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CORRELATED EVOLUTION OF CONSPICUOUS COLORATION AND BODY SIZE
IN POISON FROGS (DENDROBATIDAE)
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Abstract. Conspicuous coloration is often used in combination with chemical defenses to deter predators from at-
tacking. Experimental studies have shown that the avoidance inducing effect of conspicuous prey coloration increases
with increasing size of pattern elements and with increasing body size. Here we use a comparative approach to test
the prediction from these findings, namely that conspicuous coloration will evolve in tandem with body size. In our
analysis, we use a previously published mitochondrial DNA-based phylogeny and comparative analysis of independent
contrasts to examine if evolutionary shifts in color pattern have been associated with evolutionary changes in body
size in aposematic poison frogs (Anura: Dendrobatidae). Information on body size (snout to vent length) and coloration
were obtained from the literature. Two different measures of conspicuousness were used, one based on rankings by
human observers and the other based on computer analysis of digitized photographs. The results from comparative
analyses using either measure of coloration indicated that avoidance inducing coloration and body size have evolved
in concert in poison frogs. Results from reconstruction of character change further indicate that the correlated evolution
of size and coloration has involved changes in both directions within each of the different clades of the phylogenetic
tree. This finding is consistent with the hypothesis that selection imposed by visually guided predators has promoted
the evolution of larger body size in species with conspicuous coloration, or enhanced evolution of conspicuous
coloration in larger species.
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Animals that are distasteful, noxious, or otherwise dan-
gerous typically possess bright colors (often red, yellow, or
white in combination with black) and simple, conspicuous
patterns, presumably to signal their unprofitable nature to
potential predators (Bates 1862; Darwin 1871; Wallace 1878;
Poulton 1890; Cott 1940; Edmunds 1974; Endler 1991). The
received view of aposematism is that conspicuous coloration
has evolved because it is easy for predators to detect, learn,
recall, and associate with the defense (Gittleman and Harvey
1980; Leimar et al. 1986; Roper and Redstone 1987; Guilford
1988, 1990; Alatalo and Mappes 1996; Gamberale and Tull-
berg 1996; Rowe and Guilford 1996).

Recent findings suggest that the efficacy of warning col-
oration increases with increasing size of color pattern ele-
ments as well as with increasing body size. Thus, Gamberale
and Tullberg (1996, 1998) experimentally presented naive
domestic chicks different sized instars of live aposematic
insects (Tropidothorax leucopterus) and found that the pred-
ator’s unconditioned aversion increases towards larger sized
prey. There is also experimental evidence, based on behav-
ioral responses of domestic chicks to artificial butterfly wing
displays, that the protective value of visual warning signals
is increased by large pattern elements (Forsman and Merilaita
1999). Similarly, great tits have been shown to learn more
rapidly to discriminate artificial signaling unpalatable prey
from nonsignaling palatable prey if the signal has large rather
than small pattern elements (Lindström et al. 1999). These
findings suggest that prey species that have acquired warning
coloration may be exposed to selection for larger body size
and visual displays with large pattern elements (Forsman and
Merilaita 1999). The positive effect of large body size on
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avoidance signaling also suggests that warning coloration
may evolve more easily in already large, as opposed to small,
prey species (Nilsson and Forsman 2003). Another reason to
expect conspicuous avoidance-inducing signals to evolve
more easily in larger animals is that large body size may
impair the effectiveness of the alternative strategy camou-
flage, or cryptic coloration, which functions to decrease the
risk of detection. If cryptic coloration is more difficult to
achieve for large as compared to small species (Cott 1940),
then this constraint on camouflage may enhance the evolution
of conspicuous coloration by reducing the initial costs of such
antipredator signals. All these three scenarios predict evo-
lutionary increments in the degree of conspicuousness of col-
or patterns to be correlated with evolutionary increments in
body size. Here we use a comparative approach to test if
conspicuousness has evolved in tandem with body size in the
poison frogs (Anura: Dendrobatidae).

Poison frogs provide a good opportunity to test for cor-
related evolution of conspicuous coloration and body size.
These anuran amphibians display a wide range of color pat-
terns and toxicity, with some species being extremely con-
spicuously colored and containing some of the most toxic
alkaloid compounds known (e.g., Daly and Myers 1967; He-
selhaus 1992; Walls 1994; Daly 1995). There also is recent
evidence that conspicuous coloration and toxicity has evolved
in concert in poison frogs, a finding consistent with the notion
that they are aposematic (Summers and Clough 2001). Al-
though poison frogs are known for their relatively small size
(15–50mm adult snout to vent length), variation in body size
exists among different species (Heselhaus 1992; Walls 1994),
such that an association between conspicuousness and body
size is detectable, if present. Finally, a hypothesis of the
phylogenetic relationships among different species of poison
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frogs, based on mitochondrial DNA sequence variation, is
available (Clough and Summers 2000). Such a phylogenetic
hypothesis is a prerequisite for the reconstruction and anal-
ysis of evolutionary change, and allows separating associa-
tions among traits that are caused by shared ancestry from
those that are caused by correlated evolutionary change (Fel-
senstein 1985; Harvey and Pagel 1991). The aim of this study
is to use the hypothesis of evolutionary relationships in a
comparative analysis of independent contrasts to investigate
whether evolutionary shifts in coloration have been associ-
ated with evolutionary changes in body size, using data for
21 species of poison frogs. Because toxicity, coloration, and
body size may interactively influence susceptibility to pre-
dation we also examine if changes in body size have been
associated with shifts in toxicity.

MATERIALS AND METHODS

Data on Coloration and Body Size

Our dataset includes the same 21 species of poison frogs
that were used in Summers and Clough (2001). We used two
different measures of coloration, both of which were obtained
from Summers and Clough (2001). The first measure was
based on ratings made by 24 human observers presented with
color photographs of the 21 species. Ratings of brightness
and extent of coloration were then combined in a composite
measure, and the mean value across observers was used for
each species (for details see Summers and Clough 2001).
Admittedly, any attempt to classify animal color patterns as
either cryptic or conspicuous without taking into consider-
ation the visual background in the natural habitat will be
prone to error (Endler 1978). To obtain a second, indepen-
dent, estimate of coloration, digitized color images of the
animals were analyzed with a computer program to quantify
the brightness of each of the three major color hues (red,
blue, and green) for each species of frog. Species-specific
measures of brightness were then contrasted against measures
of brightness from a similar analysis carried out on photo-
graphs of leaf-litter. These computer-generated estimates thus
yielded a measure of the overall brightness of coloration of
each species relative to a leaf-littered visual background
(Summers and Clough 2001). The scale of variation in col-
oration was 1–10 for both the human observer- and computer-
generated measures. Both measures of coloration also showed
substantial variation among species (see table 1 in Summers
and Clough 2001) and were highly correlated across species
(r 5 0.75, n 5 21, P , 0.0001). As for variation in coloration,
individuals within populations generally look similar relative
to differences between species. There is not a continuous
gradient of color and pattern between different species in the
field, and in most cases even closely related species look
distinctly and consistently different in color and pattern (K.
Summers, pers. comm). Intraspecific variation in coloration
thus is unlikely to confound the results of the present study.
Moreover, because the frogs in the photos used to measure
coloration were all very similar in size and were not shown
in their natural sizes, it is unlikely that size itself may have
confounded the measurements of conspicuousness (K. Sum-
mers, pers. comm). Because birds, unlike humans, can per-
ceive reflected light also in the UV range of the spectra it is

possible that a species classified as relatively cryptic by a
human observer appears conspicuous to avian predators.
However, recent evidence suggests that color patterns that
appear colorful to humans are also likely to appear colorful
to birds (Vorobyev et al. 2000).

Data on minimum and maximum adult body size (snout
to vent length) was obtained from the literature (Silverstone
1976; Heselhaus 1992; Haddad and Martins 1994; Walls
1994; Coloma 1995). Because both the largest and the small-
est value was used for each species, our conclusions are not
likely to be confounded by any sexual differences in body
size.

Analyses

The hypothesis that conspicuous coloration is associated
with large body size was tested using two types of analyses.
First, each species was treated as an independent unit, to
search for general associations between coloration and body
size. Second, we computed phylogenetically independent
contrasts (Felsenstein 1985) using computer program CAIC
(Comparative Analysis by Independent Contrasts, version
2.6.8.b, Purvis and Rambaut 1995), which offers a means of
testing for correlated evolution among different characters
when data consists of continuous variables, and avoids the
problem that associations across species may reflect phylo-
genetic inertia (Felsenstein 1985, Harvey and Pagel 1991;
Purvis and Rambaut 1995).

In their test for correlated evolutionary change of color-
ation and toxicity in poison frogs, Summers and Clough
(2001) used both the punctuational model of character evo-
lution, assuming that all character change occurs at speciation
events, and a gradual change model in which the amount of
change is assumed proportional to the branch length, where
branch length was measured as the genetic distance based on
sequence divergence of mitochondrial DNA sequences. Their
analyses yielded nearly identical results for these maximally
distinctive models of character evolution. We nevertheless
follow their approach and analyze the data using both models
of character evolution. Information on branch lengths was
provided by K. Summers, Biology Department, East Carolina
University, Greenville, NC. Data on body size and coloration
was square-root transformed prior to analyses to meet the
statistical assumptions (Purvis and Rambaut 1995). To test
the null hypothesis of no relationship between evolutionary
changes in these two variables, we regressed contrasts for
coloration on contrasts for body size, through the origin, and
tested if the slope of the relationship differed significantly
from zero (Harvey and Pagel 1991; Pagel 1993; Purvis and
Rambaut 1995).

To obtain a visual representation of evolution of coloration
and size we used the ‘‘squared-change’’ parsimony option
for continuous characters to reconstruct character evolution
using computer software Mac Clade 4, version 4.02 (Mad-
dison and Maddison 2000). Data on coloration and size were
not recoded as discrete characters but treated as continuous
characters in their native form. The squared-change algorithm
which minimizes the sum of the squared changes on the
branches of the tree does not allow reconstruction of character
evolution if the phylogeny contains soft polytomous nodes
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TABLE 1. Statistics for the regression of the standardized contrasts
of body size on coloration in poison frogs, under a punctuational
and gradual model of character evolutionary change, using data on
minimum and maximum body size, and observer- and computer-
rated estimates of coloration.

Model of
character
evolution Body size Coloration R2 F1,17 P

Punctuational
Punctuational
Punctuational
Punctuational

Maximum
Maximum
Minimum
Minimum

Observer
Computer
Observer
Computer

0.24
0.39
0.54
0.49

5.24
10.80
20.05
16.18

0.035
0.0044
0.0003
0.0009

Gradual
Gradual
Gradual
Gradual

Maximum
Maximum
Minimum
Minimum

Observer
Computer
Observer
Computer

0.22
0.41
0.39
0.46

4.80
11.59
11.07
14.49

0.043
0.0034
0.004
0.0014

FIG. 1. Relationship between evolutionary shifts in coloration and body length in poison frogs as estimated by phylogenetically in-
dependent contrasts, using a punctuational model of evolutionary change in each character. The figure shows the standardized contrasts
for minimum body size (top panels) and maximum body size (bottom panels) plotted against the standardized contrasts for coloration
as measured by human observers (left) and coloration as measured with a computer-based analysis (right). Results were similar when a
gradual change model was used. See text for details.

that represent uncertainty of species relationships (Maddison
and Maddison 2000 and references therein). We therefore
resolved the two polytomies (Colostethus talamance, C. mar-
chesianus and Dendrobates pumilo, D. speciosus, D. histrion-
icus) in the phylogeny of poison frogs proposed by Summers
and Clough (2001). Examination of alternative dichotomous
trees resolved from the two polytomies yielded very similar
reconstructions of character evolution. We therefore present
the results from only one of the alternative trees.

RESULTS

Minimum and maximum adult body size was highly cor-
related across the different species of poison frogs (r 5 0.83,
n 5 20, P , 0.001). Coloration and maximum body size also
was positively and significantly correlated across the differ-
ent species (analysis based on human observer-ratings of col-
oration: r 5 0.48, n 5 21, P 5 0.029; computer-generated
ratings: r 5 0.54, n 5 21, P 5 0.011). The results from the
analysis of independent contrasts suggest that this pattern of
increased degree of conspicuousness with increasing body
size across species was not simply an epiphenomenon of
shared ancestry. Thus, there was a significant correlation be-
tween evolutionary changes in maximum body size and evo-
lutionary changes in coloration. This was the case both when
using the measures of coloration as rated by human observers
and the computer-generated measures (Table 1, Fig. 1). The
correlation between evolutionary changes in body size and
coloration was even stronger when analyses were based on
data on minimum (rather than maximum) adult body size
(Table 1). The association between the evolution of body size
and conspicuousness was evident assuming either a punc-
tuated or a gradual model of character evolution for these
traits (Table 1). These results thus indicate that when col-
oration or adult body size has undergone an evolutionary
change, the other variable generally also has changed in the
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FIG. 2. Evolution of coloration (left) and body size (right) in poison frogs as reconstructed using the squared-change parsimony option
for continuous characters in computer software MacClade version 4.02. Darker shadings of branches indicate more conspicuous coloration
and larger body size respectively. The phyolgeny is a modified version of the one proposed by Summers and Clough (2001) which
contained two polytomies (indicated by brackets on the right) that had to be resolved to allow reconstruction of continuous character
change (see text for details).

TABLE 2. Cross-tabulation showing the association of evolution-
ary changes in maximum body size and coloration in poison frogs,
as reconstructed using the squared-change parsimony option for
continuous characters in computer software MacClade version 4.02
and illustrated in Figure 2.

Change in
body size

Change in conspicuousness

Increase Decrease No change

Increase
Decrease
No change

9
3
2

0
7
2

6
4
7

same direction, that is, coloration and body size have evolved
in tandem.

The evolution of coloration and maximum body size in
poison frogs as reconstructed using the squared-change par-
simony option for continuous characters is depicted sepa-
rately for each character in Figure 2. Note, however, that the
changes in the clade consisting of Dendrobates pumilo, D.
speciosus, and D. histrionicus should be treated with caution
because the true phylogenetic relationships of these species
is uncertain (Summers and Clough 2001), but had to be re-
solved to allow reconstruction of the continuous characters
(see above). A comparison of the two trees reveals that the
overall pattern of correlated evolution of coloration and body
size is evident within each of the different clades of the

phylogeny. More importantly, this correlated evolution has
involved character changes in both directions (Fig. 2 and
Table 2). Thus, evolution of more conspicuous coloration has
generally been accompanied by evolutionary increments in
body size and evolution towards less conspicuous coloration
has been generally associated with evolution of smaller body
size, within each of the groups Epipedobates, Phyllobates
and Dendrobates.

There was no significant correlation between evolutionary
changes in body size and evolutionary changes in toxicity (a
composite measure of the diversity, quantity, and toxicity of
the toxins found in each species, as obtained from Summers
and Clough 2001), neither when using data on minimum (r2

5 0.20, n 5 18, P 5 0.057) or maximum adult body size (r2

5 0.19, n 5 18, P 5 0.059).

DISCUSSION

Several factors have been proposed to favor the evolution
of conspicuous prey coloration, including unprofitability (i.e.,
toxicity or ability to resist predation), kin selection, gregar-
ious behavior, and neophobic reactions of predators (Cop-
pinger 1969, 1970; Guilford 1988, 1990; Gittleman and Har-
vey 1980; Leimar et al. 1986; Roper and Redstone 1987;
Alatalo and Mappes 1996; Gamberale and Tullberg 1996;
Rowe and Guilford 1996). A central tenet of models of evo-
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lution of aposematism is that warning coloration is used by
prey to signal their unprofitable nature to potential predators
as a means of avoiding being attacked. If so, one would thus
expect that conspicuous coloration will become correlated
with unprofitability over evolutionary time, a scenario that
received support in a recent comparative study of poison
frogs (Summers and Clough 2001).

The results of the present study suggest that coloration in
poison frogs has evolved in tandem not only with toxicity
(Summers and Clough 2001) but also with body size (Figs.
1 and 2, Table 1). This finding is consistent with the hy-
pothesis that evolution of conspicuous coloration enhances
the evolution of larger body size, or, alternatively, that large
body size promotes the evolution of more conspicuous col-
oration. Although the reconstruction of character evolution
suggests that coloration and size have evolved in tandem
within each of the different clades of the phylogeny (Fig. 2
and Table 2), it does not allow us to determine whether evo-
lution of more conspicuous coloration has preceded the evo-
lution of larger body size or vice versa. We are therefore
unable to separate between the two competing hypotheses.
However, given that body size covaries with several impor-
tant physiological and life-history traits (e.g., Roff 1992), we
consider it most plausible that changes in body size have
preceded the shifts in coloration. Moreover, large body size
may facilitate the evolution of conspicuous coloration not
only by increasing the effectiveness of avoidance-inducing
signals (Gamberale and Tullberg 1996, 1998) but also by
constraining camouflage.

We are aware of only one previous test of the hypothesis
addressed in this study. In a comparative analysis of data
from butterflies, Nilsson and Forsman (2003) found no sup-
port for the hypothesis that evolutionary changes of larval
coloration had been associated with evolutionary changes in
larval body length. There are several possible explanations
for the discrepancy between these two studies. First, in the
butterfly study coloration was scored on a dichotomous scale
(i.e., either cryptic or conspicuous). In the present study,
however, coloration was scored on a scale from 1 to 10,
resulting in higher statistical power. Second, the butterfly
study was based on a relatively poorly resolved phylogenetic
hypothesis with several polytomies and data on larval col-
oration and body size was not available for all species. Con-
sequently, the probability of detecting correlated evolution
between coloration and size, if present, was smaller in the
analysis of butterflies, compared to the present study. Third,
phylogenetic studies suggest that coloration mode in butter-
flies is dependent on lifestyle, with conspicuous coloration
occurring primarily in species with gregarious larvae and
cryptic coloration predominating among species with solitary
larvae (Sillén-Tullberg 1988, 1993). This association be-
tween coloration and lifestyle in butterflies may have con-
founded the relationship between coloration and body size
because evolutionary transitions in lifestyle were found to
be correlated with evolutionary changes in larval body size,
with group living being associated with smaller body size
(Nilsson and Forsman 2003). Finally, because evolutionary
increments in larval body length were accompanied by in-
crements in adult wingspan the predicted association between
coloration and body size in butterflies may have been con-

founded also by conflicting selection on body size in larvae
and adults (Nilsson and Forsman 2003).

The finding that coloration is more conspicuous in larger
species of poison frogs seems to be paralleled by the ontogeny
of color pattern in some dendrobatid species. For instance,
juveniles of the species Phyllobates terribilis and P. bicolor
both are dark brown to black in ground color with two yel-
lowish lateral bands but become almost uniform yellow as
adults (Zimmermann 1986; Walls 1994). This change in col-
oration with increasing size and age is consistent with the
notion that the protective value of a certain color pattern may
change as a function of body size (Cott 1940; King 1992) or
behavior (Brodie 1992; Forsman and Appelqvist 1998, 1999).
Although our present results (Fig. 1) are consistent with the
hypothesis that selection imposed by visually guided pred-
ators has promoted the evolution of larger body size in species
with conspicuous coloration, or enhanced evolution of more
conspicuous coloration in larger species, it is important to
remember that correlation does not demonstrate causation.
Information on the response of predators presented with con-
spicuous versus dull individuals of different size (Brodie
1993; Gamberale and Tullberg 1996, 1998) is required to
further test the hypothesis of an interactive effect of color-
ation and body size on predator avoidance (King 1992) in
poison frogs. Monitoring the survival in natural populations
of individuals whose color patterns has been experimentally
manipulated also is necessary to evaluate the role of predators
for selection on coloration (Forsman and Appelqvist 1999).

Selective factors other than predation may have influenced
the evolution of coloration and body size in these frogs, and
there are alternative hypotheses for the correlated evolution
of these two traits. For instance, sexual selection may favor
the evolution of both large size and bright coloration (An-
dersson 1994). Experimental evidence suggests that female
poison frogs use visual cues in mate choice, and that col-
oration may be such a cue (Summers et al. 1999). However,
the fact that strong sexual selection occurs in inconspicuously
colored species of the genus Colostethus as well as in con-
spicuous species of the genus Dendrobates (Summers 2000)
argues against sexual selection being responsible for the joint
evolution of coloration and size. Because frogs are ecto-
thermic organisms, the bodily functions of which are strongly
dependent upon body temperature (Huey and Kingsolver
1989), selection is likely to have influenced characters that
affect the ability to achieve and maintain body temperatures
that optimize performance (Huey and Hertz 1984; Peterson
et al. 1993). Both coloration (e.g., De Jong et al. 1996) and
body size (Stevenson 1985) significantly influence heat bal-
ance of ectotherms. However, behavioral observations of spe-
cies of the genus Colostethus that occur sympatrically with
more brightly colored dendrobatids suggest that effective
temperature regulation by these frogs does not require con-
spicuous coloration (Summers 2000). We thus consider both
sexual selection and selection for effective thermoregulation
possible but less plausible alternative explanations for the
correlated evolution of conspicuous coloration and body size
in poison frogs. The role of body size in the evolution of
conspicuous coloration and aposematism should be investi-
gated also in other groups of organisms to evaluate the gen-
erality of our findings.
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