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BEAUTY DOES NOT ALWAYS DENOTE DANGER:  

APOSEMATIC SYNDROME IN THE POISON FROG Dendrobates auratus 
 

ABSTRACT 

Warning signals modify predators foraging behavior by promoting the association between 

conspicuous signals (often coloration) and prey’s unpalatability. This ecological strategy, 

aposematism, is better studied as a phenotypic syndrome because it involves covarying 

physiological, life history and behavioral traits. Among dendrobatid frogs, aposematic coloration 

has independently evolved in several lineages and, to the interspecific level, appears correlated with 

diet specialization, toxicity, body size and metabolic rate. The occurrence of intraspecific variation 

in coloration renders them excellent study systems to understand the evolutionary mechanisms 

underlying the very origin of aposematism. In this study we aimed to test the hypothesis that 

geographic divergence in Dendrobates auratus’ aposematic coloration is correlated with toxicity, 

diet specialization, body size and jumping performance. We studied between 7-13 individuals from 

each of nine localities in Panama and found significant geographic variation in frogs’ 

conspicuousness, body size and toxicity, but not in diet specialization or jumping performance. 

Body size was positively correlated with conspicuousness among localities and all individuals, but 

not within each locality. Jumping performance was positively correlated with conspicuousness 

among all individuals and within each locality, but not among localities. Interestingly, toxicity was 

not correlated with conspicuousness, but when excluding frogs from locality CP6 (ten times more 

toxic than frogs from other localities), we found a negative correlation between conspicuousness 

and toxicity. The pattern indicates that, in the initial steps of evolutionary divergence, high toxicity 

stimulates predator learning in less conspicuous localities, a hypothesis deserving further 

experimental testing. Our results also show that traits defining aposematic syndrome at the intra-

specific level do not follow the same correlations at the inter-specific comparisons, suggesting 

different degrees of evolutionary canalization or heritable variation among studied traits. 

KEY WORDS: Aposematic syndrome, Dendrobates auratus, evolution, poison frogs, toxicity. 



INTRODUCTION 

Warning signals modify predators foraging behavior by promoting the association between bright 

colors, smells or certain behaviors, and prey’s unpalatability. This ecological strategy, named 

aposematism (Ruxton et al., 2004), is better studied as a phenotypic syndrome because it involves 

several covarying traits such as conspicuous coloration, high toxicity, relatively large body size, 

high metabolic rate, diet specialization and, often, gregarious behavior (Tullberg & Hunter, 1996). 

Traits conforming a phenotypic syndrome are integrated by functional relationships that coevolve 

and can be inherited from ancestors and are affected by natural selection or genetic drift (Pigliucci 

& Preston, 2004).   

The emergence of aposematism is considered a key evolutionary innovation allowing organisms to 

access previously unexploited resources and promoting deep changes in their life history (Lindquist 

& Hay, 1996; Speed et al., 2010). An example is the transition to diurnality that evolved in some 

groups as ditrysian lepidopterans (Merilaita & Tullberg, 2005) and dendrobatid frogs (Santos et al., 

2003). Aposematic organisms can also have larger home ranges and the opportunity to forage in 

more open areas than cryptic organisms (Endler, 1988), which have more restricted habitats and less 

access to resources (Bernays & Singer, 2002; Merilaita & Tullberg, 2005). Comparative studies also 

suggest a positive correlation between conspicuous coloration and body size among amphibians and 

insects (Hagman & Forsman, 2003; Whitman, 2008). Probably the most compelling evidence 

supporting aposematism as a key evolutionary innovation is the acceleration of the diversification 

rates in amphibians, hymenopterans, lepidopterans and coleopterans that acquired conspicuous 

coloration with respect to their sister, cryptically colored, lineages (Przeczek et al., 2008; Santos, 

2012). 

In anurans, aposematism is also a complex phenotype involving conspicuousness, alkaloid 

sequestering capacity, diet specialization, body size, metabolic rate (Santos & Cannatella, 2011) and 

other behavioural traits such as active foraging and elaborated multimodal courtship displays (Hödl 

& Amézquita, 2001; Pröhl & Ostrowski, 2010). Aposematism arose in at least four families of 



anurans: Dendrobatidae, Bufonidae, Mantellidae and Myobatrachidae (Przeczek et al., 2008). 

Among dendrobatid frogs, aposematism has independently evolved in several lineages (Santos et 

al., 2003). The high variability in coloration patterns and toxicity both among and within 

dendrobatid species render them excellent study systems to understand the evolutionary 

mechanisms underlying aposematism (Darst et al., 2006; Hoffman & Blouin, 2000; Saporito, et al., 

2006; Wang, 2011). Because the efficacy of aposematic patterns as warning signals depends on 

predator associative learning, aposematic signals should be highly conspicuous and symmetric, 

characteristics enhancing their strength and memorability. Instead, several species of aposematic 

animals are highly variable, posing one of the most intriguing questions on the evolution of this 

phenotypical syndrome (Mallet & Barton, 1989; Endler, 1988, Endler & Mappes, 2004; Forsman & 

Herrström, 2004).    

Geographic variation in anuran aposematic coloration has been studied in the context of mate 

choice (Maan & Cummings, 2008; Reynolds & Fitzpatrick, 2007) and anti-predation strategies 

(Gray & McKinnon, 2007; Noonan & Comeault, 2009). The resulting variation in color 

conspicuousness has been allegedly linked to concomitant differences in toxicity with contrasting 

results. In interspecific studies, conspicuousness and toxicity have been found to be both positively 

(Santos & Cannatella, 2011; Summers, 2003) and negatively correlated (Darst et al., 2006). In 

intraspecific studies, Wang (2011) and Daly and Myers (1967) found an inverse correlation between 

conspicousness and toxicity in Oophaga granulifera and O. pumilio but comparing frogs from only 

three and two localities respectively. The opposite pattern was found when comparing O. pumilio 

frogs from ten localities in Panama (Maan & Cummings, 2012). Besides, geographic variation in O. 

pumilio was related to prey availability, but not to conspicuousness (Saporito et al., 2006). To better 

understand these contrasting results, one should examine the correlation between toxicity, 

conspicuousness and the other phenotypic traits involved in the aposematic syndrome, rather than 

merely focusing on conspicuousness and toxicity. In this study, we focus on the initial steps of 

evolutionary divergence by studying the correlation structure of the aposematic syndrome both 



among individuals and across a number of localities that represent most of the natural variation in 

Dendrobates auratus’ color pattern. 

The poison frog D. auratus exhibits outstanding geographic variation in coloration pattern (Savage, 

2002). We thus aimed to test the hypothesis that color variation is related to variation in other traits 

defining an aposematic syndrome: body size toxicity, diet specialization and jumping performance. 

Our specific predictions state that: 1) conspicuousness should be positively correlated with body 

size but negatively correlated with jumping performance. A large body size is thought to enhance 

the strength of the warning signal (Endler, 1988; Hagman & Forsman, 2003; Whitman, 2008). Also, 

2) conspicuousness should be positively correlated with diet specialization and toxicity, and diet 

specialization should also be positively correlated with toxicity.  For aposematism to work, toxic 

animals should be conspicuous to warn predators (Mallet & Barton 1989; Endler, 1988, Endler & 

Mappes, 2004, Forsman and Herrström, 2004) and toxicity comes from diet alkaloid sequestration 

(Summers, 2003; Santos & Cannatella, 2011). Finally, 3) jumping performance should be 

negatively correlated with conspicuousness and toxicity, and in consequence with body size and 

diet specialization. As conspicuousness is alleged to be positively correlated with toxicity 

(Summers, 2003; Santos & Cannatella, 2011; Maan & Cummings, 2012), both traits together should 

provide enough protection against predators, so less conspicuous and less toxic frogs should have a 

better escaping capability (Fig. 1).     

 

METHODS 

Study System 

Dendrobates auratus is a diurnal dendrobatid frog, distributed in lowlands from Nicaragua, Costa 

Rica, Panama and Colombia. Actively foraging or calling individuals are mostly found on mornings 

after rains; males usually call from slightly elevated perches (fallen trunks or leafs) or from holes 

near tree bases (Dunn 1941). They regularly hop while foraging but, when disturbed, the hops 

follow an irregular course until reaching a hiding place. Males can climb up trees and deposit 



tadpoles in phytotelmata (tree holes or palm leaf axils) (Savage 2002). Reported predators for adults 

D. auratus include a fish, the Macabi tetra (Brycon guatemalensis) (Hedstrom & Bolaños 1986), 

Momotid birds (Baryphthengus and Momotus) (Master 1998), and a theraphosid spider, the Panama 

red rump tarantula (Sericopelma rubronitens) (Summers 1999).   

To encompass a significant fraction of the species’ distribution range and color variation, we visited 

nine localities in Panama as follows: Ancon Hill (8° 57′ N, 79° 32′ W), Taboga Island (8° 47′ N, 

79° 33′ W), Capira (8° 40’ N, 79° 52’ W) and Bayano Lake (9° 10’ N, 78° 47’ W) in Panama 

Province; Chorcha Hill (8° 26’ N, 82° 13’ W), Tabasara River (8° 12’ N, 81 °35 ‘W) and Varital (8° 

25’ N, 82° 24’ W) in Chiriqui Province; Ojo de Agua (9° 17’ N, 82° 26’ W) and Rio Oeste (9° 14’ 

N, 82° 24’ W) in Bocas del Toro Province (Fig. 2). Frogs were found in primary forests in Ancon 

Hill, Taboga Island and Chorcha Hill; in secondary forests in Capira, Tabasara River and Bayano 

Lake; and in cacao plantations in Ojo de Agua and Rio Oeste. From each locality we collected 7-13 

adult individuals, without regard to sex, and used them to measure: color conspicuousness, body 

size, jumping performance, diet specialization and toxicity. We did not sample in localities from 

Costa Rica, Nicaragua and Colombia, so variation present in those localities might have not been 

evidenced in this study.  

Estimation of frogs’ traits 

We estimated frogs’ color conspicuousness by using six different traits: contrast between frogs’ 

main color and substratum, contrast between frogs’ background and substratum, contrast between 

frogs’ main color and vegetation, contrast between frogs’ background and vegetation, contrast 

between frogs’ main color and background, and the proportion of dorsum that was brightly colored. 

We measured skin reflectance in five different spots of each frog’s dorsum using an Ocean Optics-

USB4000 spectrometer. Substratum (leaf litter, trunks or rocks) where each frog was found and 

vegetation reflectance were also measured in five different spots using the same protocol (Cuthill et 

al. 1999). To analyze coloration in relation to the available light, we took three irradiance (ambient 



light) measurements in the same place where the frogs were collected and at three different times 

between 9:00 and 13:00 h. We calculated the contrast variables using Avicol, assuming the Osorio-

Voroyeb’s tetrachromatic model for the V-type birds’ eye (Gomez 2006) because Momotid birds 

are the only vertebrates reported to predate on D. auratus adult frogs (Master 1998). We took a 

dorsal picture of each specimen using a Sony Alpha A-390 digital camera and a piece of cork with a 

rubber band to immobilize the frogs while the picture was being taken. To estimate the proportion 

of dorsum with bright coloration and frogs body size (snout to vent length) we analyzed the pictures 

on the software Image J. To reduce eventual redundancy among the measured traits, we conducted 

principal component analysis (PCA). 

For the jumping performance experiments, we placed each frog into a 10 x 60 cm 

rectangular arena, with a posterior wall of 10 cm height. The frog was stimulated to jump several 

times and video recorded with a Sony DSC-H9 camera. We measured on the videos the take-off 

angle and the maximum frogs’ jumping distance using Image J, and calculated jumping speed and 

acceleration during take-off (Navas et al., 1999).Again, we reduced dimensionality by using PCA 

on jumping distance, jumping speed and acceleration during take-off.  

We extracted the stomach content of each specimen by exerting a small pressure over frog’s 

body flanks with two fingers and over the belly with a third one (Amézquita, A. in prep.). 

Arthropods obtained from the stomach were stored in 70% ethanol into 1.5 ml plastic vials and 

transported to the lab where they were counted and determined to the order level. We estimated 

frogs’ diet specialization as the inverse value of the dietary niche breadth (Hurlbert, 1978). Since 

dendrobatid frogs’ diet has been reported to vary in the degree of ant specialization, we estimated 

the ants/mites proportion for each individual (Santos & Cannatella, 2011). 

For toxicity assays we collected five frogs from each locality, except from CP3 (Rio Oeste). Frogs 

were euthanized using a 0.1 ml 100% methanol shot to the heart, and then skinned to minimize 

contamination or toxin loss. Each skin sample was stored in a plastic vial containing 1.5 ml of 

100% methanol and taken to the lab for the assays (Arenas 2010). We cut each skin into small 



pieces and liquefied them with a PRO® 200 homogenizer (Pro Scientific Inc.), using the same 

methanol in which they were first stored. After homogenization, extracts were filtered using a 

vacuum filter in order to separate toxins from skin pieces remaining in the sample. Methanol excess 

was evaporated using a JOUAN® RC1010 vacuum centrifuge calibrated at 38°C for an 

approximate period of three hours. Dry pellets were re-suspended in 0.2 ml of 0.9% sterile saline 

solution and injected in laboratory male mice (Mus musculus, Swiss strain, 20.09 to 33.52 g of body 

weight, n = 44) (modified after Arenas 2010). Before injecting the toxins, each mouse was placed 

into a 20 x 40 cm glass arena with a piece of blue cardboard under it as a contrasting background 

and video-recorded during three minutes with a Sony DSC-H9 camera. After injecting the toxins 

intraperitoneally, the mouse was placed into the same arena and video-recorded until its death or 

during 30 minutes, time previously determined to be enough for the mouse to recover from the 

toxin effects (modified after Arenas 2010). We analyzed the videos with Ethovision XT8 (Noldus et 

al., 2001) by measuring time to death and the following behavioral variables: maximum velocity, 

frequency of immobility events, time spent in the borders and in the center of the arena, and total 

distance moved. To estimate the effect of locality on mice survival curves, we used a Cox 

regression analysis on time to death, using mice body weight and frogs’ body size as eventual 

covariates. An estimate of toxicity for each population was calculated as the area under each curve. 

To estimate the effect of each frog’s toxins on mice behavior, we compared mice behavioral traits 

before and after injecting the toxins. 

To solve the correlation structure among traits defining the frogs’ aposematic syndrome, we 

conducted Pearson’s correlation analyses among frogs’ conspicuousness, body size, toxicity, diet 

specialization and jumping performance, and linear regressions between diet specialization and 

toxicity, and between frogs’ body size and jumping performance. All the analyses were ran at 

individual and locality levels using the Software SPSS Statistics 17.0.     

 



RESULTS 

We successfully reduced the six color traits to three principal components, PC1: contrast between 

frog skin and substratum (37.51% of variance), PC2: colored area (22.81% of variance) and PC3: 

contrast between frogs’ main color and vegetation (22.71% of variance) (Fig. 3). We then ranked 

the nine localities using a composite measurement of frogs’ conspicuousness estimated as the 

average of the three PC’s. We extracted one single PC from jumping distance, jumping speed and 

accelerationd during take-off and named it jumping performance (87.93% of variance) (Fig. 5). 

We found significant geographic variation in D. auratus conspicuousness (ANOVA             

F = 8.38, p < 0.001, N = 81 frogs) (Fig. 3), body size (F = 8.63, p < 0.001) (Fig. 4) and toxicity 

(Cox Regression: Chi-square = 29.52, p = 0.001, N = 44) (Fig. 6), but not in jumping performance 

(ANOVA F = 1.05, p = 0.407, N = 81) (Fig. 5), diet specialization  (F = 1.73, p = 0.125, N = 44) or 

ant specialization (F = 1.92, p = 0.087). Body size was the trait with the smallest variation 

coefficient (Table 1).  

Conspicuousness was positively correlated with body size (among individuals Pearson’s 

correlation: r = 0.27, p = 0.015, and among localities ANCOVA: F = 4.57, p < 0.001, N = 81)     

(Fig. 4) and jumping performance (among all individuals Pearson’s correlation: r = 0.54,              p 

< 0.001 and within each locality ANCOVA: F = 100.72, p < 0.001) (Fig. 5). Diet specialization was 

not correlated with frogs’ conspicuousness (F = 3.47, p = 0.074, N = 45) and did not affect frogs’ 

toxicity (Linear regression R
2
 = 0.10, B = 0.10, p = 0.682). After controlling toxicity by mice’s 

weight (Cox Regression: B = -0.101, p = 0.009), frogs’ body size (B = 0.3, p < 0.001) and locality 

(p = 0.006), we found no correlation between conspicuousness and toxicity (Pearson’s correlation r 

= -0.17, p = 0.666). However, when excluding frogs from CP6, which were 10 times more toxic 

than frogs from the other localities, toxicity was strongly and negatively correlated with 

conspicuousness (Pearson’s correlation r = -0.84, p = 0.009) (Fig. 6).  

We solved the path model at the individual and locality levels. Among individuals, 

conspicuousness was positively correlated with body size (Pearson’s correlation: r = 0.27,               



p = 0.015, N = 81) and jumping performance (r = 0.54, p < 0.001) (Fig. 7-A). Among localities, 

conspicuousness was positively correlated with body size (r = 0.61, p = 0.04, N = 9) and negatively 

correlated with toxicity, when excluding frogs from CP6 (r = -0.84, p = 0.009) (Fig. 7-B). Model fit 

estimated with the software LISREL was: Chi-square = 4.03, df = 7, p = 4.13). 

DISCUSSION 

We found geographic variation in D. auratus conspicuousness, body size and toxicity. Among 

localities, more conspicuous frogs were larger in size and, surprisingly, less toxic. Within localities 

more conspicuous frogs performed better in their jumping capacity. As we discuss below, our data 

suggest that both increased conspicuousness and increased jumping performance might compensate 

for low toxicity, only at different evolutionary scales. 

The larger body size we found in more conspicuous frogs matches up the evolutionary 

correlation found in inter-specific studies among amphibians and insects (Hagman & Forsman, 

2003; Whitman, 2008). A large body size in a conspicuous organism should increase the size of 

color pattern elements making them more detectable and promoting predator learning (Endler, 

1988; Forsman & Herrström, 2004; Speed et al., 2010). Also, smaller body sizes favor the efficacy 

of crypsis (Forsman & Herrström, 2004). However, body size also covaries with several 

physiological and life history traits that can affect organisms performance and constrain its 

evolution (Olalla-Tárraga & Rodríguez, 2007; Moen & Wiens, 2009). Thus, frogs’ body size is 

constrained by a multi-trait interaction where conspicuousness is associated (Forsman & 

Herrström, 2004). 

The surprising high toxicity associated with low conspicuousness among these frogs was the 

most unexpected result, because it contradicts the positive association found among populations of 

O. pumilio (Maan & Cummings, 2012) and does not follow the evolutionary association between 

both traits among different species (Summers & Clough, 2001; Summers, 2003; Santos & 

Cannatella, 2011). The pattern might reveal the existence of compensatory traits for natural 

variation in D. auratus’ toxicity: in localities where toxicity is low, e.g. because of low availability 



of frogs’ prey that provide alkaloid toxins, a stronger warning signal might have evolved that 

promote fast learning by potential predators. On the other extreme of the syndrome continuum, 

highly toxic frogs may require less conspicuous signals to attain comparable efficacy in promoting 

predators’ learning and memorization (Darst et al., 2006; Skelhorn & Rowe, 2006). Previous studies 

suggest that toxicity in poison frogs is highly dependent on the availability of certain prey (Saporito 

et al., 2006) and that changes in coloration occur at a relatively fast rate (Rudh, et al., 2007). 

Alternatively, our data could reflect relatively early steps in the evolution of aposematism, with 

high toxicity levels arising in non-conspicuous animals before the development of a conspicuous 

warning signal. The latter interpretation is however unlikely, because evolutionary reconstructions 

suggest that aposematism appeared very early in the poison frogs lineage leading to Dendrobates 

(Santos & Cannatella, 2011). Also, relatively inconspicuous aposematic patterns can effectively 

promote predators’ learning as long as they are discriminable from undefended prey patterns and 

memorable (Guilford, 1988; Endler, 1990; Sherrat & Beatty, 2003; Endler & Mappes, 2004). The 

less conspicuous patterns of D. auratus’ may thus be as discriminable and memorable for predators 

as more conspicuous patterns.  

A second unexpected result was the positive correlation between conspicuousness and 

jumping performance. We expected conspicuous animals to have shorter and slower movements 

than non conspicuous animals because of the protective value of aposematic coloration against 

predation. Jumping performance should be correlated to organisms’ anaerobic scope because long 

and fast jumps require anaerobic metabolism, contrary to short distance hops that demand a high 

aerobic scope (Bennet & Licht, 1973; Hillman, 1976; Gleeson, 1991). However, jumping 

performance is not associated with metabolic rates in poison frogs and D. auratus has a high 

aerobic capacity (Pough & Taigen, 1990). In any case, high conspicuousness and jumping 

performance may together compensate for the low toxicity found in more conspicuously colored 

frogs. In particular, the high detectability to predators would be compensated by a better escaping 

capability as suggested for Anolis lizards (Vanhooydonck et al., 2007). 

http://icb.oxfordjournals.org/search?author1=Bieke+Vanhooydonck&sortspec=date&submit=Submit


The patterns of covariation we detected here differ according to the evolutionary scale: 

among-individuals or among-localities variation. The difference may just evidence that different 

evolutionary mechanisms have acted on each studied trait. Stabilizing selection could have acted on 

frogs’ body sizes within each locality by eroding genetic variability, which is not surprising given 

the crucial role of body size in several life history traits (Olalla-Tárraga & Rodríguez, 2007; Moen 

& Wiens, 2009); alternatively, the genotypes x environment interaction could have constrained gene 

expression and thereby phenotypic variation (Waddington, 1942; Siegal & Bergman, 2002; Flatt, 

2005). On the opposite, frogs’ jumping performance remains highly variable within each locality, 

which could reflect a high phenotypic plasticity (Rollo, 1994; Flatt, 2005), or, as well as 

conspicuous coloration, could be positively correlated with a better nutrition of the individuals 

(Velando et al., 2006). However other mechanisms could also affect studied traits. Differences in 

conspicuousness among localities could be due to sexual selection (Summers et al., 1999; Reynolds 

& Fitzpatrick, 2007; Maan & Cummings, 2008) or, as well as toxicity and body size, to genetic drift 

(Gould & Johnston, 1972; Slatkin, 1987), but differences in these traits among localities are not 

correlated with geographic distance, so our evidence does not support genetic drift and does not 

allow us to support or reject sexual selection.    

The unexpected (ten times) higher toxicity of frogs from locality CP6 (Bayano Lake) also deserve 

additional explanations. The striking difference might represent the availability of a special alkaloid 

source in this locality and not in the other ones. Indeed, frogs from CP6 had the lowest ant-mite 

proportion in their diet, which renders them more mite-specialists than frogs from the other 

localities, and several toxins found in D. auratus skin extracts have also been found in mites 

(Saporito et al., 2007). On the other hand, frogs from this locality may have evolutionarily enhanced 

their alkaloid sequestration capability or perhaps acquired a new biosynthetic route to drastically 

modify alkaloids toxicity (Angel et al., 2003). Both of these scenarios deserve further correlative 

data and experimental testing.   



The lack of statistical correlation between conspicuousness, diet specialization and toxicity could 

admit several explanations. Within localities variation in stomach content (and therefore in 

estimated diet specialization) is too high, which would impede to recognize among localities 

differences and correlations (Daly et al., 1994; Darst et al., 2005). The variability in stomach 

content can also be seasonal, as demonstrated for other species (Saporito et al., 2007). Thus 

additional samples of stomach contents in different times of the year are needed to better understand 

diet – conspicuousness interactions in these frogs (e.g. Saporito et al., 2006).     

Finally, our study has some limitations and differences with previous studies. We estimated toxicity 

from mice survival patterns instead of mice recovery from sleep (Maan & Cummings, 2012). The 

toxicity estimation using mice could not reflect the same effects suffered by a bird eating a poison 

frog because similarities or differences in ion channel function between birds and mammals is not 

yet known (Lopreato et al., 2001; Saporito et al., 2007). Toxicity also can vary at a temporal scale 

(Saporito et al., 2006; 2007), but our samples were taken during the rainy season, September and 

October, so our toxicity estimation should reflect the highest possible availability of prey for D. 

auratus. The main advantages of this study is that we evaluated most traits defining aposematic 

syndrome and we attempted to cover a significant part of the natural variation in coloration pattern 

of our study species by comparing nine localities, whereas previous studies of intraspecific variation 

compared frogs from two (Daly & Myers, 1967) or three (Wang, 2011) localities. Thus, a negative 

or positive association between toxicity and conspicuousness could be obtained depending on the 

chosen pair of localities among the nine we studied here. 

Summing up, our results suggest that the correlation structure of the aposematic syndrome at the 

intraspecific level does not follow the findings of previous studies conducted at the interspecific 

level. The correlations we found are interpretable as a set of compensatory traits to the necessarily 

variable levels of frog toxicity. However, to formally test this idea we still need to experimentally 

test how effective are aposematic variants in deterring predators and how do they interact with 

toxicity to influence predator learning and memory. 



TABLES AND FIGURES 

Locality Body size 
Jumping  

performance 

Diet  

specialization 
Conspicuousness 

CP1 0.07 0.48 1.02 0.49 

CP2 0.07 0.56 0.68 0.52 

CP3 0.06 0.53 0.24 0.55 

CP4 0.13 0.84 0.20 0.79 

CP5 0.18 0.88 0.08 0.83 

CP6 0.12 0.63 0.46 0.64 

CP7 0.07 0.74 0.66 0.76 

CP8 0.12 0.59 0.40 0.58 

CP9 0.05 0.64 0.64 0.53 
 

Table 1. Variation coefficients of the frogs’ measured traits. 

 

Traits Direct effects Indirect effects Global effects 

Conspicuousness -0.08 0.02 0.06 

Diet specialization 0.11 -0.01 0.10 

Jumping performance -0.10 -0.04 -0.14 
 

Table 2. Summary of direct, indirect and global effects on toxicity of three main 

factors at individuals level: conspicuousness, diet specialization and jumping 

performance. See path analysis in figure 7-A. 

 

Traits Direct effects Indirect effects Global effects 

Conspicuousness -0.57 -0.01 -0.58 

Diet specialization 0.10 0.07 0.17 

Jumping performance 0.02 -0.17 -0.15 
 

Table 3. Summary of direct, indirect and global effects on toxicity of three main 

factors at localities level: conspicuousness, diet specialization and jumping 

performance. See path analysis in figure 7-B. 

 

 
 

Figure 1. Predicted correlation structure among traits defining poison frogs’ aposematic syndrome. 

Single headed arrows denote direct effects while double headed arrows denote correlations. 

Continuous arrows denote positive correlations and dashed arrows denote negative correlations 

(Modified after Santos & Cannatella, 2011). 



 
 

Figure 2. A) Distribution range of Dendrobates auratus and proportion of the distribution covered 

in the study (dashed square). B) Study localities in Panama organized (from high to low CP1-CP9) 

after conspicuousness ranking (See Fig. 2). CP1: Ojo de Agua, CP2: Taboga Island, CP3: Rio 

Oeste, CP4: Varital, CP5: Tabasara River, CP6: Bayano Lake, CP7: Ancon Hill, CP8: Chorcha Hill 

and CP9: Capira. 

 

 

Figure 3. Comparison of conspicuousness (upper left: mean ± 95% C.I.) in D. auratus, estimated as 

the average of the three color traits (boxplots) obtained from the PCA: contrast between frog and 

substratum colored area and contrast between frogs’ main color and vegetation among localities. 

Images at the right represent the morph present in each locality. CP1-CP9 denote frogs’ 

conspicuousness ordered after the first graph. 
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Figure 4. Correlation between frogs’ conspicuousness and body size in D. auratus  among localities 

(left), among individuals (center) and within each locality (right). CP1-CP9 denote frogs’ 

conspicuousness in an ordinal scale (see Fig. 2). Lines denote statistically significant correlations. 

 

 

Figure 5. Correlation between frogs’ conspicuousness and jumping performance in D. auratus  

among localities (left), among individuals (center) and within each locality (right). CP1-CP9 denote 

frogs’ conspicuousness in an ordinal scale (see Fig. 2). Lines denote statistically significant 

correlations. 

 

 

 



Figure 6. A) Variation of frogs’ toxicity among localities as estimated from Cox regression analysis 

of time to death data in mice injected with frogs’ skin extracts. The area under the curve is inversely 

proportional to the toxicity. Images at the right represent the morph present in locality and CP1-CP9 

denote frogs´ conspicuousness in an ordinal scale (see Fig. 2). B) Correlation between frogs´ 

toxicity (see A) and conspicuousness (mean ± 95% C.I.). 
 



 

Figure 7. Path analysis describing correlation structure among traits defining poison frogs’ 

aposematic syndrome at individual (A) and locality levels (B). Single headed arrows denote direct 

effects while double headed arrows denote correlations. Black arrows and asterisks denote 

statistical significance. Continuous arrows denote positive correlations and dashed arrows denote 

negative correlations. The U letter denotes the unexplained variance. 
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