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northern corroboree frog
(Pseudophryne pengilleyi)
Michael S. McFadden1,2*, Aimee J. Silla2, Shannon R. Kelleher1,
John. A. Endler3, Lukas Landler4 and Phillip G. Byrne2

1Taronga Institute of Science and Learning, Taronga Conservation Society Australia, Mosman,
NSW, Australia, 2Environmental Futures, School of Science, University of Wollongong, Wollongong,
NSW, Australia, 3Centre for Integrative Ecology, School of Life and Environmental Science, Deakin
University, Waurn Ponds, VIC, Australia, 4Department of Ecosystem Management, Climate and
Biodiversity, Institute of Zoology, University of Natural Resources and Life Sciences, Vienna, Austria
As the global biodiversity crisis worsens, Conservation Breeding Programs (CBPs)

are proving critical for safeguarding threatened species, yet the influence of the

ex situ rearing environment on phenotypic expression remains poorly

understood. For amphibian CBPs, understanding the impacts of ultraviolet

radiation (UVR) on various fitness-determining traits has come into focus. The

aim of the present study was to investigate the effect of ecologically-relevant

UVR levels on post-metamorphic colouration in the critically endangered

northern corroboree frog (Pseudophryne pengilleyi). This species is

characterised by striking lime/yellow and black colouration and shows inter-

individual colour variation, but potential impacts of UVR are yet to be

investigated. UVR was provided at one of two ecologically appropriate levels:

lower UVR (∼0.2 UVI) and higher UVR (∼0.7 UVI). Each treatment included 10

replicate containers housing five frogs, and individuals remained under the same

conditions for an experimental period of 16 weeks, spanning the first growth

phase prior to hibernation. Frogs in the higher UVR treatment did not display

significant differences in hue, though displayed slightly lower chroma (significant

at weeks 4 and 12), and slightly higher luminance (significant at week 12 and 16).

Underpinning these differences, frogs in both treatment groups displayed a

significant change in colour during post metamorphic development. Hue

became more yellow-green shifted, and there was an increase in luminance,

chroma, and the proportion of yellow colouration. These findings indicate that

the range of UVR levels we tested induced minor yet detectable colour changes,

and that corroboree frogs display ontogenetic colour change. We conclude that
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the UVR levels in the range of ∼0.2-0.7 UVI do not cause extreme colour change

in northern corroboree frogs and discuss the value of this knowledge for refining

CBPs for corroboree frogs and other threatened amphibians.
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Introduction

Biodiversity is declining at an accelerating rate with

unprecedented loss reported for all vertebrate classes (Cardinale

et al., 2012). In response to this biodiversity crisis, numerous

conservation approaches have been developed, with one of the

most prominent being the establishment of Conservation Breeding

Programs (CBPs) (Mallinson, 1995). The primary goal of CBPs is to

establish ex situ breeding and reintroduction regimes that facilitate

the recovery of threatened species (Harley et al., 2018). In their

simplest form, CBPs involve the strategic collection of wild

individuals from declining populations to establish zoo-based

insurance populations, where they are ultimately bred to produce

colonies that protect against a species’ extinction (Dobson and

Lyles, 2000). With this outcome in mind, CBPs, coupled with

reintroduction programs, are now the recommended conservation

strategy for many hundreds of species globally (IUCN SSC

Amphibian Specialist Group, 2024).

While CBPs are a valuable management tool for a diversity of

species, they require some core considerations in the pursuit of

effective species recovery. Arguably one of the most significant

being how best to simulate abiotic and biotic environmental

conditions that generate individual phenotypes comparable to

those observed in nature (Crates et al., 2023). Many species

display remarkable phenotypic plasticity, whereby rearing

conditions directly influence and alter the expression of

morphological, physiological, and/or behavioural traits (Lisboa

et al., 2025). The risk here is that animals generated in breeding

programs develop phenotypes that perform sufficiently well within

a CBP but may be maladapted to natural environments (Crates

et al., 2023). With growing evidence that the phenotypic quality of

zoo-bred animals is critical for their reintroduction success (Berger-

Tal et al., 2020), there is increasing pressure to understand the

impacts of zoo-based conditions on trait expression. Given the

multitude of variables that can potentially influence an individual’s

phenotype, it will always be challenging to understand and control

the impacts of captivity on fitness. However, a logical first step

towards meeting this objective is to experimentally investigate the

impacts of individual environmental variables on traits expected to

have a disproportionate impact on viability.

For amphibian CBPs, one abiotic variable that stands to greatly

influence individual phenotypes and viability is ultraviolet radiation
02
(UVR). UVR stimulates various photochemical reactions that are

critical for survival, yet over exposure can have harmful effects that

reduce performance and lifetime fitness (Fu et al., 2022). Some of

the more harmful effects reported include lethal cellular and DNA

damage (Londero et al., 2019), impaired development (Croteau

et al., 2008a), impaired immune function (Cramp and Franklin,

2018), and reduced behavioural performance (Kats et al., 2000).

Amphibians employ a range of defence mechanisms to minimise

harmful impacts of UVR exposure, including behavioural avoidance

of high UV environments (van de Mortel and Buttemer, 1998),

DNA repair mechanisms (Londero et al., 2019), and the production

and accumulation of protective UVR screening pigments by

specialised chromatophore cells (Fu et al., 2022). Typically, UVR

screening pigments are black to brown melanin pigments

synthesised by melanophores, and yellow to red pteridine or

carotenoid pigments synthesised or selectively stored by

xanthophores (Suga and Munesada, 1988). In this regard,

exposure to UVR can potentially cause significant changes in

amphibian colouration and patterning (Rudh and Qvarnström,

2013). The effects of UVR variation on amphibian colouration is

not well studied, but there is emerging evidence for UVR-induced

colour change. Experimentally controlled UVR exposure has been

shown to increase pigmentation production and promote skin

darkening in larval newts and salamanders (Belden and Blaustein,

2002; Garcia et al., 2004; Ascanio et al., 2025), as well as larval and

adult frogs (Langhelle et al., 1999; Franco-Belussi et al., 2016; Tang

et al., 2025). There is also evidence for abnormal pigmentation in

juvenile frogs exposed to UV as tadpoles (Lundsgaard et al., 2025).

Experimental and comparative studies have also shown that

elevated UVR is related to elevated melanin pigmentation and

colouration on the surface of organs (Franco-Belussi et al., 2016,

2017). Because melanophore cells have long dendrites that extend to

the skin surface, increased dispersion of melanin over the top of

xanthophores can conceal yellow and red colours contained in these

cells, reducing their visibility and altering hues (Aspengren et al.,

2008; Rojas et al., 2023; Visconti, 2024). Critically, colouration in

anurans can have direct impacts on fitness in the wild. Beyond UVR

protection, colour is known to support thermoregulation and

osmoregulation, facilitate conspecific communication, and reduce

predation risk by enhancing concealment or conspicuous warning

displays (Rudh and Qvarnström, 2013). If colour expression is not

optimised, individuals may therefore suffer reduced fitness in
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captivity and/or post release (Umbers et al., 2020). Therefore,

studying the effects of UVR exposure on anuran colouration in

species targeted for CBPs should be a priority.

The northern corroboree frog (Pseudophryne pengilleyi) is one

of Australia’s most endangered vertebrates and has been the focus

of a multi-institutional CBP since 2003 (McFadden et al., 2016).

Over two thousand frogs are currently maintained in ex situ

insurance colonies and hundreds of animals have been released

into the wild, though survival remains low due to ongoing impacts

of chytrid fungus infection. The species is characterised by striking

lime/yellow and black markings and is known to be toxic to

predators, thought to be controlled by the biosynthesis of

pseudophrynamines and the sequestration of dietary pumilotoxin

alkaloids (Daly et al., 1990). Given these characteristics, it is

assumed that the yellow colouration serves an aposematic

function (Umbers et al., 2020). Critically, the UVR environment

during development appears to influence the expression of this

colouration as preliminary observations have shown that rearing

frogs at high UVR can lead to excess melanin production.

Specifically, when frogs are reared at an ultraviolet radiation

index (UVI) level of 1.4, an increase in black pigmentation has

been observed, with some individuals becoming almost entirely

black in colour (M. McFadden, unpublished data). This ‘black

morphotype’ has never been observed in nature, so it is presumed

to be maladaptive. In support of this supposition, a field study with

corroboree frog clay models demonstrated that entirely ‘black frogs’

are more likely to be attacked by avian predators. By comparison,

entirely ‘yellow frogs’ were afforded a high level of protection

(Umbers et al., 2020). Given this knowledge, there is an urgent

need to better understand the relationships between UVR and

corroboree frog colouration in zoo-based environments.

The aim of the present study was to conduct a manipulative

laboratory experiment with zoo-based northern corroboree frogs to

investigate the influence of ecologically-appropriate levels of UVR

on colour variation. We were interested in examining effects on

colour appearance (hue), colour purity (chroma), colour brightness

(luminance), and ratios of black to yellow colouration. We were also

interested in examining whether colour expression increased during

early development, as reported in the southern corroboree frog

(Pseudophryne corroboree) (Walton et al., 2021). Ultimately, we

were focussed on identifying UVR levels that do not stimulate the

over production of skin melanin and the generation of unnaturally

dark frogs. Because both our lower and higher UVR treatments

were in the range expected for corroboree frogs (see methods), we

predicted that we would not see major changes in colour tied to

enhanced pigment production. However, based on the assumption

that the higher UVR treatment would stimulate at least some

increase in the production and/or storage of protective pigments,

we predicted that frogs exposed to the higher UVR treatment

would: 1) have a higher chroma (due to increased pigment

concentration), 2) have a lower luminance (due to increased

pigmentation absorbing light and reducing reflectance and colour

brightness), 3) have a higher ratio of black to yellow colour (due to

increased production of melanin), and 4) show a reduction in
Frontiers in Amphibian and Reptile Science 03
yellow hue (due to increased melanin concealing yellow pigments

contained in chromatophores resulting in a lighter shade of yellow).
Methods

The procedures outlined above were performed following

evaluation and approval by the Taronga Conservation Society

Australia’s Animal Ethics Committee (approval number 3c/12/22).
Study species

The northern corroboree frog, P. pengilleyi is a small (snout-vent-

length= 25-30mm) terrestrial frog with distinct longitudinal lime

green/yellow and black dorsal colouration (Figure 1). The species is

currently listed both nationally and internationally as critically

endangered. Under the recommendation of the NSW Department of

Climate Change, Energy, the Environment and Water (DCCEEW), a

CBP for the species was established at Taronga Conservation Society

Australia (Taronga Zoo, Sydney, Australia) in 2010 (McFadden et al.,

2016). The breeding program has had excellent breeding and rearing

success over a number of years, however, no investigations have been

conducted into the optimal UVR conditions for rearing. Previously, it

has been established that healthy frogs have been produced when

reared under UVB emitting fluorescent tubes at 20-30µW/cm2, though

some frogs have produced an increase in black pigmentation, and

damaged dorsal skin surfaces, when reared at a UVI of over 1.4

(Figure 1) (McFadden et al., 2013).
Experimental animals

For this study, 100 juvenile, zoo-bred frogs were utilised from

the CBP for this species at Taronga Zoo, Sydney. All frogs were

produced from within the Northern Brindabella genetic

management unit for this species (Morgan et al., 2008).

Experimental animals were reared from 12 full-sibling clutches

(each produced by separate male-female pairs) oviposited during

March 2022. Eggs were held on a layer of moistened sphagnum

moss in closed 600ml plastic containers and received no UV light

for approximately three months until the point of hatching.

Tadpoles were communally reared in two large tanks and fed ad

libitum on a diet of natural silt, frozen endive and powdered Fluval

vegetarian fish flake. Throughout larval development, tadpoles were

bottom dwelling (water depth = 20cm) and had access to very low

levels of UVR (<0.1UVI) produced fromUV lights (Reptisun T5HO

5.0 UVB bulb, Pet Pacific Australia) suspended 35cm above the

water level. New globes were installed one week prior to tadpole

rearing to allow UV levels to stabilise. All experimental animals

completed metamorphosis between November and December 2022.

Individual metamorphs were able to be identified by their unique

dorsal and ventral patterns and were entered into experimental

treatments at approximately 15–40 days post metamorphosis.
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Experimental design

To investigate the influence of UVR level on frog colouration,

individual P. pengilleyi were reared under one of two UVR

treatments following metamorphosis: a higher UVR treatment

(∼0.7 UVI) and a lower UVR treatment(∼0.2 UVI). The two

UVR treatment levels were selected because they represented

upper and lower ends of the Ferguson Zone (Zone 1, 0-0.7 UVI)

applicable to the natural behavioural activity of a primarily

nocturnal species with crepuscular activity or diurnal activity

under shaded conditions (Ferguson et al., 2010; Baines et al.,

2016). Fergusson Zones have been created as a tool to select

optimal UVR conditions for reptiles and amphibians in captivity,

based on behavioural data for 15 species in the wild (Ferguson et al.,

2010). The UVI scale is measured on a scale of 0 (extremely low) to

11+ (extremely high). The UVR treatments showed significant

differences in UVI levels, UVB levels (W/m2), and UVA levels

(W/m2)(for treatment means, standard deviations and ANOVA

outputs see Table 1). UVI levels were measured from underneath

the experimental container lid using a Solarmeter 6.5 (USA) while

UVB and UVA levels were measured with an Alliance Technologies
Frontiers in Amphibian and Reptile Science 04
SpectroSense 2 (+) radiometer. Weekly measurements ensured

consistency in UVR output throughout the study period. On day

one of the experiment, individuals were digitally photographed (see

‘2.4 Photography’ below) and randomly assigned to a treatment

group (lower or higher UVR) and an experimental container. Each

of the two treatment groups had a sample size of 50 frogs (N = 100

experimental animals in total), with frogs housed in groups of five

individuals. Frogs were housed in plastic enclosures (30cm x 19cm

and 20cm high), with a ventilated flyscreen mesh lid to permit the

desired transmission of UVR light. The 20 experimental containers

(10 per treatment) were maintained within a single biosecure,

climate-controlled facility across four adjacent shelves. There were

5 containers housed on each shelf, with two shelves allocated per

treatment. Every four weeks, each experimental container was

shifted two positions to the right, within their treatment, to avoid

any potential room-position spatial effects. Each container

experienced all possible positions within the two respective

treatment shelves throughout the course of the experimental

period. The experimental period consisted of 16 continuous

weeks, commencing December 22, 2022 and finishing April

18, 2023.
TABLE 1 Comparison of UV levels between treatment groups, including outputs from ANOVA analysis.

UV measure
Higher UVR
treatment mean ±
SD

Lower UVR
treatment mean
± SD

F-Value
Degrees of
freedom
(Numerator)

Degrees of
freedom
(Denominator)

P value

UVI 0.72 ± 0.097 0.20 ± 0.05 205.48 1 17 <0.001

UVB (W/m2) 0.27 ± 0.057 0.093 ± 0.009 91.70 1 16 <0.001

UVA (W/m2) 1.12 ± 0.250 0.380 ± 0.029 77.29 1 17 <0.001
FIGURE 1

Northern corroboree frog, Pseudophryne pengilleyi. Image shows an adult with typical colouration for the species (positioned on the left) and an
adult with abnormal pigmentation due to UV-induced skin damage (positioned on the right; reared under UVI >1.4).Photograph courtesy of Michael
McFadden.
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Animal husbandry

The biosecure facility where experimental animals were reared

was artificially climate-controlled, with temperature maintained at

20 °C during the day (7am to 7pm) and 17 °C at night (7pm – 7am).

Temperature was constant across all treatment containers. The

facility has skylights and a large window to permit a natural dawn

and dusk. In addition to natural lighting, artificial lighting was

provided above the enclosures using UVB emitting fluorescent

tubes (Reptisun T5HO 5.0 UVB bulb; Pet Pacific, Australia)

suspended approximately 25 cm above each container. These

were controlled via a light-sensitive switch to replicate natural

photoperiod, resulting in approximately 12 hours of UVR light

per day, from 7am to 7pm. The greater level of UVR provided to

frogs in the higher UVR treatment was achieved by placing a

reflector above the tube throughout the duration of the

experimental period. These conditions were in accordance with

corroboree frog husbandry procedures developed by Taronga Zoo.

Each container had a 2cm layer of aquarium gravel, above a

container base with twenty-four holes evenly drilled, to permit

excellent drainage. Half of the floor space of each container was

covered in a 5cm layer of rehydrated sphagnum moss (Brunnings,

Australia), that was replaced every four weeks to maintain hygiene

once photographs were taken. The sphagnum moss allowed frogs to

burrow and provided an opportunity for shielding against UVR

exposure. Enclosures were sprayed twice per week on Tuesday and

Saturday with reverse-osmosis water to flush through uneaten food,

faeces and nitrogenous waste. Frogs were fed three times per week

with 2–4 day old house crickets (Acheta domestica) ad libitum. At

each feed, crickets were dusted with calcium and multivitamin

supplementation as required for healthy growth and development

(Repashy Calcium Plus, United States).
Photography

To determine the effect of UVR light treatment (higher or

lower) on frog colouration, individual P. pengilleyi were digitally

photographed over a 16-week experimental period starting from the

22nd of December 2022 until 18th of April 2023. Frogs were

photographed at the commencement of the experiment,

immediately prior to being placed into experimental treatment

containers (Week 0) and then every four weeks thereafter (Weeks

4, 8, 12, and 16). Frogs were digitally photographed to enable the

quantification of their dorsal colouration following the

methodology described in Kelleher et al. (2022) and Walton et al.

(2021). During each sampling week, each frog was photographed

individually inside a custom-built, portable photography light arena

which was constructed from two opaque cylindrical containers

stacked on top of each other, with a viewing hole cut at the top of

the arena which allowed the camera lens to be placed through. The

arena contained integrated white LED strip lighting that lined the

inside walls of the arena, which created a standardised lighting

environment for all photos. An X-rite ColorChecker Passport (X-

rite, USA) was included in all photographs and was placed on the
Frontiers in Amphibian and Reptile Science 05
bottom of the arena, next to the focal frog (following Walton et al.,

2021; Kelleher et al., 2022). The X-rite ColorChecker pad is an array

of 24 coloured and grayscale squares against which the colours in

each photo are standardised during image processing (see Figure 2).

Photographs were taken with a Canon EOS 70D digital camera with

a standard lens (Canon EFS 18–55 mm lens) that was positioned on

top of the arena with the following settings: ISO = 400, f = 11,

shutter speed = 1/200 (following Kelleher et al., 2022). The

distance between the camera lens and the frog was approximately

28 cm. All photographs were taken and saved in raw format (.CR2)

to prevent colour change issues that may be associated with file

formatting (Frey and Haworth, 2014).
Colour analysis

To quantify aspects of P. pengilleyi dorsal colouration, all

photographs were later analysed using a custom MATLAB script

(Mathworks Inc., Natick, MA, USA) written by John Endler. The

methods for the analysis have previously been described in detail

(see Kelleher et al., 2021; Walton et al., 2021; Kelleher et al., 2022).

In brief, using the colour standards from the X-rite ColorChecker in

each photo as a calibration, we calculated the average red (R), blue

(B), and green (G) pixel values from the yellow stripes on the entire

dorsal surface (head, body, and legs) of each individual frog using

the custom MATLAB script. After obtaining the standardised R, G,

B values for each photo, we used a second custom MATLAB script

(also written by John Endler) to determine a two-dimensional

colour space and calculate four colour variables: (1) hue, (2)

chroma, (3) luminance, and (4) the proportion of the total yellow

colouration on the dorsal surface (as opposed to black).

Hue represents the colour or shade, and is measured as the

angle relative to the colour space axis (Endler, 1990; Cadena et al.,

2017). In this case, because we are measuring colour

photographically and there are three channels (R,G,B) the colour

space is triangular. Setting the centre of the triangle to the origin,

hue can be represented as degrees on a circular scale around the

origin, in which red = 0 deg (or 360 deg), green = 120 deg and blue =

240 deg (Walton et al., 2021). Chroma is the saturation or purity of

the colouration, and is calculated as the distance from the colour

space origin (Endler, 1990; Cadena et al., 2017). Luminance is the

brightness of the colouration and is calculated by the summation of

the standardised RGB values. The fraction of the body yellow was

calculated by first thresholding the digital image, then calculating

the total number of pixels in the frog’s body (entire dorsal surface),

then calculating the number of yellow (white after thresholding)

pixels. The fraction yellow is then the number of yellow pixels

divided by the total number of pixels in the frog’s body.
Statistical analyses

To analyse the effects of UVR treatment (lower or higher),

developmental time (week) as well as their interaction on hue (in

degrees on the colour wheel) we used the MANOVA approach for
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circular data (Landler et al., 2022). The UV-treatment, the sample

week (0, 4, 8, 12, 16) and their interaction were used as fixed

variables, while frog ID was nested in container in an error term

(i.e., Landler et al., submitted), accounting for multiple measures

from the same individual as well as the nested design. For the

model, hue was transformed to radians using the function rad from

circular (Agostinelli and Lund, 2017), and split in their x (cosine)

and y (sine) components. Both resulting response variables were

used in the MANOVA, using the function manova. We calculated

the circular mean for hue (in degrees) using the R function

mean.circular as well as a circular confidence interval derived

from the function mle.vonmises.bootstrap.ci (both from the

package circular (Agostinelli and Lund, 2017). We performed

MANOVA using Pillai’s trace as the test statistic. The F-statistics

reported are approximate, as they are derived from the

transformation of the Pillai trace statistic to an F-distribution.

To determine the effect of UVR treatment (lower or higher) on

chroma, luminance, and proportion of yellow colouration, we used

linear mixed effects models (LMM) with Gaussian error distribution

and restricted likelihood (REML) parameter estimation, using the

function lme in the R package lme4 version 1.1-35.2 (Bates et al.,

2015). For the models, UVR treatment (lower or higher) sample

week (0, 4, 8, 12, 16) and their interaction were entered as fixed

categorical variables. Experimental container (1-20) was entered as

a random effect. Frog ID was also entered as a random effect to

account for repeated sampling of the same individuals across the

experimental period (following Walton et al., 2021). Prior to

analysis, chroma and the proportion of yellow colouration were

arcsine transformed (asin(sqrt[x])) to improve normality. For each

model, we assessed normality via visual inspection of normal

quantile plots, and assessed model fit by visually examining
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diagnostic plots of residual vs. fitted values using the qqnorm

function with R base plotting. The significance of fixed effects was

obtained usingWald tests, using the function ‘Anova’ in the package

car (Version 3.1-2; Fox and Weisberg, 2019). Post-hoc comparisons

were made using Tukey’s pairwise tests using the function

emmeans. Due to an image processing fault, two photographs

from Week 12 had to be excluded from analyses. Therefore, total

sample sizes for analysis for each treatment across each

experimental week were as follows: Weeks 0, 4, 8 and 16: Higher

UVR - N = 50, Lower UVR - N = 50. Week 12: Higher UVR – N =

50, Lower UVR -N = 48. All statistical analyses were conducted in R

Version 4.4.3 (R Core Team, 2024). For all analyses, the threshold

for statistical significance was p < 0.05.
Results

Neither of the UVR treatments caused the expression of black

morphotypes or damage to dorsal skin surfaces previously observed

when rearing frogs at a UVI over 1.4 (Figure 1). Changes in

colouration were subtle (Figure 2), though differences between

treatments, and temporal changes, were observed among

several variables.
Hue

There was no effect of UVR treatment on hue (F2,16 = 0.148, p =

0.864), and no significant interaction between UVR treatment and

sampling week (F2,455 = 2.192, p = 0.113). However, there was a

significant effect of sampling week on hue (F2,455 = 125.469, p <
FIGURE 2

Northern corroboree frog (Pseudophryne pengilleyi) juveniles after 12 experimental weeks at different UVI levels. Image provides an example of a
frog reared under higher UVR (∼0.7 UVI) and a frog reared under lower UVR (∼0.2 UVI). Of note, experimental frogs reared under these UVR
conditions did not show any signs of abnormal skin pigmentation.
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0.001). Over the 16-week experimental period, mean hue shifted

towards a more yellow-green colour for individuals in both UVR

treatment groups (week 0 mean range, 72.89 – 73.24°; week 16

mean range, 76.74 – 77.66°), with a trend for hue to continue to

increase for frogs in the higher UVR treatment, while starting to

plateau for frogs in the lower UVR treatment (Figure 3A).
Chroma

Overall, there was a significant effect of UVR treatment on

chroma (LMM: c2
1 = 7.5134, p = 0.0061). Frogs from the lower UVR

treatment typically had higher chroma values than those from the

higher UVR treatment, and these differences were statistically

different at weeks 4 and 12 (Tukey’s pairwise posthoc tests, p <

0.05; Figure 3B). Sampling week also had a significant effect on

chroma (LMM: c2
4 = 84.1838, p < 0.001). Over the 16-week

experimental period, chroma increased for frogs in both

treatment groups (week 0 mean range, 48.28% – 48.77%; week 16

mean range, 50.11% – 50.50%) with a pronounced increased in

chroma between week 0 to week 4 (Figure 3B). There was no

significant interaction between UVR treatment and sampling week

(LMM: c2
4 = 8.0497, p = 0.0898).
Luminance

Overall, there was no significant effect of UVR treatment on

luminance (LMM: c2
1 = 3.5408, p = 0.0599). However, there was a

significant effect of sampling week on luminance (LMM: c2
4 =

698.7827, p = < 0.001), as well as a significant interaction between

UVR treatment and sampling week (LMM: c2
4 = 17.0494, p =

0.0019). Over the 16-week experimental period, luminance

increased for frogs in both treatment groups (week 0 mean range,

47.13% – 48.34%; week 16 mean range, 56.03% – 58.02%), though

began to diverge between treatments after week 8. At weeks 12 and

16, frogs from the higher UVR treatment had significantly higher

luminance values than frogs from the lower UVR treatment

(Tukey’s pairwise posthoc tests, p<0.05; Figure 3C).
Proportion of yellow colouration

Overall, there was no significant effect of UVR treatment on the

proportion of total yellow colouration (compared to black

colouration) over the 16-week experimental period (LMM: c2
1 =

0.0061, p = 0.9377). There was a significant effect of sampling week

(LMM: c2
4 = 343.3258, p = < 0.001) and a significant interaction

between UVR treatment and sampling week on the proportion of

yellow colouration (LMM: c2
4 = 11.7664, p = 0.0192). For

individuals in both UVR treatment groups, the proportion of

yellow colouration increased from week 0 to week 4, then

declined and plateaued from Week 4 to Week 16. Frogs in the

lower UVR treatment had a slightly higher proportion of yellow
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until week 8, after which point frogs in the higher UVR treatment

had a slightly higher proportion of yellow (Figure 4).
Discussion

As threats to amphibian biodiversity worsen, and more

threatened amphibian species are placed into CBPs, the influence

of UVR on amphibian fitness is being increasingly investigated

(Croteau et al., 2008b; Ceccato et al., 2016; Alton and Franklin,

2017; Lundsgaard et al., 2020). UVR is expected to have strong

impacts on the colouration of zoo-based amphibians by stimulating

the production and/or storage of protective pigments, yet

knowledge in this area remains limited (Langhelle et al., 1999;

Belden and Blaustein, 2002; Garcia et al., 2004; Franco-Belussi et al.,

2016; Ascanio et al., 2025; Lundsgaard et al., 2025; Tang et al., 2025).

The aim of the present study was to conduct a manipulative

laboratory experiment with zoo-based P. pengilleyi to investigate

the influence of UVR on colouration expressed during post-

metamorphic development. With the overarching objective of

identifying UVR levels that would avoid the expression of

extreme melanin levels and unnaturally black morphotypes, we

intentionally selected ecologically-appropriate UVR levels expected

to induce only small to moderate changes in colouration. As

expected, changes in colouration were not extreme (with no black

colour morphotypes observed), though there were some differences

observed between treatment groups, as well as changes in

colouration over time. Specifically, while we found no difference

in hue between treatment groups, frogs in the higher UVR

treatment displayed slightly lower chroma (significant at weeks 4

and 12), and slightly higher luminance (significant at week 12 and

16). Underpinning these differences, we observed a pronounced

change in colour over the 16-week experimental period, with frogs

in both UVR treatments developing a higher hue (more green-

yellow shifted), higher chroma, and higher luminance (measured

for the yellow patches).
Effects of UVR treatment on colouration

Even though we did not expect a strong treatment effect, we did

expect to see frogs at the higher UVR level show; i) at least some

shift in hue towards a dull yellow colour (assuming that an

increased production of melanin would reduce the visibility of

yellow pigments), ii) a change in chroma (to more pure colours

due to higher pigment concentration), iii) a change in luminance (to

lower levels due to more pigments absorbing light and reducing

reflectance), and iv) a higher ratio of black to yellow colour (due to

increased production of melanin). Surprisingly, the patterns

observed were not in this direction. Instead, we saw hue remain

statistically unchanged, chroma to be typically lower in the higher

UVR-treatment (significant at weeks 4 and 12), and luminance to be

typically higher in the higher UVR-treatment (significant at weeks

12 and 16). Within these results there were significant interactions
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between UVR treatment and sampling week, reflecting that frogs in

the higher UVR treatment showed lower luminance and proportion

of yellow colouration (compared to those in the lower UVR

treatment) early in the experimental period, yet higher values

after experimental week 8. These results are more in line with

what would be expected if frogs in the higher UVR treatment were
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in fact receiving a lower overall amount of UVR, with chronic effects

of lower UVR exposures beginning to show by the end of the

experimental period.

Accordingly, the most likely explanation for this outcome is that

frogs were behaviourally regulating their UVR exposure. In a recent

study, we reported that northern corroboree frogs exposed to the
FIGURE 3

The effect of UVR treatment on (A) hue (degrees), (B) chroma (%) and (C) luminance (%) in P. pengilleyi over a 16-week experimental period. Data shown
for hue are circular means ± circular confidence intervals. Data shown for chroma and luminance are untransformed means ± SEM. * indicates a
significant difference in the treatment means at that experimental week (Tukey’s pairwise post hoc tests, p < 0.05).
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higher UVR treatment displayed lower day-time surface activity,

spending significantly more time under a substrate refuge

(McFadden et al., 2025). We speculated that this behavioural

change (similarly observed in the frogs in the present study) may

have reduced UVR exposure and obfuscated the detection of any

effects of UVR on growth and development. This explanation may

also apply to colouration. If frogs in the higher UVR treatment were

avoiding UVR, the overall amount of UVR received may have fallen

below that received by frogs in the lower UVR treatment. If this was

the case, frogs in the higher UVR treatment would have been less

stimulated to synthesise melanin or pteridines and/or store

carotenoids. In turn, lower pigment in the skin may have

decreased chroma (due to lower pigment concentrations and

saturation), and increased light reflectance and luminance (due to

less surface pigmentation resulting in higher reflectance). Cognisant

of this possibility, we strongly recommend that future studies

aiming to understand the relationship between UVR exposure

and colouration in corroboree frogs, and other amphibians,

restrict the availability of UVR refuges during experimental

periods. This would allow for a more accurate assessment of the

direct impacts of UVR on colouration, and a better understanding

of the role of behaviour in regulating UVR exposure and phenotypic

change. Though we emphasise that care should be taken to avoid

causing harm to experimental animals caused by extreme UVR

exposure, necessitating carefully planned experimental designs and

UVR delivery methods.
Ontogenetic colour change

Despite detecting limited differences in colouration between the

two UVR treatments, we recorded significant changes in

colouration over the 16-week experimental period. Across both

UVR treatments, frogs showed an approximate five-degree shift in
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hue (from approximately 73 to 78 degrees, indicating a shift towards

a more yellow-green colour), a slight increase in chroma (from

48.28%/48.77% - 50.11%/50.50%), and a moderate increase in

luminance (from 47.13%/48.34% -56.03%/58.02%). These changes

suggest that northern corroboree frogs progressively develop

colouration during the post metamorphic life stage. We recently

reported a similar developmental change in the southern corroboree

frog (P. corroboree), a sister species to P. pengilleyi (Walton et al.,

2021). In a study investigating the effects of dietary b-carotene on
colouration over 32-weeks post metamorphosis, we found that frogs

in all treatment groups (including a control with negligible levels of

dietary b-carotene) changed colour over time. Specifically, we

observed that hue became slightly more yellow shifted (from

68.36/69.10 - 69.14/70.46), chroma increased (from 45.11%/

48.82% - 50.79%/51.39%) and luminance increased (from 64.59%/

67.35% - 72.09%/73.31%) (Walton et al., 2021). Taken together, the

findings from these two studies suggest that corroboree frogs

display intrinsic ontogenetic colour change, whereby individuals

express increasingly strong colour signals in the three-to-four-

month period following metamorphosis.

At present there is limited data on the exact biochemical

mechanisms controlling corroboree frog colouration. However, it

is known that frogs can develop their yellow colour in the absence of

dietary carotenoids, suggesting that individuals synthesise their own

pigments, likely pteridines synthesised during purine production

(Walton et al., 2021). It is also known that the provision of dietary

carotenoids can shift corroboree frog skin colour from ‘yellow’ to

‘yellow-orange’, indicating that dietary pigments enhance colour

expression (Umbers et al., 2020). With this in mind, we speculate

that ontogenetic colour change is the outcome of a progressive

maturation and differentiation of xanthophores, accompanied by

the production and accumulation of pteridine pigment granules,

and potentially the increased accumulation of carotenoids (Walton

et al., 2021). This suggestion is in line with explanations (and
FIGURE 4

The effect of UVR treatment on the proportion of total yellow colouration across the total dorsal surface in P. pengilleyi over a 16-week
experimental period. Data shown are untransformed means ± SEM.
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supporting evidence) for ontogenetic colour change in other

amphibians (Bagnara et al., 1968). Importantly, however, given

our observation that the colour of northern corroboree frogs

progressively shifted to a more ‘yellow-green’ hue, other bio-

mechanical changes must also be occurring. The expression of

green hues in frogs is typically controlled by crystals present in

iridophores (sandwiched between the inner melanophores and the

outer xanthophores), which reflect light past yellow pigments in

xanthophores to produce various shades of green (Gould and

McHenry, 2024). Therefore, it seems logical to presume that

juvenile northern corroboree frogs undergo progressive changes

in iridophore structure during early development. Saying this, the

possibility exists that the increased expression of green colour might

be linked to a different mechanistic change. Recently, it has been

shown that green colour in frogs can be controlled by the

accumulation of a bile pigment (biliverdin) and an associated

binding protein (serpin) which act together to modify reflectance

spectra to produce shades of green in soft tissues (Taboada et al.,

2020). Given this potential, to elucidate the mechanisms controlling

northern corroboree frog colouration it will be necessary to

biochemically characterise the structural components and

pigments of both the Dermal Chromatophore Unit (DCU) and

the outer skin layer at multiple points throughout development

(Suga and Munesada, 1988; Yasutomi and Yamada, 1998; Bonansea

et al., 2017).

From an evolutionary perspective, the progressive, and

somewhat synchronous, developmental colour change we report

raises the interesting question of why corroboree frogs have been

selected to change colour soon after metamorphosis. One possibility

is that a rapid increase in UVR exposure experienced by

metamorphs as they move from ponds/bogs to more terrestrial

habitats with higher UVR exposure has selectively favoured

increased investment in the production and accumulation of

protective UVR-screening pigments (Belden and Blaustein, 2002).

This seems plausible given that terrestrial alpine habitats are

characterised by very high UVR levels in summer (Fu et al.,

2022). Another possibility is that ontogenetic colour change

reflects a change in anti-predator defence strategy across life

stages. For most of the larval life stage, tadpoles are jet black in

colour. The characteristic yellow colouration only starts to show in

the days immediately prior to metamorphosis, with our data

suggesting it is maximally expressed in the three-to-four-month

period post metamorphosis. In parallel, the larval and post

metamorphic life stages experience very different light

environments, with differences in predation pressure also

presumed. Tadpoles reside in dark pools and are well hidden,

whereas metamorphs move through terrestrial habitats and are

comparatively conspicuous, especially during periods of diurnal

activity. Survival benefits associated with blending into the

background and reducing detection by predators (crypsis) may

have favoured dark tadpoles (Davis et al., 2020), whilst benefits

associated with being conspicuous and signalling toxicity to

predators (aposematism) may have favoured the rapid

development of black and yellow patterning post metamorphosis

(Mappes et al., 2005; Rudh and Qvarnström, 2013). If true, however,
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it is not then clear why northern corroboree frogs progressively

develop a more yellow-green hue, rather than a striking and highly

conspicuous yellow or yellow-orange colouration typically

associated with aposematic signals (Mappes et al., 2005; Blount

et al., 2012). One possibility is that the function of colour (and

pattern) may change depending on viewing distance by potential

predators. At close distance, the colour and pattern may deter

predators via an aposematic function, but at long distance there

may be a concealing camouflaging effect, as reported in other frog

species (Tullberg et al., 2005; Rojas, 2017; Barnett et al., 2018;

Umbers et al., 2020). These are intriguing evolutionary questions

that warrant further investigation, especially given that northern

corroboree frogs display a more yellow-green hue than southern

corroboree frogs (Walton et al., 2021), and that these species have

evolved in habitats that differ considerably in vegetation type and

colour. Northern corroboree frogs often occupy ‘green coloured’

grassy habitats in subalpine heath and forests, while southern

corroboree frogs often occupy ‘yellow coloured’ sphagnum bogs.

Such species-specific habitat differences (and presumed associated

differences in predator-prey sensory dynamics) may have driven

evolutionary divergence in defence strategies and colouration.

Beyond investigating species-specific differences, if the

development of yellow coloration in corroboree frogs functions as

a warning signal, we should expect a concomitant increase in

toxicity post metamorphosis. At present we have no data on

whether corroboree frog toxins accumulate during early life, so

this would be a valuable avenue for future research.
Conservation implications for P. pengilleyi

Our findings have important conservation implications.

Northern corroboree frogs have suffered catastrophic population

declines since the 1980s and the species is now listed as critically

endangered. With ex situ breeding and reintroduction deemed a

priority conservation action (Skerratt et al., 2016; McFadden et al.,

2018), identifying environmental conditions that maximise the

health and viability of frogs produced within the CBP will be

critical for recovery. Importantly, decisions concerning the

provision of UVR must consider the risk of UVR-induced

damage balanced against the potential for beneficial effects.

Rearing corroboree frogs in environments devoid of UVB places

them at high risk of developing metabolic-bone disease, which can

be a fatal infliction (Antwis and Browne, 2009). Therefore,

provision of at least some UVR must be considered essential for

viability. Our results help to identify an appropriate UVR range for

rearing P. pengilleyi within the CBP. Recently we have shown that

rearing frogs between UVIs of ∼0.2 UVI and ∼0.7 UVI can ensure

high survival and appropriate growth and development, with the

caveat that frogs have access to a refuge to allow behavioural

regulation of UVR exposure (McFadden et al., 2025). Here we

show that this same UVR range (again with the provision of a

refuge) does not lead to extreme melanin production or skin

damage, as previously observed at UVIs above 1.4. While it

would be valuable to know how the colour of our experimental
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frogs compares to wild frogs from the source population, this data is

not currently available. However, comparison to wild northern

corroboree frogs from a different population located

approximately 30 km away and at a slightly lower altitude

indicates the experimental frogs have a slightly higher hue,

chroma, and luminance. Specifically, frogs in the wild population

displayed a hue of 61.1°, a chroma of 41.02%, and a luminance of

39.34% (see Kelleher et al., 2021). Such differences should be

expected due to genetic or environmental differences (e.g. wild

frogs experiencing a higher intake of dietary carotenoids or

undergoing UVR hardening) and underscore an ongoing need to

learn more about corroboree frog colouration under natural

conditions. Nevertheless, the differences between the zoo-based

and wild frogs are not extreme. Therefore, our current

recommendation is to supply UVR in the ∼0.2 - 0.7 UVI range

when breeding northern corroboree frogs. When considering

reintroduction protocols, our finding that colour takes

approximately four months to be maximally expressed is valuable.

It is unclear if more colourful frogs will be better protected from

UVR related damage, but this can be assumed given these

associations have been reported for other frog species (Fu et al.,

2022). We also don’t know if more colourful frogs will be more

protected from predators, but again this can be assumed because a

study that deployed clay models of southern corroboree frogs at

historical breeding sites indicates that pure yellow frogs were less

predated than black and yellow striped models or pure black models

(Umbers et al., 2020). As such, to maximise colour expression, and

the potential for adaptive benefits and improved survival, we

recommend rearing northern corroboree frogs at UVI’s of ∼0.2 -

0.7 for at least four months prior to release.

One caveat to our recommendations is that ongoing research

will be essential to improve the likelihood that we identify UVR

levels needed to enhance the long-term viability of the northern

corroboree frog CBP. A number of factors should be considered.

First, we emphasise that UVR exposure may impact a diversity of

fitness-determining traits that contribute to lifetime fitness,

necessitating a broad multivariate-fitness analysis. Critical insights

will come from experimental work aimed at elucidating effects of

variable UVR exposure regimes on oxidative stress (Tang et al.,

2025), cellular damage (Londero et al., 2019), DNA damage,

immune function (Cramp and Franklin, 2018), vitamin-D

synthesis (Antwis and Browne, 2009), and behavioural

performance (Kats et al., 2000). Second, UVR is known to

modulate the effects of other environmental stressors, including

temperature, disease, pH, salinity, and heavy metals (reviewed by

Hird et al., 2024). Understanding the potential for synergistic effects

may be especially important for informing reintroduction

programs, justifying long-term monitoring of how UVR interacts

with co-occurring environmental stressors in the natural

environment. Third, UVR sensitivity can be strongly life-stage

dependent, with early amphibian life stages (eggs and larvae)

known to be particularly susceptible to increased UVR exposure

(Bancroft et al., 2008). With this in mind, future research

investigating effects of UVR exposure should strive to encompass

multiple life stages. This is especially important given recent
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evidence for UVR induced carryover effects in anuran

amphibians. Directly relevant to the present study, Lundsgaard

et al. (2023) reported that acute changes to the UVR exposure

regime experienced by larvae in the striped marsh frog

(Limnodynastes peronii) impacted several traits in later

development, including time to metamorphosis and levels of skin

pigmentation post-metamorphosis. Studying effects throughout

development (and over longer temporal scales) is also encouraged

because there is potential for chronic exposure to exacerbate effects

of UVR exposure once thresholds are surpassed (as suggested by the

interactive effects we observed between UVR treatment and time).

From a methodological perspective, careful consideration should be

given to lighting parameters used in experimental studies. When

manipulating UVR it may be challenging to equalise levels of other

electromagnetic wavelengths emitted by UV lights across UVR

treatments, confounding effects of the UVR spectrum of interest.

For instance, in the present study, the observed effects of the higher

UVR treatment on colouration may have been linked to associated

increases in visible light that induced similar colour changes, but for

different reasons (e.g. to manage thermoregulatory requirements)

(Bertolesi et al., 2020). In future studies, this matter could be

overcome by using specialised light filters to control the spectral

composition of different UVR treatments, with a focus on

manipulating UVR levels whilst holding visible light wavelengths

relatively constant (Hird et al., 2024).
Conservation implications for endangered
amphibians

Globally, amphibians are the most threatened vertebrate group,

with greater than two hundred species now being supported by

CBPs (Harding et al., 2016; Tapley et al., 2022). For many of these

species there remains no, or very limited, understanding of how

UVR conditions influence the viability of individuals and

populations. Our study draws attention to the value of stepping

away from the traditional trial-and-error approach to ex situ

breeding and using empirical data to inform management

decisions. This adds to a growing body of literature highlighting

the critical need for adaptive management of zoo-bred phenotypes

(Crates et al., 2023). Moving forward, we encourage conservation

managers to collect information on UVR levels found in natural

habitats and use these data to design experiments that investigate

the impacts of ecologically-appropriate UVR conditions on various

fitness-determining traits, including colouration. We forecast that a

stronger evidence base across species will greatly improve our

capacity to manage threatened amphibians and help stem

biodiversity loss.
Conclusions

In conclusion, the aim of this study was to conduct a

manipulative laboratory experiment with zoo-based northern

corroboree frogs to investigate the influence of ecologically-
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appropriate levels of UVR on colour variation over a 16-week

experimental period post metamorphosis. While there was no

evidence for a treatment effect on hue, frogs in the higher UVR

treatment displayed slightly lower chroma (significant at weeks 4

and 12), and slightly higher luminance (significant at week 12 and

16). For both treatment groups, frogs displayed a significant change

in colour during development. Hue became more yellow-green

shifted, and we also observed increases in luminance, chroma, and

the proportion of yellow colouration. These findings indicate that

the higher UVR level tested induced subtle but not major changes in

colouration, and that corroboree frogs display ontogenetic colour

change. We conclude that the UVR levels used (UVI’s of ∼0.2 - 0.7)
are appropriate for breeding northern corroboree frogs and

recommend retaining frogs under these conditions for several

months after metamorphosis to allow maximal colour expression

prior to release. The only caveat being that ongoing research will be

needed to assess impacts of UVR on the various traits that

contribute to lifetime fitness, how UVR interacts with other

environmental stressors to alter fitness, and whether effects are

life-stage dependent. More broadly, as the amphibian-extinction

crisis worsens and more species are entered into CBPs, we

encourage conservation managers to employ experimental

research to help identify UVR conditions that optimise the health

and viability of individuals and populations, both in captivity and

following reintroduction.
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