between diet treatment and time on colouration,
linear mixed-effects models (LMMs) were used. Three separate
models were conducted with hue, saturation and luminance as the
dependent response variables in each model, respectively. In each
model, diet treatment (0, 1, 2 and 3 mg g−1), test week (0, 8, 16, 24
and 32), and the interaction between diet treatment and test week
were treated as fixed effects. Frog ID and clutch were included as
random effects to account for repeated sampling of the same
individuals across the experimental period. Frog body weight
(measured at each sampling point) was included as a covariate in all
models to account for size-dependent effects. Prior to analysis, a
Shapiro–Wilk test was conducted on hue, chroma and luminance
variables to test for distribution normality. Chroma data were
transformed using an arcsine square root transformation
sin�1 ffiffiffi

x
pð Þ; x ¼ chroma

� �
to improve normality and homogeneity.

In models in which significant effects were detected, post hoc
comparisons were made using Tukey’s HSD tests. During the study,
18 individuals (three to eight frogs per treatment) died from
unexpected adverse events or failure to thrive and were excluded
from all analyses. The final numbers of replicates in each
experimental treatment were as follows: T0, N=30; T1, N=31; T2,
N=29; T3, N=26; total, N=116.
All statistical analysis was performed using JMP® 14 (SAS

Institute, Cary, NC, USA). Results were considered significant at
P<0.05.

RESULTS
Hue
Overall, there was no effect of diet treatment on hue (LMM:
F3,122.6=1.5708, P=0.1999; Fig. 2), and no significant interaction
between time and diet treatment (LMM: F12,470.5=1.4277,
P=0.1494; Fig. 2). There was a significant effect of time on hue
(LMM: F4,485.6=8.1314, P<0.0001; Fig. 2), with hue becoming
slightly more yellow shifted over the 32 week experimental period

(week 0 mean range, 68.36–69.10 deg; week 32 mean range,
69.14−70.46 deg; Fig. 2). Hue was not significantly associated with
body weight (LMM: F1,538.8=1.8606, P=0.1731).

Chroma
Overall, there was no effect of diet treatment on chroma over the
32 week experimental period (LMM: F3,104.4=1.6820, P=0.1751;
Fig. 3). There was a significant effect of time on chroma (LMM:
F4,489.5=18.6314; P<0.0001; Fig. 3) and a significant treatment-by-
time interaction (LMM: F12,463.9=2.2824, P=0.0080; Fig. 3).
Chroma values were variable at the commencement of the
experiment (week 0), with mean values ranging between 45.11%
and 48.82% (Fig. 3). From week 0 to week 8, chroma values for all
diet treatments rose and converged on a similar value (range, 50.79–
51.39%; Fig. 3) before exhibiting a plateau for the remainder of the
experimental period (Fig. 3). Chroma was not significantly
associated with body weight (LMM: F1,219=2.3576, P=0.1260).

Luminance
Overall, there was no significant effect of diet treatment on
luminance (LMM: F3,123.1=0.7974, P=0.4976; Fig. 4), and no
significant interaction between time and treatment (LMM:
F12,472.6=1.7251, P=0.0586; Fig. 4). There was a significant effect
of time on luminance (LMM: F4,500.1=4.2999, P=0.0020; Fig. 4).
Luminance increased linearly between week 0 and week 32 across
all treatment groups (Fig. 4). At week 0, luminance ranged on
average between 64.59% and 67.35%, and, by the end of the
experiment (week 32), luminance ranged on average between
72.09% and 73.31% (Fig. 4). Body weight had a significant
influence on the model (LMM: F1,585.4=6.6655, P=0.0101),
whereby luminance was positively correlated with body weight.

DISCUSSION
The present study shows that dietary β-carotene supplementation
did not cause significant changes in corroboree frog colouration
(measured as hue, chroma and luminance) at any of the doses tested.
Therefore, our study provides no evidence that dietary β-carotene
influences the degree of corroboree frog colouration. However,
across all diet treatments, the colour of frogs became more yellow
shifted and more saturated over time, evidenced by significant
changes in hue and increases in chroma and luminance over the
32 week experimental period. These results indicate that southern
corroboree frogs experience colour changes during post-
metamorphic development, providing evidence for intrinsic
ontogenetic colour change.
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Our finding that β-carotene supplementation failed to change
colouration was unexpected, because a previous study by Umbers
et al. (2016) reported that corroboree frogs fed a diet supplement
consisting of multiple carotenoid types (including β-carotene)
exhibited significantly different colour (more saturated chroma and
orange-shifted hue) compared with the control group. It is possible
that β-carotene consumption has no, or very limited, influence on
corroboree frog colouration, and that the colour change reported by
Umbers et al. (2016) was caused by carotenoids other than
β-carotene (e.g. lutein). Alternatively, it is possible that certain
aspects of our methodology restricted our capacity to detect effects
of β-carotene on colouration. Because β-carotene is a light-sensitive
molecule, the lighting conditions we imposed may have altered our
findings. In the present study, frogs were exposed to ultraviolet
(UV) radiation for 9 h per day, which was much higher than
the exposure level provided by Umbers et al. (2016) (1 h of
UV radiation per day). This approach was taken to simulate UV
radiation in the wild and to prevent frogs from developing metabolic
bone disease, but it may have obfuscated potential benefits of
β-carotene supplementation. Specifically, elevated UV levels may
have either degraded β-carotene prior to consumption, making the
supplement ineffective, or caused the destruction of pigment
granules in the frogs’ skin, restricting colour expression (McNett
and Marchetti, 2005; Surmacki, 2008). At temperatures similar to
those used in our experiment, complete UV degradation of
β-carotene is expected to take several hours to several days (Scita,

1992). As such, we consider it unlikely that UV damage completely
nullified any positive effects of β-carotene on colouration because
the supplement was only exposed to UV light for a few minutes
prior to ingestion. Furthermore, as the colour of frogs did not decline
over the experimental period, we expect that UV exposure did not
degrade pigmentation within the skin.

An alternative reason why we did not observe an effect of β-
carotene dose on colouration might be that the doses administered
were incorrect. One possibility is that the tested doses were too high.
Even the negligible concentrations of carotenoids provided in the
control treatment (0.005 mg g−1) may have been sufficient to
saturate the corroboree frog system and enable colour production. In
support of this argument, a large number of studies for other
vertebrate species have failed to find significant relationships
between colouration and carotenoid dose in dietary supplements
(ranging from ∼0.00007 to 0.25 mg g−1, although as high as
291 mg g−1), or circulating levels of carotenoids in the blood
(Cantarero et al., 2020a,b; Koch and Hill, 2018; Koch et al., 2018,
2019; Mahler et al., 2003; McCoy et al., 2021; McGraw et al., 2003;
Olson and Owens, 2005; Powers and Hill, 2021; Steffen et al., 2010;
Weiss et al., 2012). As for many other vertebrate taxa, amphibians
may require surprisingly low carotenoid amounts to develop
colouration. An alternative explanation is that the doses
administered were all too low. Two lines of evidence support this
supposition. First, compared with our previous study in which frogs
received a mixed carotenoid at 20 mg g−1, the colour of
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experimental frogs in the present study (given β-carotene at
1–3 mg g−1) was less saturated (previous study, 0.78; present
study, 0.50–0.51). Second, for a subset of frogs (N=32) that were
recaptured ∼3.5 months post-release, the colour of individuals
spanning all treatment groups became significantly brighter and
more orange shifted (P.G.B. and A.J.S., unpublished data). This
change may have resulted from the natural diet supplying either a
higher concentration of β-carotene or a different combination of
carotenoids (for example, lutein and others rather than beta-
carotene). Moreover, colouration may have changed in response to
an increased consumption of macronutrients. It is well established
that more fat in the diet can aid in carotenoid absorption, while more
protein can influence light-absorbing properties of carotenoids
and modify hue (Shawkey and D’Alba, 2017). Clearly, further
manipulative dietary studies spanning a broader range of carotenoid
types, doses and dietary macronutrients will be needed to elucidate
the extent to which variation in individual compounds influences
corroboree frog colouration. However, before this work proceeds, a
critical step will be to assay concentrations of carotenoids and
macronutrients in the natural diet to ensure that the quantities of
different carotenoids tested are ecologically relevant. Until this
work has been done, any explanations for our lack of dose effect will
remain speculative.
To better understand mechanisms underlying skin colour in

corroboree frogs, it would also be prudent to consider the possibility
that colouration is the outcome of complex interactions between
multiple pigment types. In many ectothermic vertebrates (including
amphibians), colour is produced by a combination of carotenoids
and pteridines, a distinct class of pigments synthesised de novo from
carbohydrates and proteins (Braasch et al., 2007). Pteridines
may be critically important for maintaining colour across different
environments in which carotenoid availability varies. For example,
in guppies, it has been demonstrated that geographic variation in
carotenoid availability influences carotenoid content in skin
ornaments, but that ratios of carotenoids to the primary pteridine
(drosopterin) are conserved, yielding low variation in hue. This
indicates that interactions between pigments are needed to maintain
a specific hue (i.e. that pteridine synthesis balances carotenoid
availability), and that these ratios have been targets of selection
(Grether et al., 2005). Given that corroboree frogs are restricted to
alpine habitats in which the availability of invertebrate prey
(and thus dietary carotenoids) fluctuates seasonally, the species
might have experienced strong selection for colour-production
mechanisms involving both carotenoids and pteridines. Moving
forward, to clarify the relative importance of pteridines versus
carotenoids in the control of corroboree frog colouration, it will be
necessary to biochemically characterise skin pigments and quantify
the relationship between skin pigment composition and skin colour
expression (Bonansea et al., 2017). However, given the critically
endangered status of corroboree frogs, such research will need to
occur opportunistically using animals in conservation breeding
programs.
Another important finding from our study was that hue became

more yellow shifted, and chroma and luminance significantly
increased, producing a stronger colour signal over the experimental
period. These results suggest that colour change is related to
ontogenetic development in corroboree frogs. Mechanisms of
ontogenetic colour development in amphibians have not been well
documented (Beukema, 2011), and few studies have examined the
structure of the amphibian DCU throughout development (however,
see Ide, 1986; Yasutomi and Yamada, 1998). Nevertheless, based
on available information, it appears that the DCU is not fully formed

until after metamorphosis (Mahalwar et al., 2014; Thibaudeau and
Altig, 2012), and that changes in colour during development are
caused by the progressive production and accumulation of pigment
within chromatophores (Matsui et al., 2002; Nilsson Sköld et al.,
2013). As such, ontogenetic colour change in southern corroboree
frogs most probably reflects the gradual differentiation and
maturation of chromatophore cells, and possibly the production
and accumulation of pteridine pigment granules. This progressive
change would explain our finding that colour variation between
treatment groups was greatest at the start of the experiment (week 0),
and why at this time some treatments had higher mean chroma
values. By chance, in certain treatment groups (such as T1), a subset
of metamorphs may have had a slightly more developed DCU,
elevating mean colour values. This may be explained, at least in
part, by our metamorphs differing in age by 4 weeks. Despite these
initial differences, frogs in all treatment groups converged on similar
mean values within a period of 2 months (which manifested as a
significant treatment by time interaction for chroma). Critically, this
synchronised colour change indicates that corroboree frogs have
experienced selection pressure to maximally express colour soon
after metamorphosis.

Ontogenetic colour change in corroboree frogs may be indicative
of a developmental switch in defensive strategies between life stages
(Bulbert et al., 2018). Tadpoles develop in dark pools within peat
bogs and are uniformly jet black in colour, which presumably
conceals individuals from visually hunting predators (for an example,
see Davis et al., 2020). The onset of yellow colouration begins in the
days immediately prior to metamorphic climax, and, based on our
findings, colour is maximally expressed during early post-
metamorphic development. This pattern is consistent with
the development of colour in a diversity of aposematic amphibian
and insect species (Booth, 1990; Grant, 2007; Rudh and Qvarnström,
2013), adding support to the notion that the yellow colouration
of corroboree frogs functions as a warning signal. Theoretically,
an evolutionary switch in defensive strategy from crypsis to
aposematism can occur when prey species start to incur opportunity
costs (such as lost foraging opportunities) by remaining cryptic
(Speed and Ruxton, 2005). Increasing costs are predicted to drive
prey to invest in anti-predatory defences, which in turn allows them to
exploit more rewarding habitats. In the process, prey become more
behaviourally conspicuous, which is predicted to selectively favour
the expression of aposematic signals (Grant, 2007; Speed and
Ruxton, 2005). Our current knowledge of corroboree frog habitat use
and movement behaviour fits this pattern. Frogs metamorphose in
summer, and, after leaving natal pools, they move into more open
terrestrial habitats, where they forage intensively for several months
before hibernating over winter. Frogs are known to forage diurnally
(presumably because warmer daytime temperatures enable
heightened activity and more efficient foraging in alpine habitats)
and they rapidly increase in body size (which likely reflects a need to
reach a threshold body size before hibernation to ensure survival).
Such behavioural and morphological changes are expected to make
frogs increasingly conspicuous to visually hunting predators.

More broadly, our finding that experimental frogs showed
maximal expression of yellow colouration at a similar point in
development draws attention to the potential for developmental
synchrony in the expression of colouration in aposematic species.
Theoretically, aposematic colouration should be under strong
stabilising selection, with conspecifics converging on similar
colouration and patterning to strengthen avoidance learning by
predators (Endler, 1988; Wang and Shaffer, 2008). Based on this
reasoning, we might also expect limited variation in the onset of
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colouration, with colour expressed maximally at a similar point in
development. Selection for synchronised expression of colour may
be particularly strong in seasonal breeders in which cohorts of
offspring develop together and large numbers of individuals
become exposed to predators at a similar time. This possibility
seems particularly likely if frogs have evolved to utilise very low
doses of carotenoids to optimise colour expression. We propose that
anurans offer excellent opportunities to test this idea because
ontogenetic colour change has been reported in a diversity of
species characterised by varying degrees of seasonality and colour
change (Hoffman and Blouin, 2000; Rudh and Qvarnström, 2013;
Stangel et al., 2015). In species with compressed breeding seasons,
metamorphic climax is usually highly synchronised, with mass
emergence of metamorphs from breeding ponds triggered by abiotic
cues, such as pond drying (Wells, 2010). Synchronised expression
of colouration could strengthen the intensity of the aposematic
signal and perceived unprofitability, facilitating predator learning
and the effectiveness of aposematism.
In conclusion, the aim of this study was to investigate the influence

of dietary β-carotene on the putative aposematic colouration of
corroboree frogs. Varying β-carotene supplementation had no
detectable effect on hue, chroma or luminance over the course of
frog maturation. This indicates that β-carotene did not influence
colouration at the doses tested. Another significant finding was that
frogs acquired colour progressively during development, providing
evidence for ontogenetic colour change. Maximal expression of
colour was synchronised in the months following metamorphosis,
and we argue that this reflects changes in conspicuousness to
predators linked to a rapid increase in body size and heightened
foraging activity in terrestrial habitats post-metamorphosis. Our study
highlights the potential for anurans to be used as model systems to
investigate the adaptive significance of ontogenetic colour change
and the selective drivers underpinning the evolution of colour based
anti-predatory strategies.
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