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Introduction

Abstract

One of the limitations affecting the success of captive breeding programmes for amphibians is a lack
of knowledge relating to the diet of wild animals. Carotenoids are known to be an important dietary
component for the health and proper development of colouration in many vertebrates, but information
relating to amphibians is limited. We investigated the influence of carotenoid supplementation in the
Critically Endangered golden mantella Mantella aurantiaca. In a fully factorial design, 60 juvenile
M. aurantiaca were provided with two dietary carotenoid treatments, standard and enhanced, and
two ultraviolet B (UVB) treatments, no UVB and low-level UVB. There was a significant interaction
of the treatments on the skin colouration of the study animals. The provision of both an enhanced
carotenoid diet and UVB light resulted in the frogs being more red coloured, however when provided
in combination the increase in redness was lower than when the treatments were provided alone. In
the second part of the study, 64 juvenile M. aurantiaca were reared on one of two diets containing
the same concentration of carotenoids, but different profiles: a ‘red’ diet and a ‘yellow’ diet. These
treatments also had a significant effect on colouration, with those receiving the red diet becoming
a more intense red colour. Our results demonstrate that the bright colouration of M. aurantiaca is
influenced by both the concentration and profile of carotenoids in the diet, in addition to the presence
of low-level UVB exposure. None of the treatments had any reported effect on the growth of the study
animals, however further work should investigate other physiological responses not investigated here.

Carotenoids are a large group of organic pigments consisting
of xanthophylls and carotenes, which confer the red, orange

Amphibians are globally threatened (IUCN 2020) and captive
breeding programs (CBPs) are integral to their conservation
(Wren et al. 2015). Amphibians are underrepresented in CBPs
(Conde et al. 2011; Dawson et al. 2016) and their complex
husbandry requirements have limited success in some cases
(Pessier et al. 2014). Diet provision in captivity is one important
limitation (Ferrie et al. 2014), due to a combination of reduced
prey diversity and limited prey nutritional value compared with
that available in the wild (Augustine et al. 2016; Clugston and
Blaner 2014; Finke 2002; Jayson et al. 2018; Livingston et al.
2014; Nicholson et al. 2017).
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and yellow colouration of a broad range of plants and animals
(Fraser and Bramley 2004). Carotenoids have numerous roles
in biological processes and may protect against disease in
model mammal species (Chew and Park 2004; Stahl and Sies
2003, 2005). With the exception of a few invertebrate species,
only plants and fungi are able to produce carotenoids de novo,
with the majority of animals being completely dependent on
dietary sources (Fraser and Bramley 2004). Captive amphibian
diets are often deficient in carotenoids (Finke 2002; Ogilvy et
al. 2012a), leading to relatively dull colouration and reduced
carotenoid diversity in the skin compared with wild animals
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(Matsui et al. 2002), which may have direct fitness consequences
(Ogilvy et al. 2012b). Natural colouration may be recovered in
captive animals through supplementation with a diverse range
of carotenoids (Brenes-Soto and Dierenfeld 2014; Ogilvy et al.
2012b; Umbers et al. 2016).

Studies investigating health benefits of carotenoids in
ampbhibians have so far been limited. A small but growing number
of studies have demonstrated positive benefits of carotenoid
supplementation, including increased or improved growth rates,
reproductive success, vitamin A levels and immune response
(Brenes-Soto and Dierenfeld 2014; Dugas et al. 2013; Ogilvy and
Preziosi 2012; Ogilvy et al. 2012b; Szuroczki et al. 2016, 2019).
However, others have shown carotenoids to have no effect on
any measures recorded (Byrne and Silla 2017; Mclnerney et al.
2019), and in some cases have even shown possible detrimental
effects on growth and survivorship (Cothran et al. 2015; Keogh et
al. 2018). Currently only a small number of carotenoids have been
investigated in a limited number of amphibian species, and in
many cases model taxa have not been those with the most striking
colouration (e.g. Hyla versicolor, Lithobates sylvatica, Ranoidea
booroolongensis, Xenopus tropicalis). Given the broad diversity of
amphibians it is likely that species will have different requirements
for carotenoids, both in concentration and profile (Byrne and Silla
2017; Mclnerney et al. 2019).

In addition to carotenoid provision, ultraviolet B (UVB) radiation
is an important component of amphibian husbandry. Although
understudied compared to other vertebrate taxa, exposure
to UVB has been shown to have numerous health benefits in a
range of amphibian species, through the synthesis of vitamin D,
and associated calcium metabolism (Antwis and Browne 2009).
Observed benefits include increased growth rates, improved
skeletal development and reductions in the incidence of metabolic
bone disease, a common disorder seen in captive amphibian
populations (Michaels et al. 2015; Tapley et al. 2015; Verschooren
et al. 2011). Despite these benefits, UVB exposure can also have
deleterious effects, including increased embryo or larvae mortality
rates, decreased growth rates and deformities (Blaustein et al.
2003). It is well documented in mammals that some carotenoids
when deposited in the dermis can prevent or limit the damage
caused by UVB radiation through the mitigation of free radicals
(Heinrich et al. 2003; Lee et al. 2000; Stahl and Sies 2002, 2005;
Sies and Stahl 2004). The only study to date investigating this in
ampbhibians found no effect, despite other benefits, although
positive effects of UVB exposure were only found in larvae (Ogilvy
and Preziosi 2012).

Here we investigate the roles that dietary carotenoids
have on the golden mantella Mantella aurantiaca, a Critically
Endangered species (Vences and Raxworthy 2008) found
relatively commonly in captivity. Golden mantella exhibit yellow-
orange through to red colouration in the wild, but can exhibit
a comparatively dull appearance in captivity (Passos et al.
2020). Our aim was to investigate the species’ requirements for
carotenoid supplementation, focusing on the roles that different
concentrations and profiles of carotenoids have on the colouration
and growth of M. aurantiaca, in addition to interactions with UVB
radiation.

Methods

To determine the influence of dietary carotenoids on the
growth and colouration of Mantella aurantiaca, two studies
were conducted. The first combined the provision of different
concentrations of dietary carotenoids with UVB exposure (from
now on referred to as the UV-carotenoid study). The second
looked at the profile of carotenoids in the diet (carotenoid profile
study).

Ethics statement

These studies were approved by the University of Manchester
Ethics Committee prior to commencement. A Home Office License
under the Animals (Scientific Procedures) Act 1986 was not
required as all variables fell within normal husbandry practices for
captive amphibians. All animals were regularly monitored for any
negative signs, of which none were observed.

Study animals and basic husbandry for both studies

Studies were conducted at the University of Manchester, UK,
during 2014-2015. All individuals were captive-bred from existing
individuals at the university. Experimental animals were housed
in 30 x 30 x 45 cm vivaria (Exo Terra, UK), with naturalistic set ups
consisting of a soil and coir substrate and furnished with moss,
oak leaves, small branches and ferns. All tanks were set up with
identical furnishings and were maintained over the course of the
studies to ensure the layouts remained consistent. Vivaria were
located in a climate-controlled unit maintained at 24°C during the
day and 18°C at night on a 12:12 photo- and thermo-period. All
vivaria were lit with standard ‘daylight’ lamps (30 W T8 ‘warm
white’ 36” fluorescent tubes, GE Lighting, Hungary). Relative
humidity was maintained at around 80% through regular misting
of enclosures.

UV-carotenoid study

In the first study, two dietary and two UVB treatments were
provided to 60 M. aurantiaca in a fully factorial design. Animals
originated from a single clutch, which prior to the start of the study
has been reared on a spirulina and fish flake mixture as tadpoles,
and hatchling black crickets Gryllus bimaculatus gut-loaded with
fresh vegetables as new metamorphs. During this time all animals
were group-housed within a single enclosure. At four weeks post
metamorphosis, froglets were randomly allocated to one of four
treatment groups. Study animals were housed in groups of five
for the duration of the study, with three tanks per treatment. The
study ran for a duration of 12 months.

The two diets consisted of a ‘standard’ carotenoid diet and
an ‘enhanced’ carotenoid diet, which were fed to hatchling G.
bimaculatus that were then consumed by froglets. The standard
diet contained red bell pepper, carrot and savoy cabbage in a ratio
of 1:1:1 by weight (Ogilvy et al. 2012a). The enhanced diet had
the same ingredients as the standard diet plus an extra part of
a commercially available broad-spectrum carotenoid supplement
aimed at the herpetological market (Superpig, Repashy Ventures,
USA). This equated to an additional ~1.7 mg/g of carotenoids
in the enhanced diet. The diets were provided to hatchling G.
bimaculatus (Ogilvy et al. 2012a) for a minimum of 24 hours
before they were fed to the study animals. To prevent preferential
feeding, the ingredients for both diets were blended to produce
more uniform mixtures and were proportioned into approximate
5 g blocks to allow consistent presentation to crickets. Two batches
of each diet were made throughout the study and stored at —-20°C
until required. Prior to feeding to the froglets, the crickets were
lightly dusted with a calcium and vitamin supplement (Nutrobal,
Vetark Professional, UK; see Supplementary Information for
composition). Feeding occurred three times a week.

The two UVB treatments consisted of no UVB (-UV) and low-
level UVB provision (+UV). In addition to daylight lamps (see ‘ Study
animals and basic husbandry for both studies’), all experimental
tanks were lit with UVB-emitting bulbs (Reptisun 10.0, ZooMed,
USA). To create the -UV treatment, the bulbs above half of the
groups were covered with a transparent UV blocking filter (Mylar,
DuPont Teijin Films, USA). Bulbs were changed halfway through the
study (month 6) due to the reduction in UVB strength over time.
The UV index in the tanks was measured every three months over
the course of the study (Digital UV Index Radiometer, ZooMed,
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USA). For each tank, three recordings were taken at different
locations (front, middle and rear) at a height of 610 cm above
the substrate surface, corresponding to the heights of the low to
mid-level furnishings used by the frogs. Over the duration of the
study the UV index in the +UV tanks was between 0.5 and 1.0, and
0.0 and 0.1 for the -UV tanks (see Supplementary Table S1 for full
UVI readings). Due to the shelters provided within the enclosures
all animals in the +UV treatment had access to areas of 0.0.

Carotenoid profile study

For the second study, two diets containing different profiles of
carotenoids were provided to crickets fed to 64 M. aurantiaca.
Individuals originated from two clutches laid on the same day.
When froglets were approximately 10 days post-metamorphosis
they were randomly allocated to one of the two treatment groups.
Each treatment group contained equal numbers of animals from
both clutches. Froglets were housed in groups of four, with eight
tanks per treatment. The study ran for a duration of five months.
The two cricket diets consisted of a ‘yellow’ carotenoid diet and
a ‘red’ carotenoid diet. For both diets the total concentration
of carotenoids was 5 mg/g. The red diet contained lycopene,
astaxanthin and beta-carotene in a ratio of 6.5:2.5:1. The yellow
diet contained lutein, zeaxanthin and beta-carotene in a ratio of
6.5:2.5:1. The small amount of beta-carotene (corresponding to
0.5 mg/g) was included in both diets due to the potential health
benefits of carotenoids acting as a source of vitamin A; none
of the main carotenoids of focus had provitamin A activity. All
carotenoids were manufactured by Swanson Health Products
(Canada). The carotenoids were incorporated into a basal diet
(Table 1) naturally low in carotenoids. Batches of each diet were
made at the start of the study and frozen at —-20°C until required.
Frogs were fed hatchling black crickets, G. bimaculatus (Ogilvy et
al. 2012a), which had been gut-loaded on one of the diets for at
least 24 hours prior to feeding. Crickets were lightly dusted with
a calcium and vitamin supplement (Nutrobal, Vetark Professional,
UK) before feeding. Feeding occurred three times a week. No UVB
was provided to animals during the experiment, ensuring any
changes in colour were solely due to the diets.

Data collection
Over the course of both studies the colouration of the frogs was
measured, along with the mass and snout-to-vent length (SVL).

Table 1. Composition of the basal diet used in the carotenoid profile
study. 'The Co-operative Group Ltd, UK, 2NBTY Europe Ltd, UK, *Vetark
Professional, UK

Ingredient Content (% by volume)
Wheat flour? 30

Soy flour? 30

White potato? 20

Sunflower oil* 15

Nutrobal® 5
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For the five months of the carotenoid profile study, measurements
were taken every c. 30 days, and for the 12 months of the UV-
carotenoid study every c. 60 days. At each time point frogs were
weighed and photographed three times on grid-lined paper
next to an orange colour standard (ColorChecker Classic, X-Rite,
USA). Photographs were taken under consistent parameters (the
same camera, lighting and colour standard), so standardisation
of measurements was not necessary (Ogilvy et al. 2012b). Using
Image) (Schneider et al. 2012), photographs were analysed
to measure SVL and dorsum colouration; the values for which
were averaged across the three images. The colour of the frogs
was measured in terms of ‘redness’, as described in Ogilvy et al.
(2012b). We have previously demonstrated that these methods
have high repeatability (Michaels et al. 2015; Ogilvy et al. 2012b).

Data analysis

All statistical analysis was conducted in RStudio (Version 1.1.463).
The data from both studies were analysed with linear mixed
models (LMM) and Wald chi squared tests, using the Ime4 and
car R packages, respectively (Bates et al. 2015; Fox and Weisberg
2019). Normality of residuals was examined using the plot
command; all residuals appeared to be normally distributed.

For the UV-carotenoid study, separate LMMs were used for
colouration, mass and SVL. Each model included diet and UV
treatment as fixed effects, with tank and time as random effects.
The interaction between diet and UV treatment was also included.
As individual frogs could not be identified within each tank of five,
it was not possible to track specific individuals over the course
of the study. Therefore, each individual was tracked by its tank
number, which was included in the model.

Similar analyses were used for the carotenoid profile study.
Linear mixed models were run for colouration, mass and SVL, with
diet as a fixed effect, and time and tank nested within clutch as
random effects.

Results

UV-carotenoid study

The treatments had a significant effect on the colouration of the
frogs in the UV-carotenoid study, with a significant interaction
between diet and UV treatment (Wald x?=4.04, P=0.044). Frogs
receiving the enhanced diet were redder in colour than those on
the standard diet, as were frogs in the +UV groups compared with
those in the -UV group (Figure 1). Both diet and UV treatment had
a similar impact on the increase in redness; when compared to the
palest group, standard/-UV (redness value of 1.008 at month 12
for example), the provision of enhanced diet alone or +UV alone
led to a similar increase in redness (1.049 and 1.058 respectively).
However, the effects were not additive; the provision of both
the enhanced diet and +UV together led to only slightly redder
individuals (1.069 at month 12) than those receiving an enhanced
diet or +UV alone.

At the start of the study, colouration changed rapidly for all
groups until month 4 when it began to stabilise, reflecting the
change from the brown colouration of metamorphosis, to the
orange colouration seen in adults. From this point onwards the
standard diet/-UV treatment group was consistently the palest
(Figure 1A and 1B), with the other three treatment groups being
of a similar redness. There was some fluctuation in the colouration
of these three groups, but after month 6, those on the enhanced
diet/+UV were the reddest (Figure 1A and 1C).

Neither diet nor UV treatment had an effect on the mass or SVL
of the frogs (mass: diet Wald x?=2.19, P=0.14; UV Wald x?=0.35,
P=0.55; SVL: diet Wald x?>=0.68, P=0.41; UV Wald x?>=0.04, P=0.84;
Supplementary Figures).
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Figure 1. UV-carotenoid study. A) Colouration of frogs during the course of the study. Lines represent the mean redness of each treatment group, with
shaded areas representing the standard error of the mean. Standard diet in blue (hashed shading) and enhanced diet in orange (solid shading). UV+
represented with darker solid lines, and -UV with dashed lines. B) Photograph of a frog from the standard diet/-UV group (redness value of 0.992). C)
Photograph of a frog from the enhanced diet/+UV group (redness value of 1.090). Both photographs were taken at month 12 of the study.

Carotenoid profile study
The profile of carotenoids in the diets had a significant effect on
colouration, with individuals receiving the crickets fed on the ‘red’
carotenoid diet being more red in colour than those receiving
crickets fed the ‘yellow’ diet (Wald x?=6.36, P=0.012; Figure 2). In
the UV-carotenoid study, there was a rapid increase in colouration
for both groups at the start of the study, which stabilised around
month 4. This is also when the colouration of the groups became
evident, with those in the red diet group being distinctly redder
from month 3 (Figure 2).

Over the course of the study there was no effect of diet on the
SVL or mass of the study animals (Wald x?=0.73, P=0.39 and Wald
x?=0.15, P=0.70 respectively; Supplementary Figures).

Discussion

Effect of carotenoids and UVB on colouration

The results from both studies demonstrate that dietary
carotenoids can influence the colouration of Mantella aurantiaca.
Supplementation of a vegetable diet for prey insects with a broad-
spectrum carotenoid supplement resulted in a significant increase
in redness of frogs in the UV-carotenoid study. This is in keeping
with other supplementation studies involving different amphibian
species, which have found the addition of supplementary
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carotenoids to the diet of prey insects fed to captive amphibians
can lead to the development of more intense colouration
(Brenes-Soto and Dierenfeld 2014; Ogilvy et al. 2012b; Umbers
et al. 2016). Previous studies have predominantly compared
the effects of a supplemented diet to a zero-carotenoid diet.
The current experimental design addresses the full influence of
dietary carotenoids; a zero-carotenoid diet may not be typical of
a ‘standard’ diet provided in CBPs. One of the goals of the UV-
carotenoid study was to determine if such a standard diet may
be sufficient in producing bright colouration. These results show
that a vegetable mixture can be successful in producing an orange
colouration similar to that of an enhanced diet so long as UVB is
provided simultaneously; in the absence of UVB, supplementary
dietary carotenoids were necessary for more intensely coloured
animals.

Given the broad range of carotenoids in the supplement used
during the UV-carotenoid study, it is not possible to say with
certainty whether it was the increase in total carotenoid content
that led to greater red colouration in individuals fed the enhanced
diet, or if it was due to differences in the types of carotenoids
being provided. The results from the carotenoid profile study help
to show that even when concentration is controlled, the profile
of carotenoids can have a significant impact on colouration.
Similar results were found by Brenes-Soto and Dierenfeld (2014)
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Figure 2. Carotenoid profile study. A) Colouration of frogs during the course of the study. Lines represent the mean redness for each treatment group,
with shaded areas representing the standard error of the mean. B) Photograph of a frog from the yellow diet treatment group (redness value of 1.031) C)
Photograph of a frog from the red diet group (redness value of 1.104). Both photographs were taken at month 5 of the study.

in the false tomato frog Dyscophus guineti: frogs fed a beta-
carotene only supplement were less colourful than animals fed
a mix of carotenoids. However, in that case the concentration of
carotenoids differed between diets, with the mixed diet having a
higher overall concentration. Our results demonstrate that when
providing carotenoids to captive amphibians it is important to
consider not just overall concentration, but also the types being
selected. Although there are some data available on which
carotenoids are found in amphibian skin, information is limited
to a relatively small number of species (Brenes-Soto et al. 2017).
Even in the absence of this information, it may still be possible to
tailor supplements for different species in captivity based on their
known colouration in the wild. In addition, there may be further
impacts of carotenoid profile on health, which were not measured
in this study, as different carotenoid compounds can have different
specific roles in other physiological processes (Mclnerney et al.
2019).

In addition to dietary carotenoids, the presence of UVB radiation
also had an impact on colouration. The colouration of amphibian
skin in part comes from carotenoids stored within xanthophores
but is also due to melanin found in melanosomes (and structural
pigments in iridophores). It has been demonstrated in other
amphibian species that exposure to UVB light can lead to increases
in melanin levels in the dermis (Blaustein and Belden 2003). It is
possible that the increased redness observed in M. aurantiaca in
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the +UV treatment groups may be due to elevated levels of dermal
melanin. Michaels et al. (2015) found that Bombina orientalis
exposed to UVB radiation achieved their adult colouration quicker
than those with no UVB, and detected differences in colour within
one month following metamorphosis. In the UV-carotenoid study
presented here, the treatments had no apparent influence on
colouration until month 4 post-metamorphosis. Golden mantella
metamorphose brown in colouration, with their distinctive orange
not appearing until several weeks to months later, possibly due
to the time taken to accumulate sufficient levels of carotenoids
to achieve this colour. This transition is accompanied by a
behavioural change from cryptic behaviour reliant on camouflage
in leaf litter, to bold behaviour presumably linked to aposematism
once the colour change has occurred; carotenoid accumulation
may therefore be linked with accumulation of skin toxins also
derived from the diet.

Given the protective effects of carotenoids against UVB
damage in other vertebrate species (Sies and Stahl 2004), it may
be possible that the increased redness was due to additional
carotenoids deposited within the dermis. This idea may be
supported by the comparatively small increase in redness in the
enhanced/+UV group compared to the others; provision of either
the enhanced diet alone or UV alone resulted in a similar increase
in redness (Figure 1A), however when both were provided,
although there was an increase, it was not additive. It is possible
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that M. aurantiaca have a ‘maximum redness’ due to limits on the
number of carotenoids being stored in the skin, and that either
the enhanced diet or UV were enough to reach this potential
maximum and the combination of both in tandem had little
additional effect. However, without additional analysis of the skin,
it is not possible to determine the mechanisms behind the change
in colouration. It is also important to consider that although more
intense colouration developed in response to UVB radiation may
be desirable in some ways, it is possible that this mechanism may
be diverting carotenoids away from other functions (Baeta et al.
2008; McGraw and Hill 2000).

Different populations of wild golden mantella exhibit variations
in colour, with some populations being more yellow-orange, while
others are an intense red (Daly et al. 1996; Passos et al. 2020).
Recent genetic work investigating the relationships between M.
aurantiaca and other closely related species (M. crocea and M.
milotympanum) found that genetically similar populations can
have large variations in phenotype, and in contrast phenotypically
similar populations can be genetically distinct (Klonoski et al.
2019). Although the reasons for this are likely to be multifaceted,
the results from both studies here suggest that some phenotypic
variation may be caused by variation in the diets of different
populations. Given the variation in the availability of certain
invertebrates, both temporally and spatially, some amphibian
species have shown differences in diet between seasons as well
as between populations (Kovacs et al. 2007; Moskowitz et al.
2018; Quiroga et al. 2011). Mantella aurantiaca are thought to
be generalist feeders, with diets consisting of a broad range
of invertebrate prey (Woodhead et al. 2007). It is therefore
probable that the diet composition of different populations of M.
aurantiaca may vary in the wild, potentially leading to differences
in concentration and profile of carotenoids being consumed.
Differences in the environment may also potentially lead to some
of this variation. Reductions in canopy cover or foliage density may
lead to increased ambient UV levels, again leading to potential
differences in colouration.

As well as differences in colour between wild populations of M.
aurantiaca, marked differences in colour can be seen between wild
and captive-bred individuals, with some captive animals suffering
from a much duller appearance than their wild counterparts
(Passos et al. 2020). The bright colour of golden mantella is due to
aposematic signalling, warning potential predators of their toxicity
(Daly et al. 1996). As part of the action plan for this species there
are plans for reintroductions of captive-bred animals to the wild
(Edmonds et al. 2015). The impact on potential predation rates of
releasing dull individuals is unknown, but important to consider
when selecting animals for release (Passos et al. 2020). Given the
extensive knowledge of use of carotenoids by other vertebrate
groups as an intraspecific signal of health, e.g. in birds (Alonso-
Alvarez et al. 2004) and fish (Pike et al. 2010), it is possible that
M. aurantiaca may also use colouration as an indicator of health
in mate choice. There is limited information on the roles of colour
in sexual selection in amphibians, but for some species male
colouration is thought to influence female mate choice (Gomez et
al. 2009; Vasquez and Pfennig 2007), however this has not been
found for all species (Ogilvy 2011).

Effect of carotenoids and UVB on growth

Neither study found any impact of the treatments on the growth
of the animals. A small but growing number of studies have
investigated the influence of dietary carotenoids on amphibian
growth, but the results are mixed depending on the species and
their life stage, the carotenoids investigated and the dosage (Byrne
and Silla2017; Cothran et al. 2015; Keogh et al. 2018; Mclnerney et
al. 2019; Ogilvy and Preziosi 2012; Ogilvy et al. 2012b). In general,
studies that have reported negative consequences of carotenoid

supplementation have investigated high concentrations (up to
10 mg/g being fed to invertebrate prey). The levels given during
the studies presented here (5 mg/g for the carotenoid profile
study and an additional 1.7 mg/g for the enhanced diet in the UV-
carotenoid study) represent an ‘intermediate’ dose in relation to
other works. It may be that certain concentrations of carotenoids
are tolerable or even required by amphibian species, whereas
over this concentration negative impacts become apparent
(Keogh et al. 2018). Given the lack of data available on carotenoid
concentrations consumed by wild amphibians, it is not possible to
know what actually constitutes a ‘high’ or ‘low’ carotenoid dose,
and it is also likely to be highly species-specific.

Given the broad diversity of the properties of different
carotenoids, concentration is only one factor that may influence
growth or development. The carotenoids used in the carotenoid
profile study (lutein and zeaxanthin in the yellow diet, and
lycopene and astaxanthin in the red diet) were chosen due to their
use in prior studies, as well as their known presence in the skin of
other amphibian species (Baruah and Goswami 2012; Bonansea
et al. 2017; Czeczuga 1980). Despite these carotenoids influencing
growth in other studies, they appeared to have no influence here.
It is important to note that the growth of animals in both red and
yellow treatments were in keeping with normal M. aurantiaca
development, with similar sizes being seen between both studies
(Supplementary Figures) and in general rearing of the species
(personal observation, J Newton-Youens, C. Michaels). The dietary
choices made for both studies were primarily to investigate the
influence on colouration. Therefore, to fully explore the influence
of carotenoids on growth and development in M. aurantiaca,
future work should focus on single carotenoid supplements.

The provision of UVB can have varying impacts on amphibians
depending on the light intensity and the species. As for many
animals, high levels of UVB exposure can have very damaging
effects on amphibians (Antwis and Browne 2009). It has been
demonstrated in a number of species, however, that a low level
of UVB exposure in combination with appropriate heat provision
is necessary for adequate production of vitamin D, and proper
bone morphology and development (Michaels et al. 2015;
Tapley et al. 2015; Verschooren et al. 2011). Here we found no
evidence of UVB having an influence on the growth (or health)
of the study animals, either positive or negative. Given the
impact that UVB exposure had on the colouration of the animals,
it could be assumed that this provision was sufficient to trigger
other physiological responses. Although no impact was detected
on growth, it is possible other effects, such as vitamin D, levels,
may have been affected (Michaels et al. 2015). However, this was
not possible to test as given the small body size of the species, it
would not have been possible to collect adequate blood samples.
It may also be that the UV levels were insufficient to stimulate
additional physiological responses. The levels provided during the
study were within the natural range recorded within the species’
habitat in the wild, however higher levels up to 5.4 UVI have been
observed (R. Griffiths 2014, unpublished data).

It is possible that the vitamin and mineral supplement dusted
onto the food items may have masked the impact of either UVB
provision or carotenoid supplementation such that any self-
synthesised (D, via UVB irradiation) or absorbed from experimental
supplement (carotenoids) had no discernible effect. However, this
was not the case for Bombina orientalis, for which the effect of
UVB on vitamin D, levels was not masked despite frequent dusting
with the same supplement as that used in this study (Michaels
et al. 2015). As for carotenoids and vitamin A, there it still much
unknown as to how widespread the ability for conversion from
the former to the latter is in amphibians (Clugston and Blaner
2014), and it has not been investigated in Mantella. This therefore
remains an untested possible contributor to our results.
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Conclusion

Captive bred Mantella aurantiaca, like many other amphibian
species, are often less intensely coloured than their wild
counterparts (Passos et al. 2020). Our results demonstrate that it
is possible to improve the colouration of M. aurantiaca in captivity
through the relative ease of incorporating supplements into the
diet of feeder invertebrates, and that this can be enhanced through
the simultaneous provision of UVB. UVB-emitting lamps should
also be considered in captive breeding institutions, however due
to difficulties in sourcing and resource constraints in some areas
of the world, this may not be possible. Based on the apparent
lack of influence the treatments had on the growth of the animals
in these studies, it not possible to make recommendations for
their use in this species. However, given the marked influence
carotenoids can have in other amphibian species (both positive
and negative) more information on the health requirements of
amphibians for carotenoids should be gained. Moving forward,
more information is required as to which carotenoids are being
consumed by wild amphibians, so that appropriate diets can be
formulated for captive populations.
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