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Light-induced pigmentation changes are widespread among 
tadpole species. In this study we characterised light-induced 
changes in melanin dispersion through development in cane 
toad tadpoles (Rhinella marina). We describe a pattern of 
light-induced pigmentation change in which tadpoles are 
darker in the presence of light and lighter in darkness until 
the onset of metamorphosis. This pattern contrasts with 
that of other non-bufonid tadpole species, but mimics the 
pattern of pigment change exhibited by embryonic anurans. 
We discuss our results in light of the ontogenetic changes in 
toxicity to evaluate the photoresponse of cane toad tadpole 
pigments as a potential aposematic signal, neotenic trait, 
and thermal adaptation.
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Colour and pigmentation are used by animals in a 
variety of contexts. While many organisms develop 

colouration patterns that are fixed throughout their life, 
individuals of some species have the ability to change 
their colouration in response to, for example, higher 
predation risk (reviewed in Caro, 2005) and changing 
environmental conditions (Garcia et al., 2003, 2004; Kats 
& van Dragt, 1986). Among vertebrates, colour change 
can be achieved physiologically by actively moving the 
pigment within chromatophores (known as metachrosis) 
or morphologically by altering the amount of pigment 
in chromatophores or the number of chromatophores 
present in the integument (Oshima, 2001). Within 
physiological colour change, the movement of pigments 
may be driven by photo receptors such as eyes (secondary 
colour response; Oshima, 2001), or by photosensitive 
pigments found within chromatophores (primary colour 
response; Laurens, 1915; Bagnara, 1965). Melanin, 
a brown-black pigment, is a common light-sensitive 
pigment involved in colour changes of ectothermic 
vertebrates. The aggregation of melanin into the centre 
of melanophores results in skin lightening, while its 

dispersal makes the skin appear darker (Visconti & 
Castrucci, 1993). 

Light-induced change in tadpole pigmentation, a 
primary colour response, corresponds with diel light 
cycles and is widespread throughout anuran taxa (Bagnara 
& Hadley, 1973; Altig & McDiarmid, 1999a; Viertel & 
Richter, 1999). Such light-induced pigmentation changes, 
however, are not constant throughout development. In 
many anuran species, embryos exposed to light appear 
dark given the induced changes in melanin dispersion 
(e.g., Xenopus laevis, Obika & Bagnara, 1963), while later-
stage tadpoles from the same species appear dark in the 
absence of light (Bagnara, 1974; Binkley et al., 1988). This 
pigmentation change is thought to prevent the reflection 
of moonlight off the tadpoles’ lower layer of iridophores 
at night, increasing crypticity (van der Lek, 1967). 

In this study, we investigate how light-induced 
pigmentation changes of cane toad (Rhinella marina) 
tadpoles vary through ontogeny. The black colouration 
of cane toad tadpoles has been proposed to be an 
aposematic signal linked to their unpalatability to most 
predators (Wassersug, 1971; Peterson & Blaustein, 
1991). Conspicuous black colouration in the presence 
of light, however, is unexpected given that other non-
bufonid tadpole species appear lighter in the presence of 
light. We experimentally investigate the photoresponse 
of cane toad tadpole colouration. We report an unusual 
pattern of light-induced colouration changes, and 
discuss potential causes underlying this pattern within 
aposematic, neotenic and thermal frameworks.

Cane toads are a large (up to 1.25 kg, 230 mm) 
neotropical bufonid whose native range extends from 
central Brazil to southern Texas (Zug & Zug, 1979), and 
have been introduced to many locations in the Pacific 
and Caribbean (Lever, 2001). Tadpoles for this study were 
originally bought from Carolina Biological Supply, bred 
from adults collected from introduced populations in 
Florida. Female cane toads are highly fecund, with each 
female producing up to 84,000 eggs (Lampo & Medialdea, 
1996). The eggs hatch within 24–72 hours, and tadpoles 
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metamorphose in 142–148 days (Tyler, 1989; Hearnden, 
1991; Bayliss, 1995). All life stages of the cane toad are 
toxic and contain bufadienolides. However, eggs contain 
a high concentration of bufadienolides, which then 
decreases during tadpole development and increases 
again after metamorphosis (Hayes et al., 2009). 

To investigate light-induced pigment changes in 
cane toad tadpoles throughout ontogeny, we examined 
melanin dispersion of light- and dark-adapted tadpoles 
from Gosner stage 26 (immediately after gill absorption) 
through 42 (emergence of forelimb buds; Gosner, 1960). 
We divided the tadpoles into three groups (Gosner stages 
26–29, 30–35 and 36–42) to match previous work (Hayes 
et al., 2009). Tadpoles were housed in 40 L glass aquaria 
under a 10:14 light (945 lux): dark (0.05 lux) photoperiod 
and were fed with algae (Spirulina) flakes ad libitum. 

Trials were held twice weekly, during which ten 
tadpoles were randomly selected from aquaria and only 
tested once. Tadpoles were equally divided into two 
treatment groups (dark-adapted and light-adapted), and 
each individual was placed in a small plastic pill container 
(3 cm x 4 cm) containing 1 cm of dechlorinated water. 
Dark-adapted tadpoles were placed in an opaque dark 
chamber (16.3 cm x 16 cm x 9.7 cm), without light source 
(0.15 lux). Light-adapted tadpoles were placed in an 
identical chamber under ambient, laboratory light (723 
lux), including both natural light from a window and an 
artificial source of light (GE # F32T8-25W-SPEX41-ECO). All 
tadpoles were tested during daylight between 1400 and 
1800 hours. Tadpoles were left in each light environment 
to acclimate for 15 min following Daniolos et al. (1990), 
and then rapidly moved one at a time under a Nikon SMZ-
745T dissecting microscope. Images from the dissecting 
microscope were transferred onto a computer screen 

via a Nikon DS camera control unit DS–L2. Preliminary 
observations of melanin dispersion were conducted on 
non-focal cane toad tadpoles. Pigment movements on the 
gular region, where individual melanophores can easily 
be distinguished, were representative of pigmentation 
changes on the dorsum and tail. Therefore, only photos 
of the gular region of the tadpoles were captured and 
used for analysis. 

For each tadpole, we quantified the degree of melanin 
dispersion using the Hogben-Slome melanophore index 
(Hogben & Slome, 1931), and recorded Gosner stage. 
All photos were evaluated by a blind observer and ten 
photos were scored twice to estimate repeatability. While 
the intracellular movement of melanin is influenced by 
temperature and predation risk in other amphibian larvae 
(Garcia & Sih, 2003; Garcia et al., 2004), our experimental 
tadpoles experienced a constant temperature and 
predator-free environment. Thus, our results solely 
reflect the influence of light and ontogeny on melanin 
dispersion. Differences between the light- and dark-
adapted treatments were analysed using a bootstrapped 
t-test in R (R Core Team, 2013). To account for a possible 
interaction between light treatment and developmental 
stage, we ran a nonparametric alternative to an ANCOVA 
that converted melanophore index scores to ranks, 
averaging the rank of tied values (Conover & Iman, 1982). 

There was a marked difference in melanin dispersion 
between the light- and dark-adapted treatments 
throughout development. Melanin pigments in dark-
adapted tadpoles were more aggregated (dark-adapted 
Ntotal=56, light-adapted Ntotal=55; Fig. 1A), resulting in 
lower melanophore index values. Conversely, melanin 
pigments of light-adapted tadpoles were highly dispersed 
(Fig. 1B) and scored higher on the melanophore index. 
Melanophore index values from images were highly 
repeatable (R=0.84, 95% CI=0.83–1.0). There was a 
significant effect of light treatment on melanophore index 
values for all stage groups until the emergence of forelimbs 
at stage 43 (p<0.001; Fig. 2). The rank-transformed 
ANCOVA revealed that both developmental stage and 
treatment had a significant effect on melanophore index 
score (stage: F1,1=90.8, p<0.0001; treatment: F1,1=144.6, 
p<0.0001) with a marginally significant interaction effect 
among them (F1,1=3.9, p=0.0502). 

While several studies have shown that anuran tadpoles 
have light-induced changes in colouration (e.g. Binkley 
et al., 1988; Iga & Bagnara, 1975; Moriya et al., 1996), 
here we report that cane toad tadpoles exhibit melanin 
dispersion in the presence of light and the aggregation 
of melanin in darkness throughout the majority of 
their larval development – a pattern similar to only the 

Fig. 1. Gular region of Rhinella 
marina tadpoles at Gosner stage 
33 in the A) dark-adapted and 
B) light-adapted treatments, 
representing melanophore index 
values of 1 and 5, respectively. 
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embryos of other anuran species. To our knowledge, this 
is the first study to reveal such a pattern of light-induced 
changes in pigmentation in anuran larvae. 

Given that cane toad tadpoles demonstrate the same 
light-induced patterns of pigment change as the embryos 
of other anuran species, the absence of an ontogenetic 
switch in the pattern of pigment change may represent a 
neotenic trait. Neotenic traits – the retention by adults of 
traits previously only seen in young (see Reilly et al., 1997) 
- in anurans are limited, and restricted to changes in rates 
of growth and development. Examples include delayed 
metamorphosis in Pseudis paradoxa (Fabrezi, 2011) and 
tadpoles of Lithobates catesbeianus and L. clamitans 
(Ingram, 1929), as well as non-metamorphosing Xenopus 
laevis tadpoles which appear sporadically in laboratory 
populations for individuals that lack thyroid glands (Rot-
Nikcevic & Wassersug, 2004). The dispersion of melanin 
in response to light in late-stage cane toad tadpoles may 
represent the ontogenetic extension of a trait restricted 
to embryos in other anuran species. Diurnal black 
colouration is characteristic of the tadpoles of many 
toads (Altig & McDiarmid, 1999b), but it is unclear how 
widespread this ontogenetic extension may be across this 
family.  Future studies using a phylogenetic perspective 
to examine the ontogenetic patterns of light-induced 
changes in pigmentation are necessary to formally test 
for the presence of a neotenic trait. 

A developmental delay in light-induced melanin 
aggregation, if associated with toxicity, may have 
promoted the evolution of the characteristic black 
colouration of toad tadpoles as an aposematic signal 
during the day (Wassersug, 1971; Peterson & Blaustein, 
1991). It is also possible that melanin aggregation 
at night increases toad tadpole conspicuousness by 
allowing moonlight to reflect off the tadpole’s iridophore 

layer (van der Lek, 1967). Aposematism is rare in anuran 
larvae (Toledo & Haddad, 2009; Thibaudeau & Altig, 
2012). Although this phenomenon has been suggested 
in some species (e.g., Rödel et al., 2009), the role of 
conspicuous tadpole colouration in avoiding predation 
has been seldom tested (but see van Buskirk et al., 2004). 
Experiments that integrate light-induced melanophore 
changes, toxin concentration, and behavioural responses 
of predators to cane toad tadpoles of different stages 
in a single population are required to directly test the 
aposematic colouration hypothesis in this species.

Colouration changes can also lead to different thermal 
properties, and the black colouration in cane toad 
tadpoles might also be a thermal adaptation. Given that 
higher temperature increases development in tadpoles 
(e.g., Smith-Gill & Berven 1979), the dark colouration 
of toad tadpoles could serve as a heat sink during larval 
development, resulting in shorter time to metamorphosis. 
Future work that examines the influence of temperature 
on light-induced tadpole pigmentation changes and 
developmental rate across species is needed to evaluate 
this hypothesis. 

This study is the first to reveal variation among anuran 
species in patterns of light-induced colour change in 
tadpoles, offering new possibilities to investigate the 
role of phylogenetic and ecological factors that affect 
this trait. Further work that examines the ontogeny of 
light-induced changes in tadpole pigmentation using 
a phylogenetic framework would contribute to our 
understanding of the evolutionary history of this trait.
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Fig. 2. Melanophore index values (±1 SE) for each stage group of Rhinella marina tadpoles in light- and dark-adapted 
treatments. Numbers above points indicate the sample size for that treatment group in each treatment. The images to 
the left of the melanophore index value axis represent the degree of melanin dispersion indicative of each melanophore 
index value. Images adapted from Hogben & Slome, 1931.



194

L.E .  Beaty  et  a l .

Oklahoma State University’s Department of Zoology for 
helpful feedback and I. Schlupp for discussing alternative 
causes for the pattern of light-induced colouration 
changes in cane toads. In addition, we would like to thank 
four anonymous reviewers whose comments greatly 
improved the quality of this manuscript. Experiments 
were approved by the Animal Care and Use Committee 
at Texas Tech University (IACUC protocol number 11020-
03). 

REFERENCES

Altig, R. & McDiarmid, R. (1999a). Body plan: Development and 
Morphology. In Tadpoles: The biology of anuran larvae, 24–
51. McDiarmid, R. & Altig, R. (eds). Chicago: The University 
of Chicago Press.

Altig, R. & McDiarmid, R. (1999b). Diversity: Familial and 
Generic Characterizations. In Tadpoles: The biology of 
anuran larvae, 295–337. McDiarmid, R. & Altig, R. (eds). 
Chicago: The University of Chicago Press.

Bagnara, J. (1965). Pineal regulation of body blanching in 
amphibian larvae. In Progress in Brain Research - Structure 
and Function of the Epiphysis Cerebri, 489–504. Kappers, 
J. & Schade, J. (eds). Amsterdam: Elsevier Publishing 
Company.

Bagnara, J. (1974). The tail darkening reaction of phyllomedusine 
tadpoles. Journal of Experimental Zoology 187, 149–154.

Bagnara, J.T. & Hadley, M.E. (1973). Chromatophores and 
colour change: The comparative physiology of animal 
pigmentation. Englewood Cliffs, New Jersey: Prentice-Hall, 
Inc.

Bayliss, P. (1995). The ecology of post-metamorphic Bufo 
marinus in Central Amazonian Savanna, Brazil. PhD Thesis, 
University of Queensland, Brisbane, Australia.

Binkley, S., Mosher, K., Rubin, F. & White, B. (1988). Xenopus 
tadpole melanophores are controlled by dark and light 
and melatonin without influence of time of day. Journal of 
Pineal Research 5, 87–97.

Caro, T. (2005). Antipredator Defenses in Birds and Mammals. 
Chicago: Chicago University Press.

Conover, W.J., & Iman. R.L. (1982). Analysis of covariance using 
the rank transformation. Biometrics 38, 715–724.

Crossland, M.R. (1998). Ontogenetic variation in toxicity of 
tadpoles of the introduced toad Bufo marinus to native 
Australian aquatic invertebrate predators. Herpetologica 
54, 364–369.

Daniolos, A., Lerner, A.B. & Lerner, M.R. (1990). Action of Light 
on Frog Pigment Cells in Culture. Pigment Cell Research 3, 
38–43.

Fabrezi, M. (2011). Heterochrony in growth and development 
in anurans from the Chaco of South America. Evolutionary 
Biology 38, 390–411.

Garcia, T.S. & Sih, A. (2003). Colour change and colour-
dependent behavior in response to predation risk in 
the salamander sister species Ambystoma barbouri and 
Ambystoma texanum. Oecologia 137, 131–139.

Garcia, T.S., Stacy, J. & Sih, A. (2004). Larval salamander response 
to UV radiation and predation risk: Colour change and 
microhabitat use. Ecological Applications 14, 1055–1064.

Garcia, T.S., Straus, R. & Sih, A. (2003). Temperature and 

ontogenetic effects on colour change in the larval 
salamander species Ambystoma barbouri and Ambystoma 
texanum. Canadian Journal of Zoology 81, 710–715.

Gosner, K.L. (1960). A simplified table for staging anuran embryos 
and larvae with notes on identification. Herpetologica 16, 
183–190.

Hayes, R., Crossland, M.R., Hagman, M., Capon, R. & Shine, R. 
(2009). Ontogenetic variation in the chemical defenses of 
cane toads (Bufo marinus): Toxin profiles and effects on 
predators. Journal of Chemical Ecology 35, 391–399.

Hearnden, M.N. (1991). The reproductive and larval ecology of 
Bufo marinus (Anura: Bufonidae). PhD Thesis, James Cook 
University of North Queensland, Townsville, Australia.

Hogben, L. & Slome, D. (1931). The pigmentary effector system. 
VI. The dual character of endocrine co-ordination in 
amphibian colour change. Proceedings of the Royal Society 
of London. Series B, Biological Sciences 108, 10–53.

Iga, T. & Bagnara, J.T.  (1975). An analysis of colour change 
phenomena in the leaf frog, Agalychnis dacnicolour. Journal 
of Experimental Zoology 192, 331–341.

Ingram, W.R. (1929). Studies of amphibian neoteny. II. The 
interrelation of thyroid and pituitary in the metamorphosis 
of neotenic anurans. Journal of Experimental Zoology 53, 
387–409.

Kats, L., & van Dragt, R. (1986). Background colour-matching 
in the spring peeper, Hyla crucifer. Copeia 1986, 109–115.

Lampo, M. & Medialdea, V. (1996). Energy allocation patterns 
in Bufo marinus from two habitats in Venezuela. Journal of 
Tropical Ecology 12, 321–331.

Laurens, H. (1915). The reactions of the melanophores of 
Ambystoma larvae. Journal of Experimental Zoology 18, 
577–638.

Lawler, K.L. & Hero, J.M. (1997). Palatability of Bufo marinus 
tadpoles to a predatory fish decreases with development. 
Wildlife Research 24, 327–334.

Lever, C. (2001). The cane toad: The history and ecology of a 
successful colonist. Otley, Yorkshire: Westbury Publishing.

Moriya, T., Miyashita, Y., Arai, J., Kusunoki, S., Abe, M. & Asami, 
K. (1996). Light-sensitive response in melanophores of 
Xenopus laevis: I. Spectral characteristics of melanophore 
response in isolated tail fin of Xenopus tadpole. Journal of 
Experimental Zoology 276, 11–8.

Obika, M. & Bagnara, J. (1963). Photic influences on Xenopus 
melanophores in tissue culture. American Zoologist 3, 495.

Oshima, N. (2001). Direct reception of light by chromatophores 
of lower vertebrates. Pigment Cell Research 14, 312–319.

Peterson, J. & Blaustein, A. (1991). Unpalatability in anuran 
larvae as a defense against natural salamander predators. 
Ethology, Ecology & Evolution 3, 63–72.

R Core Team. (2013). R: A language and environment for statistical 
computing. R Foundation for Statistical Computing, Vienna, 
Austria. Available from: <http://www.R-project.org/>.

Reilly, S.M., Wiley, E.O. & Meinhardt, D.J. (1997). An integrative 
approach to heterochrony: The distinction between 
interspecific and intraspecific phenomena. Biological 
Journal of the Linnean Society 60, 119–143.

Rödel, M.O., Sandberger, L., Néma-Soua, L.A., Doumbia, J. 
& Hillers, A. (2009). Revalidation of Phrynobatrachus 
maculiventris (Guibé & Lamotte, 1958) and description 
of its aposematic coloured tadpole. African Journal of 
Herpetology 58, 15–27.

http://www.ingentaconnect.com/content/external-references?article=0024-4066()60L.119[aid=527625]
http://www.ingentaconnect.com/content/external-references?article=0024-4066()60L.119[aid=527625]
http://www.ingentaconnect.com/content/external-references?article=0893-5785()14L.312[aid=10589954]
http://www.ingentaconnect.com/content/external-references?article=1035-3712()24L.327[aid=8194986]
http://www.ingentaconnect.com/content/external-references?article=0266-4674()12L.321[aid=10589958]
http://www.ingentaconnect.com/content/external-references?article=0266-4674()12L.321[aid=10589958]
http://www.ingentaconnect.com/content/external-references?article=0022-104x()192L.331[aid=10589960]
http://www.ingentaconnect.com/content/external-references?article=0022-104x()192L.331[aid=10589960]
http://www.ingentaconnect.com/content/external-references?article=0394-9370()3L.63[aid=32325]
http://www.ingentaconnect.com/content/external-references?article=0008-4301()81L.710[aid=10589962]
http://www.ingentaconnect.com/content/external-references?article=0029-8549()137L.131[aid=10589964]
http://www.ingentaconnect.com/content/external-references?article=0893-5785()3L.38[aid=2061262]
http://www.ingentaconnect.com/content/external-references?article=0893-5785()3L.38[aid=2061262]
http://www.ingentaconnect.com/content/external-references?article=0742-3098()5L.87[aid=10589967]
http://www.ingentaconnect.com/content/external-references?article=0742-3098()5L.87[aid=10589967]
http://www.R-project.org/&gt


195

L ight- induced tadpole  p igmentat ion

Rot–Nikcevic, I. & Wassersug, R.J. (2004). Arrested development 
in Xenopus laevis tadpoles: How size constrains 
metamorphosis. Journal of Experimental Biology 207, 
2133–2145.

Smith-Gill, S.J. & Berven, K.A. (1979). Predicting Amphibian 
Metamorphosis. The American Naturalist 113, 563–585.

Thibaudeau G. & Altig R. (2012). Colouration of anuran 
tadpole (Amphibia): development, dynamics, function, and 
hypotheses. ISRN Zoology 2012, 1–16.

Toledo, L.F. & C.F.B. Haddad. (2009). Colours and some 
morphological traits as defensive mechanisms in anurans. 
International Journal of Zoology  2009, 1–12.

Tyler, M.J. (1989). Australian Frogs. Melbourne: Viking O’Neil.
Van Buskirk, J., Aschwanden, J., Buckelmüller, I., Reolon, et 

al. (2004). Bold tail colouration protects tadpoles from 
dragonfly strikes. Copeia 2004, 599–602.

van der Lek, B. (1967). Photosensitive melanophores. Some 
aspects of the light-induced pigment migrations in the tail 

fin melanophores of the larvae of the clawed toad, Xenopus 
laevis. Rotterdam: (Daud) Bronder-Offset.

Viertel, B. & Richter, S. (1999). Anatomy: Viscera and 
Endocrines. In Tadpoles: The biology of anuran larvae, 92–
148. McDiarmid, R. & Altig, R. (eds). Chicago: The University 
of Chicago Press..

Visconti, M. & Castrucci, A. (1993). Melanotropin receptors in 
the cartilaginous fish, Potamotrygon reticulatus, and in the 
lungfish, Lepidosiren paradoxa. Comparative Physiology 
and Biochemistry 106, 523–528.

Wassersug, R. (1971). Comparative palatability of some dry-
season tadpoles from Costa Rica. American Midland 
Naturalist 86, 101–109.

Zug, G.R. & Zug, P.B. (1979). The marine toad, Bufo marinus: A 
natural history resume of native populations. Smithsonian 
Contributions to Zoology 284, 1–58.

Accepted: 17 October 2014

http://www.ingentaconnect.com/content/external-references?article=0022-0949()207L.2133[aid=8878867]
http://www.ingentaconnect.com/content/external-references?article=0022-0949()207L.2133[aid=8878867]
http://www.ingentaconnect.com/content/external-references?article=0952-8369(2009)0L.1[aid=10589970]
http://www.ingentaconnect.com/content/external-references?article=0003-0147()113L.563[aid=3336558]

