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Abstract

Aim The goal of this study was to quantify levels of variation in spectral reflectance
within and among populations of Dendrobates pumilio, the strawberry poison frog from
the Bocas del Toro Archipelago.

Location This study was carried out in the Bocas del Toro Archipelago, in the Republic
of Panama, Central America.

Methods Spectral reflectance was measured for samples of individuals from fifteen
distinct island and mainland populations, using an Ocean Optics 2000 spectrometer and
a BiLink portable computer.

Results Our results provide quantitative evidence for extreme polymorphism among
populations, and more limited levels of polymorphism within some populations. No
obvious signs of sexual dimorphism were found. All the colour morphs appear to have
relatively little reflectance in the ultraviolet part of the spectrum. There is some evidence
for clinal variation in colour and pattern across some mainland populations. There is
also at least one area where distinctly different morphs occur in sympatry, suggesting the
possibility of incipient reproductive isolation. We argue that variation in coloration may
have been enhanced by sexual selection.
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INTRODUCTION

Animals have evolved colours for use as signals or physio-
logical regulators in a variety of contexts, including aggres-
sive and territorial displays, mating displays, aposematism,
mimicry, crypsis and thermoregulation (Cott, 1940). Vari-
ation in colour is common both within and between popu-
lations in a vast array of animals, including mammals (e.g.
Sutton & Patterson, 2000), birds (e.g. Zink & Remsen,
1986; Aldrich & James, 1991), reptiles (e.g. McCoy et al.,
1997), amphibians (e.g. Heyer, 1997), fish (e.g. Matthews,

1995), and insects (e.g. Anderson & Peck, 1986). Colour or
pattern polymorphism is widespread in anurans: it is found
in at least thirty-five genera and eleven families (Hoffman &
Blouin, 2000). Numerous studies of anurans have docu-
mented geographical variation among populations (e.g.
Duellman, 1973; Woodruff, 1975; Nussbaum & Wu, 1995)
and polymorphism within populations (reviewed in
Hoffman & Blouin, 2000).

One of the most dramatic examples of morphological
variation within a single species of frog occurs in the Bocas
del Toro Archipelago, in the Republic of Panama (Daly &
Myers, 1967; Myers & Daly, 1983). Dendrobates pumilio
O. Schmidt, the strawberry poison frog, displays dramatic
variation in colour and pattern among island and mainland
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populations in this archipelago (Daly & Myers, 1967;
Myers & Daly, 1983). The apparent colours of different
populations span the entire range of the visual spectrum,
ranging from blue to green to yellow to orange to red, with
black and white as well and a number of distinctly different
forms of patterning. Notwithstanding the dramatic differ-
ences in colour and pattern among populations, evidence
from both acoustic analysis of call similarity (Myers &
Daly, 1976) and genetic analysis of DNA sequence simi-
larity (Summers et al., 1997) indicate that the different
populations are closely related and are members of the same
species.

In spite of the interest generated by these polymorphic
poison frog populations, there have been no published
descriptions that quantify variation in colour either within or
among the populations. In this paper, we present spectro-
metric analyses of samples of individuals from fifteen dif-
ferent populations. Most of these populations appear
distinctly different in colour to the human visual system. We
also present data on the geographical distribution of colour
and pattern morphs in the archipelago. These data provide
the first quantitative evaluation of the extraordinary diver-
sity in colour found in these populations of frogs and provide
a starting point for further investigations of the evolution of
this diversity.

We begin with a brief review of the proximate basis of
colour variation, the ontogenetic and environmental corre-
lates of such variation, and research on the forces that can
generate variation in coloration (particularly various forms
of natural or sexual selection).

The proximate mechanisms underlying variation in colour
are still the subject of active investigation in frogs and other
animals. Perceived colour is typically produced by colour
pigments, which reflect specific wavelengths of light
(Hoffman & Blouin, 2000). Colour can also be produced by
scattering or thin-layer interference caused by specific
structures (e.g. tiny dense particles or air spaces). Blue col-
ours are also frequently produced structurally. Pigments in
animal skin are generally found in specialized cells called
chromatophores. These cells can contain a variety of colour
pigment granules, including carotenoids (yellow red), mela-
nins (black), flavines (yellow), purines (white or silvery),
pterins, porphyrins and bile pigments. Other colours like
blue and green may be produced by mixtures of different
kinds of chromatophores.

In anurans, two cell types typically control colour and
pattern, melanophores (containing melanin) and chromat-
ophores (containing other colour pigments). Melanophores
contain melanosomes, which are organelles containing mel-
anin. There are two main categories of chromatophores in
anuran skin: non-reflecting and reflecting chromatophores.
Non-reflecting chromatophores are divided into xanthoph-
ores (containing yellow pigments) and erythrophores (con-
taining red pigments). Reflecting chromatophores are called
iridophores and contain the purines guanine, hypoxanthine
and adenine (Bagnara, 1966). These cell types may be
combined to produce the specific colours seen in anuran
skin. For example, xanthophores and iridophores may be

placed above melanophores to produce a green colour
(Browder, 1968).

Most frogs can lighten or darken their skin tone to some
extent, although actual colour change is uncommon
(Hoffman & Blouin, 2000). Phenotypic plasticity in the
expression of coloration and pattern in anurans is made
possible because melanophores, although they typically lie
underneath the chromatophores, have extensive processes
that extend over the chromatophores. Hence, the melano-
somes can migrate into the processes and obscure the colour
pigments in the chromatophores, changing the colour of the
frog (Frost-Mason et al., 1994).

The proximate mechanisms that generate variation in
colour both within and between populations of frogs are
poorly understood, although hormonal influences are
believed to be important (Bagnara & Fernandez, 1993).
Dispersal of melanin-containing granules is controlled by
the pituitary gland, which produces melanophore stimu-
lating hormone (MSH) in response to visual cues and other
stimuli. The influence of hormones on ontogenetic colour
change has been investigated in a variety of species in the
genus Hyperolius (Richards, 1982; Hayes & Menendez,
1999).

The potential causes of colour and pattern variation
within and between populations are diverse, including ran-
dom factors such as genetic drift, as well as natural selection
in the context of environmental variation and predation, and
sexual selection in the context of competition and mate
choice.

Associations between environmental aspects of the
habitat and variation in colour within and among popula-
tions have been found in a variety of species (e.g. Dearn,
1984; Brown & Thorpe, 1991). Thorpe, Malhotra and
colleagues have developed sophisticated statistical techni-
ques for assessing the correlation between environmental
variation and variation in morphological characteristics
such as colour and pattern (e.g. Gubitz, et al., 2000;
Malhotra & Thorpe, 2000). These authors have found
significant correlations between coloration and habitat type
(mainly vegetation type and precipitation) in island lizards.
In frogs, there are no studies demonstrating correlations
between coloration and geographically varying environ-
mental variables.

In many cases, bright coloration appears to be associated
with the advertisement of toxicity (aposematism), and this
certainly seems likely to be an important factor in the evo-
lution of bright coloration in the poison frogs (Summers &
Clough, 2001). In general, aposematism might be expected
to favour convergence, rather than divergence, because toxic
organisms with similar coloration should more effectively
train predators (Mallet & Joron, 1999). However, variation
among aposematically coloured populations is not
uncommon (e.g. Joron & Mallet, 1999). There is no single
generally accepted explanation for such variation, although
a variety of hypotheses have been proposed. These include
weak selection accompanied by genetic drift, random
extinction of mimetic taxa in different communities, adap-
tation to different microhabitats in which different colours
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are more effective at advertising toxicity, and antagonistic
coevolution involving coevolutionary chase of toxic models
by non-toxic Batesian mimics (Mallet & Joron, 1999; Speed
& Turner, 1999).

Research on a variety of taxa implicates sexual selection as
an important selective force driving divergence in coloration
between populations (e.g. Seehausen et al., 1997; Wiens
et al., 1999). In the context of sexual selection, indicator,
sensory drive and Fisherian runaway models can all produce
rapid divergence in coloration (and other traits) among
populations (Hill, 1994; Iwasa & Pomiankowski, 1995).
Currently there is evidence favouring the indicator model in
some taxa (e.g. Hill, 1994, 2000), but not in others (Grether,
2000). Evidence for the influence of sensory drive on diver-
gence has also been found (Boughman, 2001).

Phenotypic plasticity has also been shown to be asso-
ciated with environmental variation in some cases (e.g.
Kemp & Jones, 2000). In frogs, a common environmental
factor affecting the phenotypic expression of colour is
temperature: warm and dry conditions cause the melano-
some granules to contract, producing a paler frog; cold
and damp conditions cause the melanosomes to disperse,
producing a darker frog. This phenotypic plasticity may
have a thermoregulatory function in some species
(Passmore & Carruthers, 1979). Some frogs undergo sea-
sonal changes in coloration, but the environmental causes
of those changes are still under investigation (Hoffman &
Blouin, 2000). Age-related changes in colour over the
course of the adult life-history stage have also been
observed in some species of frogs (e.g. Mackey, 1958;
Haugen, 1992). A variety of frogs show changes in colour
between the juvenile and adult stage of life history
(Hoffman & Blouin, 2000).

MATERIALS AND METHODS

Measurements of spectral reflectance were made with a
portable spectrometer (Ocean Optics 2000), attached to a
portable computer (Bi-Link Computer, Inc., Whittier, CA).
Measurements were taken of captive frogs in the laboratory,
and of frogs captured in the field. Frogs in the laboratory
were illuminated with a halogen lamp (250 watts). In the
field, natural background irradiance was used to illuminate
the frogs. The spectrometer was calibrated frequently
throughout each series of measurements, using a white dif-
fuse reflectance standard (Spectralon, Labsphere, Inc., North
Sutton, NH). Measurements were taken with either a
50 lm · 2 m or 400 lm · 2 m optic fibre. Spectral
reflectance can be related to common names for colours as
follows: spectral reflectance that peaks between 600 and
700 nm will appear orange or red, between 500 and 600 nm
will appear green to yellow, and peaks around 400 nm
appear blue. Three measurements were taken from each
frog’s dorsum, and three from the venter. Table 1 shows the
populations from which measurements were taken. In the
field, frogs were captured by hand and kept in plastic bags
until they were measured, then they were released near the
point of capture.

The sex of the frogs used was determined by examining
the chin region, which is darker in males, and by playing
calls at individuals to stimulate males to call. Spectral
reflectance was recorded from the chin region of known
males for comparison with other parts of the ventral region.

We sought to obtain at least ten frogs from each popula-
tion sampled, but this was not always possible because of
time constraints on our ability to search for frogs, as frogs of
some populations were difficult to find. Variation in popu-
lation density, frog coloration and habitat type all contri-
buted to our ability to find and measure frogs at a particular
location.

Recordings of the downward irradiance were made (using
the spectrometer) at locations frequented by frogs in four
different habitats, in order to assess the light qualities typ-
ically experienced by frogs in the different populations.
These were made using the same instrument with which the
spectral reflectances were measured, but for these a UV-
transmitting cosine collector was placed at the end of the
fibre optic and positioned so that if faced upwards (thereby
measuring downwelling irradiance). The instrument plus the
fibre optic and the cosine collector were radiometrically
calibrated using an irradiance standard lamp (Ocean Optics
LS1-CAL).

RESULTS

Figure 1 shows photographs of typical individuals for twelve
of fifteen populations that were measured in this study.
Figure 2 shows the geographical location of the different
Colour morphs in the Bocas del Toro Archipelago, and on
the adjacent mainland.

The results of the reflectance spectrometric analyses are
presented in Figs 3–17. Each figure includes a set of panels,
one for each individual sampled in the population. Each
panel shows three measurements of the spectral reflectance
from the dorsum (dark line) and venter (light line). Hence
each figure shows variation both within and among frogs of
the same population.

Bocas Island

The Bocas Island frogs [Figs 1i and 2 (population 1)] appear
bright yellow on the venter and forest green on the dorsum.
They have large black spots all over the dorsum and on the
forelimbs and hindlimbs. The spectral reflectances for the
dorsal surface of these frogs generally show a peak around
550 nm in the visual spectrum, accounting for their green
appearance (Fig. 3). The ventral surfaces generally peak
around 550 nm, but maintain high levels of reflectance
between 550 and 600 nm, accounting for their bright yellow
appearance. The Bocas Island frogs live in both primary and
secondary forest, and are even found living in large bro-
meliads in trees along the coast. This results in a variety of
different light environments, but the typical environment
probably corresponds to that of forest with a closed canopy
but relatively open understory (similar to the irradiance
show in Fig. 18a).
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Nancy Key

On Nancy Key [Figs 1k and 2 (population 2)] the frogs
appear bright orange, with an orange or white venter. The
spectral reflectances of the dorsal surfaces of these frogs
show a sharp inflection between 550 and 600 nm, and a
peak between 625 and 675 nm, demonstrating their strong
reflectance in the orange and red part of the visual spectrum
(Fig. 4). There is typically some decline in reflectance
between 650 and 700 nm, which may be the reason that
the frogs appear more orange than the Almirante frogs (see
below). The frogs on Nancy Key are found in forest along

the main spine of island. This forest has a high, relatively
closed canopy, with a fairly open understory. The typical
irradiance for this forest is shown in Fig. 18a.

Bastimentos

The Bastimentos Island frogs [Figs 1j and 2 (population 3)]
typically appear to have a red or orange dorsum with large
black spots and a white venter. However, this is one of the
most variable populations in the archipelago, with a wide
variety of colour morphs including yellow, green and
white frogs (all with spots). This variation can be seen in

Location Map no. Sample size Colour and pattern

Bocas Island

(N 09�22.932¢,
W 82�15.822¢)

1 6 Green with spots, Yellow venter

Solarte Island
(N 09�19.594¢,
W 82�12.568¢)

2 18 Orange dorsum, White venter

Bastimentos Island
(N 09�21.017¢,
W 82�12.728¢)

3 12 Red dorsum (variable) with spots,
White Venter

Water Cay 4 11 Green dorsum, Yellow venter

Pope Island

(N 09�9.486¢,
W 82�8.572¢)

5 10 Green dorsum, Yellow venter

Aguacate Peninsula

(N 09�9.090¢,
W 82�10.791¢)

6 12 Blue dorsum and venter

San Cristobal Island

(N 09�16.405¢,
W 82�16.292¢)

7 1 Red dorsum with spots, Blue legs

Pelican Cay 8 11 Green-yellow, Dorsum and venter

Sheperd Island

(N 09�14.233¢,
W 82�19.768¢)

9 12 Green-yellow, Dorsum and venter

Almirante

(N 09�13.976¢,
W 82�22.925¢)

10 9 Red dorsum, Blue legs

Uyama River

(N 09�10.332¢,
W 82�18.775¢)

11 11 Black and white dorsum and venter

Robalo 12 1 Yellow and black dorsum and venter

Guabo River
(N 08�57.250¢,
W 82�8.222¢)

13 11 Green dorsum and venter

Chiriqui Grande

(N 08�55.913¢,
W 82�7.203¢)

14 5 Salmon dorsum, Green venter

Rambala

(N 08�54.368¢,
W 82�11.135¢)

15 3 Mixed population (see text)

Table 1 Location, number of individuals

and colour and pattern of D. pumilio morphs
sampled for this study. Numbers in paren-

theses correspond to numbers on the map

representing the location of each population
sampled (Fig. 2)
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differences among the dorsal spectral reflectances of these
frogs (Fig. 5). Some frogs show peak reflectance in the
600–650 nm region of the spectrum, whereas others show
substantial reflectance in the yellow, green and even blue
parts of the spectrum. Ventral surfaces of these frogs typic-
ally showed substantial reflectance across the visible spec-
trum, accounting for their usual white appearance. These
frogs live in the forest from the coast right up onto the spine
of the island. In general, the forest has a high canopy with a
relatively open understory, and substantial clearing by
humans has decreased the density of understory vegetation.
Figure 18b shows the irradiance measured in the typical
habitat of the Bastimentos frogs we measured. The degree of
variation in colour on this island appears to be clinal, with a
higher degree of variation near the town of Bastimentos
on the north-west tip of the island. Non-red morphs appear

to be less common moving south-east of this population,
but this has not been quantified and requires further
investigation.

Water Key

The Water Key [Fig. 2 (population 4)] frogs appear to have
forest green dorsal colour, with bright yellow venters.
Figure 6 shows the spectral reflectance for this population.
Both the dorsal and ventral spectral reflectances are similar
to those measured on the Bocas Island frogs, with the
dorsal surfaces showing a peak around 550 nm, and the
ventral surfaces showing a peak at around the same
wavelength, but maintaining high reflectance in the yellow
region of the spectrum. Variation in this population is fairly
minimal. The habitats in which these frogs were found

Figure 2 Map of the Bocas del Toro

Archipelago, showing the location of
populations sampled in this study.
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Figure 3 Spectral reflectances for six Dendrobates pumilio from Bocas Island. Three measurements are shown for the dorsal (thick lines) and

ventral (thin lines) surface of the frog in each panel.

Figure 4 Spectral reflectances for twelve Dendrobates pumilio from Nancy Key. Three measurements are shown for the dorsal (thick lines)

and ventral (thin lines) surface of the frog in each panel.
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ranged from low marshy forest with substantial understory
growth, to mature forest with a high canopy and a relat-
ively open understory.

Pope Island

Frogs from Pope Island [Figs 1L and 2 (population 5)] also
appear green, but there is variation in the colour of the
venter, with frogs having yellowish venters in the south-
eastern part of the island, and frogs from the north-western
side having bluish venters (not shown). The spectral reflec-
tances measured (from frogs from the south-eastern part of
the island) are similar to those of the Water Key and Bocas
Island frogs (Fig. 7). Frogs on Pope Island have been found
in very open secondary or even cultivated areas (in banana
plantations), and in mature forest with a high canopy and
open understory. They have also been found in marshy
habitats next to the coast.

Aguacate Peninsula

The Aguacate Peninsula has frogs that appear to be entirely
blue, with dark blue dorsal colour and bright powder blue
venters [Figs 1 and 2 (population 6)]. The spectral reflec-
tances for the dorsal surfaces of these frogs are fairly flat,
with a small reflectance peak near 400 nm (Fig. 8). The
ventral surfaces show a much more substantial peak of
reflectance between 400 and 450 nm, accounting for their
bright blue appearance. These frogs have been found in
primary forest, with a high canopy and open understory.
They have also been found in cacao groves.

San Cristobal Island

Frogs from San Cristobal Island appear deep red on the dor-
sum and venter, with blue legs [Figs 1g and 2 (population 7)].
Many frogs in this population have pronounced black speck-

Figure 5 Spectral reflectances for twelve Dendrobates pumilio from Bastimentos Island. Three measurements are shown for the dorsal

(thick lines) and ventral (thin lines) surface of the frog in each panel.
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ling [Fig. 2(7)]. Frogs from this island appear similar to
mainland frogs from the Almirante area (see below). We were
only able to measure the spectral reflectance of one individual
from this island (Fig. 9). This individual showed a peak of
reflectance at about 625 nm, with a shallow decline in
reflectance thereafter. The habitat on San Cristobal Island has
been highly modified due to human habitation and cultivation,
and frogs on this island have been found only in cacao groves.

Shepherd Island

Frogs from Shepherd Island [Figs 1f and 2 (population 9)],
appear to have uniformly beige green colour. Some frogs have
faint speckling on their dorsum. Figure 10 shows the dorsal
and ventral spectral reflectances for this population. Both
dorsal and ventral surfaces show a peak around 550 nm,
accounting for their predominantly green colour. Unlike the
frogs from Bocas Island, Water Key and Pope Island, both the
dorsal and ventral spectral reflectances remain relatively flat,
declining gradually. This probably accounts for the more

yellow or beige appearance of these frogs. Also unlike the
other green morphs of D. pumilio, the Shepherd Island frogs
show a pronounced rise in reflectance in the infrared part of
the spectrum. Shepherd Island is a small island, but has rel-
atively dense forest. Frogs were found both in low marshy
forest on the mainland side of the island, and on forested
hillsides on the ocean side of the island. In both cases the
understory vegetation was fairly dense. Figure 18c shows the
spectral irradiance measured on the ocean side of the island.

Pelican Key

Frogs from Pelican Key [Fig. 2 (population 8)] appear very
similar to those on Shepherd Island, with a beige-green
colour on the dorsum and a yellowish-green on the venter.
The spectral reflectances for both the dorsal and ventral
surfaces peak at around 550 nm, but tend to remain fairly
flat, declining gradually (Fig. 11). These frogs also show a
rise in reflectance in the infrared part of the spectrum. Peli-
can Key is a very small island just off the tip of Shepherd

Figure 6 Spectral reflectances for eleven Dendrobates pumilio from Water Key. Three measurements are shown for the dorsal (thick lines)

and ventral (thin lines) surface of the frog in each panel.
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Island. There are several steep hills on the island, which are
covered with low forest with relatively dense understory
vegetation. Figure 18d shows the spectral irradiance meas-
ured on the ocean side of the island.

Almirante

Frogs from near Almirante on the mainland [Figs 1a and 2
(population 10)] have deep red dorsal and ventral surfaces,
with slate blue legs. This is the classic D. pumilio morph that
is widespread in eastern Costa Rica. The spectral reflectance
of the dorsum peaks between 625 and 675 nm, but remains
relatively flat thereafter, with little or no decline (Fig. 12).
This probably accounts for the deep red appearance of these
frogs. The ventral surfaces show a higher peak around
650 nm, with a sharper decline (Fig. 12). This leads to the
brighter, more orange red of the venter of these frogs. These
frogs are found from the coast right up into the mountains,
in primary and secondary forest, as well as in cultivated

areas (particularly areas cultivated with banana plants or
cacao trees).

Rio Uyama

Frogs from the Rio Uyama area [Figs 1b and 2 (population
11)] are black with highly variable calligraphic whitish
markings. The whitish markings are tinged with a wide
variety of different colours, ranging from blue to orange.
The venter of these frogs have more extensive areas of tin-
ged white colour, interspersed with smaller areas of black.
The spectral reflectances of both the dorsal and ventral
surfaces of these frogs are highly variable, but typically
show substantial reflectance across the visual spectrum
(Fig. 13). Peaks of reflectance occur at different places in
different individuals, accounting for the multihued appear-
ance of these frogs. These frogs are found in primary and
secondary forest, as well as cacao groves and stands of
banana plants.

Figure 7 Spectral reflectances for ten Dendrobates pumilio from Pope Island. Three measurements are shown for the dorsal (thick lines)

and ventral (thin lines) surface of the frog in each panel.
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Robalo River

Frogs from near the Robalo River [Figs 1c and 2 (population
12)] are similar in some ways to the Rio Uyama frogs, but
the striping is more extensive and appears distinctly yellow
in colour, with whitish or yellowish markings on the legs.
We were only able to measure the spectral reflectance for a
single specimen from this area, which is shown in Fig. 14.
The dorsal surface showed a peak at around 550 nm, but
remained relatively flat, declining gradually. This accounted
for its yellow appearance. The ventral surface appeared
whitish, but had a peak of reflectance around 460 nm, giving
it a blue-green tinge. These frogs have been found in primary
forest with a high canopy and open understory, and in
banana plantations.

Guabo River

Frogs from the forest between the Guabo River and the
town of Chiriqui Grande [Figs 1d and 2 (population 13)]
have forest green dorsal colour and light bluish-green
venters. The spectral reflectances measured for this pop-
ulation are shown in Fig. 15. The dorsal surfaces show a
peak between 525 and 550 nm, accounting for their green
appearance. Reflectance measured from the ventral region
was considerably brighter and often showed substantial
reflectance in the blue part of the spectrum, accounting
for the bluish-green appearance of the venter in many
individuals. Both the dorsal and ventral surfaces showed
dramatic declines in reflectance at around 700 nm, unlike
the other populations with green colour. These frogs were
found in disturbed swampy lowland forest. The canopy
was high, with many mature trees, but the understory
was fairly dense, and was dissected by numerous cattle
trails.

Chiriqui Grande

Frogs from the hills above Chiriqui Grande [Figs 1e and
2 (population 14)] appear salmon-red dorsally with blu-
ish-green ventral coloration. The spectral reflectance of
the dorsal surfaces of these frogs show a gradual incline
with a peak at around 625–650 nm (Fig. 16). The reflect-
ance peak is substantially lower in these frogs relative to
the Almirante population (Fig. 12), accounting for their

Figure 8 Spectral reflectances for twelve Dendrobates pumilio from the Aguacate Peninsula. Three measurements are shown for the dorsal

(thick lines) and ventral (thin lines) surface of the frog in each panel.

Figure 9 Spectral reflectances for one Dendrobates pumilio from
San Cristobal Island. Three measurements are shown for the dorsal

(thick lines) and ventral (thin lines) surface of the frog in each panel.
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Figure 11 Spectral reflectances for eleven Dendrobates pumilio from Pelican Key. Three measurements are shown for the dorsal (thick lines)
and ventral (thin lines) surface of the frog in each panel.

Figure 10 Spectral reflectances for twelve Dendrobates pumilio from Shepherd Island. Three measurements are shown for the dorsal (thick
lines) and ventral (thin lines) surface of the frog in each panel.
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Figure 12 Spectral reflectances for nine Dendrobates pumilio from near Almirante. Three measurements are shown for the dorsal
(thick lines) and ventral (thin lines) surface of the frog in each panel.

Figure 13 Spectral reflectances for eleven Dendrobates pumilio from near the Uyama River. Three measurements are shown for the dorsal

(thick lines) and ventral (thin lines) surface of the frog in each panel.
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duller appearance. The ventral surfaces tend to show
substantial reflectance in the blue and green part of the
spectrum, with a peak around 500 nm (Fig. 15). These
frogs have been found in secondary forest and in cacao
groves.

Rambala

Frogs resembling the morphs from Chiriqui Grande, the
Guabo River and the Robalo River were all found in a single
area near Rambala [Figs 1c, 1d, 1e and 2 (population 15)].
The spectral reflectances for these frogs are shown in Fig. 17.
All these frogs were found on a single tree near the road, in
secondary forest.

Ambient Irradiance

Measurements of downward irradiance taken at four sites
(Nancy Key, Bastimentos Island, Shepherd Island and Peli-
can Key) are illustrated in Fig. 18. These data were collected
at sites that appeared characteristic of the locality and were
occupied by D. pumilio, and may be taken to represent
typical light conditions under which the frogs are seen by
conspecifics or predators. All measurements were of indirect
light (in other words, not of direct sunlight), including either
skylight or light filtered through the forest canopy.
Measurements at Nancy Key and Bastimentos Island
were acquired under a fairly open canopy, and the light is
dominated by skylight (the measurements at Bastimentos
Island were taken using a small-diameter fibre optic, which
is why they show more fine detail). Here, spectra were fairly
flat, particularly at wavelengths above 450 nm. Those at
Shepherd Island and Pelican Key were of light that had
passed through vegetation, and thus show a clear peak in
the green, near 550 nm, due to absorption by chlorophyll.
Despite the variations in lighting from site to site, at all
locations the spectrum is relatively broad, supportive of
colour vision throughout the spectrum from the ultraviolet
to the red.

Based on their appearance to the human visual system,
the fifteen populations can be categorized into ten dif-
ferent colour and pattern morphs (Table 1). Slight but
visually apparent differences generally exist between
populations in the same categories as well. For example,
green and yellow morphs occur on Pope Island, Water

Figure 14 Spectral reflectances for one Dendrobates pumilio from

near the Robalo River. Three measurements are shown for the
dorsal (thick lines) and ventral (thin lines) surface of the frog in the

panel.

Figure 15 Spectral reflectances for eleven Dendrobates pumilio from near the Guabo River. Three measurements are shown for the dorsal

(thick lines) and ventral (thin lines) surface of the frog in each panel.
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Key and the Guabo River. However, the Water Key
population has a more intense yellow colour on the venter
than the other populations, and there is variation in the
colour of the green morphs on Pope Island. The frogs
from Shepherd Island and Pelican Key show a reflectance
peak in the infrared part of the spectrum, whereas the
frogs from Pope Island and Water Key show low reflect-
ance in this region, and frogs from the Guabo region
show virtually none.

As can be seen clearly by comparing Figs 1 and 2, popu-
lations with green colour are widely separated in many cases,
suggesting that similar colour may have evolved repeatedly.

DISCUSSION

The analysis of colour presented here demonstrates the
dramatic nature of the differences in spectral reflectance
among these populations of D. pumilio. There are distinct

differences in dorsal and ventral spectral reflectance among
populations both on the islands and on the mainland.
Conversely, some widely separated populations show similar
spectral reflectances (particularly in the green region of the
spectrum). Dispersal is unlikely to explain these observa-
tions, given the fact that green populations are interspersed
with populations of different colours. The repeated occur-
rence of green colour could be due to convergent evolution
of similar pigments. However, it may be more likely that the
green pigments are the product of an ancestrally retained
pigmentary synthesis pathway that has been modified to
form other pigments in some populations. The production of
green pigments could involve a relatively simple change in
this pigmentary synthesis pathway, allowing frequent
reversals during evolution.

Recently there has been considerable interest in the
hypothesis that reflectance in the ultraviolet (UV) region of
the spectrum may be more common than previously

Figure 16 Spectral reflectances for five Dendrobates pumilio from Chiriqui Grande. Three measurements are shown for the dorsal

(thick lines) and ventral (thin lines) surface of the frog in each panel.

Figure 17 Spectral reflectances for three Dendrobates pumilio from near Rambala. The first panel on the left shows the spectral reflectance

for a frog that appeared similar in colour to frogs measured at Chiriqui Grande (Fig. 16). The second panel shows the spectral reflectance

measured for a frog that appeared similar to frogs from near the Robalo River (Fig. 14). The third panel shows the spectral reflectance from a

frog that appeared similar to frogs found near the Guabo River (Fig. 15), but with a more yellowish hue and with dark blotches. Three
measurements are shown for the dorsal (thick lines) and ventral (thin lines) surface of the frog in each panel.
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appreciated, and that UV reflection may play a role in
signalling, altering the appearance of an individual to other
individuals with the capacity to see in the UV (e.g. Benett
et al., 1996). There is little or no evidence that D. pumilio
does have UV sensitive cones (E. Loew, pers. comm.),
which would allow these frogs to perceive reflectance in
that region of the electromagnetic spectrum. Moreover, our
measurements suggest that all the different morphs of
D. pumilio have very little reflectance in the UV, implying
that UV colours may not be important for social interac-
tions in this species.

Among the mainland populations there appears to be
some evidence for clinal variation proceeding from the out-
skirts of Chiriqui Grande (near the Guabo River) north-west
towards Almirante (Fig. 2, populations 13, 12 and 11). The
clinal variation is particularly apparent with respect to
dorsal colour and pattern, and proceeds as follows: Guabo
River (green), Robalo River (black with yellow stripes),
Uyama River (black with whitish stripes). Frogs that
appeared intermediate between the green Guabo River frogs
and the yellow-striped Robalo frogs have been found
between these two populations (K. Summers, pers. observ.)
although they were not sampled in this study. They show a
yellowish-green dorsal colour, with dark stripes or blotches.
The Robalo River and the Uyama River populations show
similar striped patterns, but the Robalo River populations
have consistently yellow stripes, whereas the stripes on the
Uyama River frogs tend to be more whitish, with a wide
variety of tints.

This clinal variation is punctuated at both ends by
abruptly different colour morphs. Towards Almirante, there
is an abrupt transition between the black and white morph
and the red morph with blue legs. The transition occurs near
the Quebrada Pittis, a small river. There is no obvious geo-
graphical barrier between the two morphs (the river is
inconsequential compared with other large rivers in the
area), but cursory searches of the area (c. 5 km) between the

two morphs have so far failed to reveal the presence of
D. pumilio.

Two populations occur on opposite sides of the town of
Chiriqui Grande, a green morph to the north-west (along the
Guabo River) and a distinct morph to the south-east with a
salmon-red dorsum and a bluish-green venter. Daly & Myers
(1967) suggested that differences in habitat may characterize
the different morphs on either side of Chiriqui Grande (green
and red) but this does not seem to be a general phenomenon.
Three distinct morphs (salmon-red, yellowish-green with
dark blotches and black with yellow stripes) have all been
found at the same location (a single tree), near Rambala
[Fig. 2 (population 15)]. While the yellowish-green and the
yellow and black morphs may be part of a cline, the salmon
red morph is distinctly different. The fact that it has been
found in sympatry with the other two morphs suggests that
incipient reproductive isolation may be occurring between
some of the morphs.

Hybridization experiments between different morphs have
been successful, indicating that these different morphs can
probably interbreed successfully in the wild (K. Summers,
T. Kennedy and T.W. Cronin, unpublished results). How-
ever, mate choice experiments using morphs from different
island populations (a green morph from Pope Island and an
orange morph from Nancy Key) demonstrated that each
morph preferred to court with its own morphotype (Sum-
mers et al., 1999). Furthermore, captive breeding experi-
ments suggest that different colour morphs are more likely to
mate with members of their own morph than members of a
different colour morph (R. Gagliardo, National Aquarium at
Baltimore, p.c.). Hence it is possible that some degree of pre-
zygotic isolation exists between these distinctly different
morphs. Another possibility is that they have just come into
contact recently.

The differences in colour and pattern between morphs in
the Bocas del Toro Archipelago are likely to be caused by
some form of selection, rather than genetic drift (Summers

Figure 18 Normalized measurements of

downward irradiance taken at four sites. (a)
Nancy Key, (b) Bastimentos Island, (c)

Shepherd Island, (d) Pelican Key. Curves

were normalized to the following peak
irradiances (all in photons cm)2 nm)1):

(a) 4.63 · 1011, (b) 9.52 · 1012, (c)

1.15 · 1012, (d) 4.86 · 1011.
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et al., 1997). The fact that there is substantial variation
within some populations suggests the presence of underlying
genetic variation, which is necessary for selection to be
effective in producing change. However, the selective forces
that have produced this dramatic diversification are still the
subject of investigation (e.g. Summers et al., 1999).

Environmental differentiation among islands or habitats
appears unlikely to explain the dramatic variation in
colour and pattern among populations of D. pumilio. In
lizards, variation in coloration is typically correlated with
pronounced vegetation differences or differences in the
abundance of rainfall associated with high levels of top-
ographic relief (e.g. Malhotra & Thorpe, 2000). The
islands in the Bocas del Toro Archipelago are small, with
locally diverse but regionally homogeneous vegetation
(lowland rain forest) and little topographic relief. There is
some habitat variation in the archipelago, but D. pumilio
typically occupies primary and secondary lowland rain
forest. Although there are differences between coastal and
inland vegetation on the larger islands and on the main-
land, these are not associated with differentiation in col-
our or pattern in D. pumilio. Most habitat heterogeneity
in the habitats occupied by D. pumilio in the archipelago
is associated with human-altered habitats (particularly
cacao groves), which is a recent phenomenon and is not
associated with colour morph divergence. Furthermore,
habitat differences would be expected to cause similar
divergence in other brightly coloured poison frogs inhabi-
ting the same environments, but that is not the case
(Summers et al., 1997).

Some of the colour morphs of D. pumilio (e.g. the green
morphs) do not appear to be particularly brightly coloured
to our visual system, and this is true for some other morphs
as well, such as the blue morph from the Aguacate Peninsula.
This has led to speculation that differences in colour
might be associated with differences in toxicity among these
populations (Daly & Myers, 1967). Daly & Myers (1967)
tested this hypothesis by evaluating the toxicity of skin
extracts from seven different populations to mice. They
found no correlation between the apparent brightness of
coloration and levels of toxicity. Hence, differences in tox-
icity do not appear to explain the divergence in coloration
among D. pumilio populations. Selection for divergence in
the context of Batesian mimicry (e.g. Savage & Slowinski,
1996) is also unlikely to have driven divergence among
populations of D. pumilio, because there are no known
mimics of this species.

Sexual selection is another selective factor that may have
driven divergence among populations of D. pumilio. As
noted above, there are several different models of sexual
selection and female choice, and these make somewhat
different predictions regarding divergence. Indicator models
of sexual selection seem unlikely to explain the varia-
tion observed in D. pumilio. These models assume that
production of the indicator trait is inherently costly, and
that variation in the cost of production (e.g. pigment
scarcity) can lead to variation in the expression of the trait
(Hill, 1994, 2000; Grether, 2000). Variation in the avail-

ability of scarce pigments seems unlikely to explain vari-
ation in colour among populations of D. pumilio because
such variation is typically associated with variation in the
intensity or coloration, or slight variations in hue (e.g. Hill,
1994), not with the dramatic variations in hue found
among the D. pumilio populations. Furthermore, because
the genes involved in the production of the indicator trait
(colour) are predicted to be sexually antagonistic (Rice &
Holland, 1997), they should show strong sexual dimorph-
ism in expression. This does not appear to be the case in
D. pumilio, because there is no apparent sexual dimorph-
ism in colour or pattern.

In contrast, sensory drive and Fisherian runaway models
of sexual selection do not require strong sexual antagonism
(although they do not preclude it either). Under these mod-
els, sexual dimorphism may not exist, either because genetic
correlations between the sexes cause females to resemble
males, or because selection by predators favours convergence
in appearance between the sexes (analogous to Müllerian
mimicry between the sexes), reducing or eliminating sexual
dimorphism even as sexual selection drives divergence
between populations (Summers et al., 1997).

The sensory drive model predicts that different colours
will be favoured by females in different populations because
they are associated with some feature of the female’s visual
system that differs between islands or habitats but is not
directly related to mating behaviour. For example, in stick-
lebacks, females in different lakes may prefer males of dif-
ferent colour because of differences in the availability of
certain wavelengths of light (Boughman, 2001). This is
possible for D. pumilio, but seems unlikely because differ-
ences in the light environments on different islands or hab-
itats are relatively minor, and there are no other obvious
differences in visual stimuli outside the context of mating
(e.g. prey coloration).

In our opinion, Fisherian runaway sexual selection is a
potentially viable explanation for the variation among
populations of D. pumilio in the Bocas del Toro Archipelago
(Summers et al., 1997). This kind of selection can cause
rapid divergence between populations in species with female
parental care (like D. pumilio), but would not be expected to
cause divergence in species with male parental care. In the
Bocas del Toro Archipelago, two other brightly coloured
species of poison frogs occur, each of which has male
parental care (Phyllobates lugubris and Minyobates species).
These two species display little variation in coloration
among populations in the archipelago (Summers et al.,
1997).

Our results suggest that among population divergence
accounts for the major proportion of variation in coloration
and pattern in D. pumilio in the Bocas del Toro Archipelago.
It is possible that phenotypic plasticity could contribute to
some of the variation seen within populations of D. pumilio,
but it cannot account for the dramatic differences among
populations. The different colour morphs of this frog are
true-breeding even when bred under identical conditions,
and hybrids between morphs appear intermediate in colour,
consistent with genetic control of coloration (R. Gagliardo,
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pers. comm.; K. Summers, T. Kennedy and T.W. Cronin,
unpublished results).

There is no evidence that D. pumilio undergoes colour
change in response to temperature. As part of a variety of
investigations, one of us (K. Summers) has kept specimens
of D. pumilio under both hot (40 �C) and cold (4 �C)
conditions. This treatment did not produce any noticeable
change in coloration. As in many lowland tropical localit-
ies, the temperature in Bocas del Toro shows only minor
fluctuations, relative to temperate climates. Hence, it is
perhaps not surprising that D. pumilio does not appear to
utilize colour change for thermoregulatory purposes.
Changes in coloration have been observed in captive red
specimens of D. pumilio from Bastimentos Island, involving
gradual fading of the red colour over many years
(approximately 10) until the red coloration is quite faint
(R. Gagliardo, National Aquarium at Baltimore, pers.
comm.). The proximate basis of these changes is not
known. Such extreme fading has not been observed in the
wild, although differences in the intensity of red among
individuals within populations could conceivably be asso-
ciated with age-related fading.
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