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                        ABSTRACT 

 

 

Oophaga pumilio is the most polymorphic poison frog.  The greenish-black 

spotted frog with yellow undersides can only be found on Isla Colón and is entirely 

specific to the area.  A novelty among anurans, female Oophaga pumilio feed the larvae 

with unfertilized eggs.  This species exhibits sophisticated parental care by both males 

and females. 

This study is the first in this line of research that has shown a statistically 

significant difference between hourly time intervals for diel calling activity in the dry 

season, and a positive correlation between calling activity and light intensity.  There was 

no significant difference between total activity and temperature, total activity and 

humidity, total activity and light intensity, total activity and rainfall, calling activity and 

temperature, calling activity and humidity, calling activity and rainfall.  Single 

advertisement calls, mating calls, territorial calls and courtship calls fell in the same 

frequency range, but had different waveforms. 

 

 

       Dr. Alfred Beulig 
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Amphibians 

An amphibian can be either an animal that has spent part of its life in an aquatic 

environment then changed to an aquatic adult or an animal alternating between aquatic 

and terrestrial environments.  Some amphibians are aquatic throughout their lives and 

others neither enter water nor have aquatic life stages.  Amphibians can best be defined as 

quadrupedal vertebrates with two occipital condyles on their skull and one sacral vertebra 

and glandular skin lacking epidermal surfaces (scales, feathers and hair).  Amphibians are 

classified intro three groups: anurans (tailless amphibians; frogs and toads), urodeles 

(tailed amphibians; salamanders) and caecilians (Gymnophiona).  Anurans have long 

hindlimbs and short stiff bodies that do not bend when they walk; urodeles have 

forelimbs and hindlimbs of equal size and move with lateral undulations; caecilians are 

limbless and employ snakelike locomotion (Pough et al., 2009). A common trait among 

amphibians is the production of eggs with a water-permeable jelly coat from which 

aquatic larvae hatch (Duellman and Trueb, 1986).  Extant amphibians (Lissamphibia) 

first appeared in the Jurassic, with clear differentiations since mid-Cretaceous (144 - 65 

million years ago) (Duellman and Trueb, 1986).  These vertebrates have provided 

extensive research in developmental biology and vertebrate biology.  Their transition 

from aquatic larvae to terrestrial adults shows a remarkable mode of adaptation to 

changes in the environment.  Reproductive strategies of amphibians are closely related to 

environmental conditions.  The diversity of these strategies within species and within 

populations is reflected in their evolutionary and ecological differences.  Rainfall is the 

primary factor in breeding activity of amphibians.  In tropical environments, breeding 

seasons can be time-dependent or continuous.  Caecilians reproduce semi-anually, 



2 

 

urodeles annually or biennially, and anurans in the wet tropics have continuous 

reproduction.  Location of mates may be visual, olfactory, auditory, tactile or a 

combination.  Courtship is an integral part in mate selection.  Auditory cues such as 

vocalization in anurans attract mates to breeding sites.  In the majority of amphibian 

populations, risk of predation on eggs and larvae is high (Duellman and Trueb, 1986).  

Multiple small clutches reduce reproductive effort and enhance survivorship of early 

developmental stages.  An anuran in a temperate zone may reach sexual maturity in two 

years whereas an anuran in the tropical equatorial zone may reach maturity in one year.  

Anurans have provided a wealth of information in the field of sexual selection due to 

their territorial defense mechanisms, acoustic communication, courtship, mating and 

reproductive strategies.  Among the 6000 or so species of amphibians known today, 

nearly 5400 are anurans (Pough et al., 2009).. 

Anurans can be terrestrial, aquatic, fossorial or arboreal.  They are particularly 

fascinating due to their various modes of reproduction and adaptability to a wide range of 

habitats. 

Poison frogs (Aromobatidae, Dendrobatidae) are highly specialized anurans in the 

neotropics (South and Central America).  Many are polymorphic (“many-shaped”) 

regarding their color and pattern.  Most are diurnal and live in forests, on the ground or 

along streams.  Half exhibit brilliant colors while the other half exhibit cryptic color 

patterns.  Aposematic frogs secrete toxins in their skin, mostly derived from their prey, to 

escape predators and deter enemies.  Camouflage and anti-predation signals are 

especially puzzling as defense strategies.   Some poison-dart frogs deposit their eggs on 
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ground while one parent remains with the eggs until they hatch into tadpoles, and others 

carry the eggs with them until they are ready to hatch. 

Representatives of the genus Oophaga (Dendrobatidae: Dendrobatinae), 

comprising nine species (Bauer, 1994), are among the most variably colored vertebrates 

with the most developed parental care strategy.  They mate without an amplexus; the role 

of the male is to tend to the clutch, while that of the female is to carry the larvae to 

standing bodies of water.  Tadpoles exhibit begging behavior when fed with nutritive 

eggs (Weygoldt, 1980; Brust, 1993; Pramuk and Hiller, 1999). 

Oophaga pumilio (Schmidt, 1857) is a diurnal, terrestrial poison frog in the family 

Dendrobatidae, found in low-elevation tropical forests on the Atlantic side of Nicaragua, 

Costa Rica, and western Panama (Daly and Myers, 1967; Savage, 1968; Myers and Daly, 

1983).  Their degree of aposematism is remarkable.  Oophaga pumilio is one of the most 

variable poison frogs regarding coloration, color pattern, skin structure and skin alkaloid 

content.  Pattern evolution among the frogs on the islands of the Bocas del Toro 

Archipelago in Panama produced a fascinating palette of colors such as fire red with 

black spots, blue with black spots, orange, orange with black spots etc., each color pattern 

pertaining to its own island (Fig. 1).  The selective forces that have produced this 

remarkable variation remain unclear.  This species shows extreme variation in color and 

pattern between populations that have been geographically isolated for < 10,000 years. 

The greenish-black spotted frog with yellow undersides can only be found on Isla 

Colón and is entirely specific to the area.  Oophaga pumilio is a model system for 

understanding the relationship between natural and sexual selection in producing color 

morphs, territoriality, mating and reproduction, defense strategies and aposematism, 
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toxicity and diet in poison frogs (Saporito et al., 2004; Saporito, 2007; Saporito et al., 

2010).  Territoriality and reproductive behavior were extensively studied since the 

1960’s.  Concerning parental care, Oophaga pumilio are a novelty in anurans in that 

females feed the larvae with infertile eggs. 

This species has produced extensive controversy regarding the influence of sexual 

and natural selection on color divergence and patterning.  Recent studies confirm that 

females are attracted to males with bright coloration, and patterning has an effect on 

male-male interactions (Maan and Cummings, 2008; Crothers et al., 2011).   

Figure 1. Left: Distribution of O. pumilio (striped area) and sample area (box), right: a detailed 

map of color morphs. Locality and abbreviations: Bastimentos red frog beach BRF, Cayo Nancy 

CN, Isla Colón IC, Isla San Cristobal SC, Isla Popa IP, Pelican Cay PC, Cerro Brujo CB. 

 

Rudh et al., 2010 
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Table 1 

Approximate area, distance and name of the closest body of land, sister population relationships 

of O. pumilio and a maximum estimate of effective population size. 

 

Brown et al., 2010 

Taxonomy 

Kingdom: Animalia  

Phylum:    Chordata  

Class:       Amphibia  

Order:      Anura  

Family:     Dendrobatidae  

Genus:      Oophaga  

Species:    pumilio 

Habitat 

 Most Oophaga pumilio inhabit lowland rainforests.  They can be found in banana 

plantations, cocoa plantations or in the leaf litter of primary and secondary forests.  Their 

abundance in the leaf litter is due to the presence of arthropods, their main food source. 
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Aposematism 

According to sexual selection theory, the evolution of exaggerated display 

behavior is driven by increased mating success, but limited by natural selection through 

predation.  Aposematic species signal to visual predators that they are unpalatable prey 

by using bright colors (Poulton, 1890).  Conspicuous coloration advertises anti-predator 

defense across many taxa, including invertebrates, fish, amphibians, snakes, and birds. 

Many frogs of the family Dendrobatidae are aposematic, exhibiting extreme variation in 

coloration and patterning.  

Oophaga pumilio is considered the most polymorphic poison frog. The red/blue 

phenotype is encountered across Nicaragua to Costa Rica to the western border of 

Panama (Maan and Cummings, 2008).  In the Bocas del Toro archipelago in western 

Panama the species exhibits intense variation in both hue and brightness.  Fifteen 

different phenotypes span the entire range of the visual spectrum on the mainland and 

across island populations (Siddiqi et al. 2004).   The islands are relatively small, ranging 

from 2.4 km
2
- 65 km

2 
(Brown et al., 2010) (Table 1), and have been geographically 

isolated for < 10,000 years (Summers et al., 1997; Wang and Shaffer, 2008). Studies in 

Panama, especially in the archipelago have focused on aposematism, spectral analysis of 

color morphs and female choice experiments correlated with color patterns. 

Molecular phylogeographic studies indicate that the different populations of O. 

pumilio in the archipelago are genetically similar (Summers et al., 1997; Hagemann and 

Pröhl, 2007; Rudh et al., 2007; Wang and Shaffer, 2008; Brown et al., 2010). 

Sexual selection alone cannot explain the divergence in coloration among 

populations so both natural and sexual selection mechanisms have to be considered.   
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Although geographic isolation could be a facilitator in color divergence in the region, all 

islands were connected less than 10,000 years ago (Summers et al. 1997; Anderson and 

Handley, 2002); this is a very short time for genetic drift to result in the extreme 

phenotypic diversity we see today. 

Maan and Cummings (2008) studied O. pumilio female preferences for different 

components of aposematic coloration across several phenotypically distinct populations.  

Specific components of the aposematic signal (dorsal color, ventral color, and spotting 

pattern) are affected differently by natural and sexual selection.  Earlier studies (Summers 

et al. 1999; Reynolds and Fitzpatrick, 2007) tested the hypothesis that divergent sexual 

selection by female mate choice has contributed to the color diversity. 

 It has recently been discovered that O.  pumilio anurans have color vision: their 

eyes have one rod and three cone types that enable them to differentiate between the 

many conspecific color morphs (Siddiqi et al., 2004).  Females rely heavily on this ability 

to select mates of the same color morph (Savage, 2002; Siddiqi et al., 2004).  Maan and 

Cummings (2008) found that male dorsal color is the most important determiner of 

female preferences.  Interestingly enough, spotting or ventral color did not affect female 

choices. 

Crothers et al. (2011) examined how aposematic signal variation influences male–

male interactions.  Given evidence for female preference for brighter coloration in some 

populations of this species, they tested whether male–male interactions could also be 

mediated by male brightness.  Their results show male dorsal brightness influences the 

behaviors of male conspecifics, and that a male’s dorsal brightness predicts his own 

behavior such that bright males approach stimulus frogs faster, direct more calls to bright 
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stimulus frogs, and exhibit lower advertising call pulse rates.  Aposematic signals may 

thus be a product of intra-sexual selection (male-male competition).  

Many authors have hypothesized that color is the target of divergent selection 

between O. pumilio populations in the Bocas del Toro archipelago (Daly and Myers, 

1967; Summers et al., 1997; Siddiqi et al., 2004; Hagemann and Pröhl, 2007; Pröhl et al., 

2007; Rudh et al., 2007; Wang and Shaffer, 2008).  Summers et al. (1997) found 

relatively low mitochondrial DNA diversity among color morphs.  Brown et al. (2010) 

used a combination of population genetics, phylogeography and phenotypic analyses to 

test for divergent selection in coloration in O. pumilio.  They collected tissue samples 

from 15 distinct populations (Fig. 2) to develop a gene tree using the mitochondrial DNA 

(mtDNA) d-loop region and predicted the hypothetical nuclear gene underlying 

coloration.  They collected spectral reflectance and body size measurements on 

individuals from four of the populations to perform a quantitative analysis of phenotypic 

divergence.  Their results suggest divergence in color, not body size, is occurring at a 

faster rate than expected under neutral processes.  Their study provides quantitative 

support for the claim that strong diversifying selection underlies color variation in the 

strawberry poison frog.  They could not, however, identify the underlying mechanisms 

for the extreme divergence in O. pumilio coloration. 
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Figure 2. (a) A map of the Bocas del Toro archipelago, Panama, with photos of color morphs,  

(b) Gene tree for four populations of Oophaga pumilio 

 

Brown et al., 2010 
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Assuming birds are potential predators, Darst and Cummings (2006) used an 

avian visual model and live poison frogs to evaluate conspicuousness as a combination of 

color and brightness contrast. They noted that no study has empirically evaluated the 

relative importance of conspicuousness and unpalatability in avoiding attack by predators 

but two earlier studies in the 1980’s had already demonstrated “distastefulness” of this 

anuran to the ant, Paraponera clavata (Fritz et al., 1981) and the ctenid spider, 

Cupiennius coccineus (Szelistowski, 1985); both studies express the probability that this 

could be due to the toxins in the skin of these frogs. 

Genetics 

Oophaga pumilio have a 2n = 20 bimodal karyotype with six large pairs (1 to 6) 

and four small pairs (7 to 10) of chromosomes (Bogart, 1991). 

Skin toxins 

Poison frogs excrete toxins from granular glands in the skin as a chemical defense 

against predation and/or microorganisms (Daly and Myers, 1967; Myers and Daly, 1983).  

The poison consists of alkaloids, lipophilic substances that attack the peripheral nervous 

system. Nearly 500 different alkaloids have been identified in Dendrobatoidea (Lötters et 

al., 2007).   Pumiliotoxin (Fig. 3) is the principal toxin in O. pumilio. Lethal dosage 

(LD50) of pumiliotoxin for laboratory mice is 1.2 - 2.5mg/kg (Lötters et al., 2007). 

 

Figure 3. Pumiliotoxin chemical structure 

Lötters et al., 2007 
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Diet and Feeding 

Poison frogs obtain their poison via their prey.  Oophaga pumilio specialize in 

minute prey. Prey must be small enough to be handled with the tongue. Donnelly (1991) 

studied feeding patterns of strawberry poison frogs; she dissected O. pumilio frogs and 

found that their diet consists of insects and mites: the stomachs of females contained 56% 

ants and 38% mites, those of males 51% ants and 42% mites,  and those of juveniles 39% 

ants and 56% mites.  It was recently discovered that Dendrobatids have an efficient 

system that accumulates alkaloids from dietary alkaloid-containing arthropods (Saporito 

et al., 2004).  Not all ants contain these pumiliotoxins; it has been suggested that ants 

might acquire them via their food or symbiotic bacteria (Smith and Jones, 2004).  

Reproduction 

The mating system of Oophaga pumilio is best described as sequential polygamy 

(Davies, 1991) comprising sequential and simultaneous polygyny and polyandry.   

Females engage in polyandry to produce unfertilized eggs.  They invest their 

energy into one small clutch.  Once they mate with another male, they climb up in the 

canopy to deliver their eggs to the larvae. 

Constant availability of water and food allows females to produce clutches 

continuously.   Donnelly (1989b) found unequal distribution of large eggs in the oviducts 

of females.  Their presence was increased before the rainy season, which suggests 

seasonal variation in reproduction.   However, juveniles are present all year round. 
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Oviposition 

Oviposition takes place in a location preselected by the male.  The male has to 

ensure that the mating site is close to a water source, so he chooses it based on water 

availability.  Pröhl and Berke (2001) found that the sex ratio is strongly female biased in 

the habitat with more tadpole-rearing sites, which is reflective of the female reliance on 

these resources. In accordance with the data from Donnelly (1989b), female home ranges 

are large because they move among tadpole-rearing sites and territories to select males 

(Pröhl and Berke, 2001). 

The male leads the female with close-range courtship calls until they reach the 

oviposition site (usually a leaf) (Limerick, 1980).  Upon arrival the male deposits sperm 

with wiping motions with his hind legs by rapidly extending his hind feet outwards and 

back (Limerick, 1980).  He will continue calling until the female joins him.  Physical 

contact can consist of both trying to maneuver themselves into a position whereby the 

male is sitting on the female’s back so their cloacae touch (pers. obs.) - during this phase 

the male will deposit his sperm (Lötters et al., 2007), or stroking the female’s back with a 

foreleg and then a hind leg while she deposits eggs (Limerick, 1980).  He will leave the 

site while the female begins to lay her eggs.  By rotating in small increments around her 

vertical axis, she will lay 3 - 5 eggs (Limerick, 1980), 5 - 9 eggs (Weygoldt, 1980) or 3 - 

7 eggs (Pröhl and Hödl, 1999) and remain on them for 30 - 35 min (Limerick, 1980). 

Parental Care 

This species exhibits sophisticated parental care.  After oviposition, the female 

leaves the site.  The male will return to moisten the eggs daily until the embryos develop 

(10 - 14 weeks).  Eggs develop into tadpoles in 10 - 12 days (Weygoldt, 1980).  The 
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female will return when the tadpoles begin to hatch, and she will sit on top of the larvae 

until one wriggles up her back.  She will take them in separate trips to a water pool in 

bromeliad (banana or heliconia) axils close to the ground or up in the canopy (bromeliads 

inhabited by a larva are not used for bathing) (Weygoldt, 1980) (Fig. 4).   

 

Figure 4. Left- bromeliad on a tree branch in the canopy, Right- female on her way up to the 

larvae. 

Over the next 6 - 8 weeks she will inspect them on 7 - 11 occasions over 4 days, 

visiting each larva regularly and feed it unfertilized eggs.  In terrarium conditions, a 

female could lay one egg clutch per week to every two weeks to supply the larvae with 

food (Weygoldt, 1980).  Their metamorphosis takes up to 46 days (Pröhl, 1995) or 43 - 

52 days (Brust, 1993). 

If a male comes upon the clutch of eggs of another frog, it will destroy or 

consume them (Weygoldt, 1980), which is an interesting show of intraspecific 

competition.    
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Feeding the young 

Most species of amphibians lay eggs which are deposited either in water or on 

land.  Eggs may hatch into aquatic larvae or miniatures of the terrestrial adults.  In some 

species females retain their eggs in the oviducts and give birth to metamorphosed young, 

while in others adults carry their eggs attached to the surface of their bodies, in pockets of 

the skin of gills or flanks, vocal sacs, etc. 

Viviparity is widespread among caecilians.  At birth, the young are thirty to sixty 

percent of their mother’s body length.  Fetuses initially feed on the yolk contained in the 

egg at the time of fertilization; once this source is exhausted, they emerge from the egg 

membranes and align themselves to scrape the walls of the oviducts with specialized 

embryonic teeth (Pough et al., 2002).  Salamanders lay their eggs singly or in a mass of 

transparent gelatinous material; with the exception of aquatic species, eggs hatch into 

gilled aquatic larvae which transform into terrestrial adults.  A few species of 

salamanders in the genera Salamandra and Lyciasalamandra are viviparous; once they 

exhaust the yolk supply, embryos consume unfertilized eggs and later scrape the 

reproductive tract of the female with specialized teeth (Pough et al., 2002).   

A novelty among anurans, female Oophaga pumilio feed the larvae with 

unfertilized eggs.  Brust (1993) and Pramuk and Hiller (1999) demonstrated obligate 

oophagy in this species.  In 1994, it was renamed Oophaga pumilio (formerly 

Dendrobates pumilio) (Bauer, 1994). 

When ready to feed its larvae, the female inspects the water pool by staring into it.  

The feeding process starts with the recipient larva showing begging behavior: swimming 

slowly with a stiffened tail and vibrating movements towards the female and touching her 
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vent or legs. She will then turn around and enter the water backwards like a frog 

attempting to bathe (Weygoldt, 1980).  Tadpoles feed by biting a hole in the jelly 

envelope of the unfertilized egg and sucking its contents.  A feeding session takes 3 - 5 

minutes (Weygoldt, 1980).  Females feed larvae once every one to two weeks in 

terrarium conditions (Weygoldt, 1980).   Brust (1993) monitored seven O. pumilio larvae 

on Isla Bastimentos, Panama.   He observed that each received 1 - 5 nutritive eggs on 9 - 

13 occasions, totaling 20 - 36 eggs; the larvae were fed at intervals of 1 - 9 days; tadpoles 

experimentally placed in leaf axils were not fed and therefore died of starvation. Females 

do not attempt additional reproductions whereby they fertilize eggs while caring for a 

brood.  

Territoriality 

Territoriality is widespread among all groups of vertebrates, and is defined as 

space-related dominance that ensures the territory holder’s access to critical resources 

such as food, breeding sites or mates (Davies and Halliday, 1978; Duellman and Trueb, 

1986; Pröhl, 2005; Wells, 2007).  A territory is defined as the calling area of one male, 

used exclusively and defended against other male intruders by use of territorial 

advertisement calls and contests (Kaufman, 1983).  A territory is part of an individual’s 

home range.  Home ranges overlap whereas territories do not.  Criteria for territoriality 

are: site tenancy, advertisement calls and aggressive defense/exclusion of competitors.  

Costs associated with territory defense are elevated predation risk and time and energy 

expenditures.  Benefits associated with territory defense are better exposure to females 

and control over food resources, oviposition and mating sites (Duellman and Trueb, 

1986). 
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Martof (1953) demonstrated the existence of territoriality in amphibians in 

breeding aggregations of the green anuran, Rana clamitans.  Herpetologists accepted the 

notion of territorial defense after studies on bull frogs Rana catesbiana (Emlen, 1968; 

Wiewandt, 1969) and dendrobatids Prostherapsis trinitatis (Test, 1954; Sexton, 1960) 

were published.  

Oophaga pumilio males show extensive territorial behavior; they defend their 

territories over several months or years (Pröhl and Berke, 2001).  Male O. pumilio 

typically display territory ownership from perches, defined as any object (log, vine, tree 

branch, tree buttress, roots etc.) elevated 5 cm above the forest floor (Graves et al., 2005).  

Bunnell (1973) was the first to offer a descriptive account of O. pumilio territorial 

behavior. She studied the Costa Rican bright red color morph with blue legs and fawn 

colored venter at the Organization for Tropical Studies at La Selva, Costa Rica.  Her 

observational experiment shows that males remained in close proximity to their perch, 

were 2 - 3 m apart from each other (Fig. 5), and maintained this territorial spacing by use 

of vocalization.  Her manipulative experiment tested responses to tape recorded calls.   

Data show antiphonal responses to playbacks: males stop calling when tape recording 

begins and start calling when tape recording ends.  She described the most intensive 

calling time frame from 6 am - 10 am, and deemed temperature not significant to calling 

variables because it ranged only 21 - 23°C.  She investigated bout length (string calls 

separated by at least 1 second of silence), number of calls per bout and rate of calling 

within a bout.  



17 

 

 

Figure 5.  Study area with points of capture mapped for each anuran  

Bunnell, 1973 

Territoriality in anurans is frequently associated with the defense of limited 

reproductive resources.  Donnelly (1989a) investigated whether reproductive resources 

limit density in O. pumilio at La Selva, Costa Rica.  She manipulated resource 

availability to pinpoint which resource is being defended.  Bromeliads are important for 

the egg stage of O. pumilio because other large bodies of standing water do not occur in 

the habitat (1989a).  Bromeliads are thus a valuable resource because eggs are deposited 

in the water-filled axils.  She was the first to show that competition among O. pumilio 

males is linked to limited bromeliad availability, because the addition of this resource led 

to an increase in the density of the territorial sex.  
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In resource defense polygyny (Emlen and Oring, 1977; Alcock, 1993) males 

defend resources to increase attractiveness to females. Females thus preferentially select 

males that defend “high-quality resources” needed for offspring survival.  Male O. 

pumilio were found not to defend tadpole rearing sites for females (Pröhl and Berke, 

2001).  However, O. pumilio defend territories used for calling, courtship and oviposition 

(Pröhl and Berke, 2001).  Males compete strongly for sites with high female density, 

highly important in increasing their mating success.  Male reproductive success is thus 

limited by female availability (Pröhl and Hödl, 1999).  Territories which include home 

ranges of females enhance male mating success (Pröhl and Berke, 2001). 

Baugh and Forester (1994) performed several “prior residence effect” (Braddock, 

1949) manipulative experiments.  They allowed 32 male O. pumilio to establish 

territories in 32 aquaria.  They were the first to establish an ethogram on the following 

agonistic behaviors: calling, push-ups, tracking, charge and veer (no physical contact), 

charge and contact, grappling, pinning, chase escape, and freeze position (referred to as 

“statue behavior” whereby the submissive anuran freezes in one position).  They 

measured the index of aggression by evaluating energy expenditure: a behavior judged to 

be more energetically expensive received a higher value than a less costly one.  They 

tested 1) responses to conspecifics, 2) resident removal, 3) encounters involving size 

asymmetry and 4) encounters with a sympatric, confamilial species.  They found that 1) 

residents were consistently dominating intruders during staged encounters; when 

reciprocal trials were carried out, residents were dominant over males to which they had 

previously been subordinate, 2) when territory markers (Sphagnum and potted plants) 

were removed, 7 out of 10 males still recognized and defended their territory, 3) when the 
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resident male was presented with a larger intruder, he still maintained territorial 

ownership, 4) the prior residence effect in O. pumilio was not altered when introduced to 

confamilial intruders (Phyllobates lugubris).  Forester et al. (1993) reported results 

indicating that the visual stimulus of a male O. pumilio present in another male’s territory 

elicited more aggressive responses than did playbacks of advertisement calls to the same 

subject.  Their data demonstrates that male O. pumilio exhibit prior territorial residence 

effect (Braddock, 1949) in relation to the resident’s knowledge of his territory, and 

resident males generally win against intruder males. 

“Dear enemy” recognition has been demonstrated in a number of taxa including 

anurans (Davis, 1987), urodeles (Jaeger, 1981), lizards (Fox and Baird, 1992; Lopez and 

Martin, 2002), and birds (Brooks and Falls, 1975; Falls and McNicholl, 1979). The “dear 

enemy” effect consists of territory holders exhibiting lower levels of aggression toward 

their nearby neighbors in comparison to unfamiliar individuals. Bee (2003) conducted 

neighbor-stranger discrimination playback experiments of O. pumilio (red black-spotted 

color morph) on Isla Bastimentos, Panama.  He noted males responded to playback 

stimuli but did not exhibit differential responses to neighbors and strangers.  He found no 

evidence of “dear enemy” recognition and suggested that resident males may require 

visual cues/stimuli (Forester et al., 1993) to recognize individuals.   He also noted the 

distance between territories to range 1.7 – 4 m (mean 2.7 m), in accordance with previous 

studies (Bunnell, 1973; McVey et al, 1981; Donnelly 1989b; Pröhl and Hödl, 1999; 

Pröhl, 2003). 

Gardner and Graves (2005) followed up on Baugh and Forester’s (1994) and 

Bee’s (2003) research.  They tested for responses of resident males to familial and 



20 

 

unfamilial intruders (the “dear enemy” phenomenon) at La Suerte, Costa Rica.  The 

dependent measures of territorial defense were: the amount of time spent oriented toward 

the intruder, physical contact with the intruder, and four calling variables: 1) number of 

call groups, 2) call note rate, 3) total time calling and 4) mean call group duration (Graves 

et al., 2005).  They found that resident male O. pumilio do not exhibit “dear enemy 

recognition” of neighbors, and no significant differences in resident calling 

characteristics when exposed to familiar and unfamiliar male intruders. 

Staudt et al. (2010) found that there is a connection between foraging behaviour 

and territoriality in poison anurans.  Oophaga pumilio defend their territory in response to 

food availability.  They found males established territories in areas of high insect 

abundance whereas the area around their territories had a lower amount of insects and 

was not defended.  Feeding sites may thus be the core area of male’s territory in areas of 

high female density.  The presence of alkaloid sources like formicine ants of the genera 

Brachymyrmex and Paratrechin provides them with two limited resources: mates and 

toxic diet.  

Male anurans expend a considerable amount of energy defending their territory.  

Oophaga pumilio have adapted to using acoustic communication signals to deter 

potential enemies thus avoiding engagement in costly fights (Meuche et al., 2012).  They 

often use vocalization as a social mediator to assess the fighting abilities of an opponent 

(Davies and Halliday, 1978). 

Meuche et al. (2012) found that male O. pumilio modify their calls in response to 

synthetic calls with different dominant frequency, and use dominant frequency to assess 

the fighting ability of an opponent during aggressive interactions. 
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Vocalization 

Vocalization is the primary mediator of social interaction among anurans.  Males 

produce loud, species-characteristic calls.  These calls are distinctive and of widespread 

interest in studies of behavior and sexual selection.  The most frequently heard 

vocalizations are advertisement calls (Fig. 6).  Such calls can be categorized as territorial 

calls by males when rival males are present, and courtship calls when females are present.  

Males have vocal slits (openings in the floor of the mouth) which lead to inflatable sacs.  

These vocal sacs act as resonators to amplify the sound.  Air pumped out of the lungs 

over the vocal cords produces the fundamental frequency of a call (Fig. 7).  

 

Figure 6.  Components of anuran communication system  

             Duellman and Trueb, 1986 



22 

 

                   

Figure 7. Schematic representation of an anuran showing structures involved in vocalization  

 

Duellman and Trueb, 1986 

Acoustical features of advertisement calls are analyzed with electronic equipment 

such as oscilloscopes or sonographs that produce oscillograms and audiospectrograms as 

representation of sounds.  The oscillogram shows the waveform of the sound- how the 

call amplitude (vertical axis) changes with respect to time (horizontal axis) (Fig. 8).  The 

audiospectrogram shows the change in frequency (vertical axis) with respect to time 

(horizontal axis); the darkness of the patterns reflects the amplitude of the sound 

component (Fig. 9).  

The most significant components of vocalizations are the dominant frequency 

(pitch), duration and pulse rate (successive bursts of sounds).  They are measured in 

cycles per second (Hz), time in seconds, and number per second. 
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Figure 8. a) Power spectrum of a single advertisement call group from Oophaga pumilio, b) 

Oscillogram of the same call group, c) Oscillogram depicting four pulsed advertisement calls 

from the middle of the same call group. Horizontal bars depict time scales in b and c. 

                                                        

  Bee, 2003 
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 Figure 9. Oscillogram (above), spectrogram (below and left) of three advertisement calls from a 

call sequence. Oscillogram and sonogram show the pulsed structure of the signal, the spectrogram 

shows the energy distribution with a peak near 4 kHz   

 C.D.= call duration, C.P.= call period, I.I.=inter-call interval, P= pulses. 

 Pröhl, 2003 

 

Male Oophaga pumilio exhibit aggressiveness and engage in physical combat by 

grappling and wrestling the intruder.  As a component of intra-sexual competition, males 

advertise territorial ownership through vocalizations (Pröhl, 2003). Males calling during 

male contests call with a lower frequency and are thus more successful in defending their 

territories (Pröhl and Berke, 2001). 

Advertisement calls consist of a long series of “chirps” (Duellman, 1966) or as 

described later by Zimmerman (1990) as` rapidly repeated, brief buzzing sounds.  Each 

burst of the buzzing sound is called a "call note," and a series of consecutive call notes 

with less than one second between call notes comprises a “call group” (Bunnell, 1973). 

Zimmermann (1990) identified four call types for O. pumilio males: advertisement calls, 

courtship calls, aggressive calls and release calls, all described as “buzz calls” with 

various modifications. 
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Calling characteristics such as call rate, pulse rate and dominant frequency are 

correlated with mating success (Pröhl, 2003).  Bunnell (1973) first suggested that females 

are attracted by auditory stimuli rather than visual or chemical stimuli.  Females prefer 

males that exhibit high rates of vocalization and occupy elevated display sites (Pröhl and 

Hödl, 1999). Pröhl (2003) suggests that males increase their call rate when detecting a 

female because higher call rates are attractive for females, whereas males that produce 

low calling frequencies are unsuccessful in attracting mates. 

Activity Levels 

Diel activity of poison frogs is influenced by light, temperature and relative 

humidity (Lötters et al., 2007).  Dendrobates are active and vocalize early in the morning 

(when air is full of moisture), retreat over noon when temperatures reach their maximum, 

reappear and resume their activity later in the afternoon (Lötters et al., 2007). 

Bunnell (1973) suggested that the most intensive period of calling for O. pumilio 

is between 6 am and 10 am, but did not report data.  She also deemed temperature not 

significant to calling variables because it ranged only 21°C - 23°C.   Graves (1999) and 

Graves et al (2005) studied daily activity patterns correlated with vocal display at La 

Suerte Biological Station in Costa Rica.  Studies were done for nine consecutive days in 

1997 (Graves 1999), and for seven weeks in 1998 (seven males studied per week) 

(Graves et al 2005) to measure daily activity levels in relation to vocal display.  Graves 

(1999) found that O. pumilio become active at dawn and peak in activity early in the 

morning (07:45 am to 09:15 am); activity gradually decreases to midday, after which a 

moderate level of activity is observed until dusk.  Temperature was not significant to 

calling activity.  Regression comparing 72-hr rainfall and total number of O. pumilio 
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observed in the plot was significant.  Graves et al. (2005) found that vocalization 

characteristics such as total time calling, mean call group duration, number of call groups, 

call note rate, and proportion of days calling were greater between 06:30 am and 08:30 

am than at other times through the day.  There was a clear peak perch use by O. pumilio 

shortly after sunrise.  Occupation of elevated display sites was greater between 05:30 am 

and 09:30 am than at other times of day.  Temperature was not significant to calling 

activity.  Rainfall during the previous 24-hr period was positively correlated with all 

calling characteristics and perch use. 

Graves (1999) and Graves et al. (2005) determined the total number of frogs 

engaged in various activities throughout the day but did not specifically pinpoint how 

many frogs vocalized and when their calling peak was.  Knowing when the calling 

activity is at its highest is crucial in studies dependent on calling variables.  In dim light, 

frogs are hidden in the leaf litter rather than calling (personal observation) so it is 

important to know how weather conditions affect these anurans.  Graves (1999) assumed 

that the proportion of animals found on elevated perches would provide an indication of 

the extent of territorial and courtship vocalization, relative to foraging activity.  In my 

study I 1) quantitatively determined the number of vocalizing male frogs and 2) 

investigated differences in hourly total activity and hourly calling activity and the 

influence of weather conditions such as temperature, humidity, light intensity and rainfall 

on total activity and calling activity during a day.  
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Methods 

I conducted this study in January 2012 at the Institute for Tropical Ecology and 

Conservation Biological Station (09°24’90’’N; 82°19’83”W) in Boca del Drago, North 

Isla Colón, Province Bocas del Toro, Republic of Panama.  

A study plot was established in a primary forest using a random numbers table, a 

compass, and flagging tape.  Vocalizing frogs were marked with a flag a day prior to the 

onset of the field experiment. 

Data was collected during 10 observation periods each day, spaced at 1-hr 

intervals.  The first observation period began at 7:30 am, and the last began at 4:30 pm.  

At the onset of an observation period, temperature, humidity and light level 

measurements were taken (for example in the 7:30 am - 8:30 am observation period, 

measurements were taken at 7:30am, for 8:30 am - 9:30 am period, measurements were 

taken at 8:30 am, etc.).  

The forest floor was scanned thoroughly and consistently by walking along 3 

transects equidistant from the longer edges of the plot (measuring 35 ft by 44 ft) for 45 

minutes and resting for 15 minutes.  All frogs seen on the ground, on perches and 

vocalizing within the plot were counted in every observation period.  Frogs calling 

outside the plot were not counted. 

Temperature was recorded to the nearest 0.1°C with a digital thermometer. 

Humidity was recorded with Sling Psychrometer.  Light Intensity (Foot Candles) was 

recorded with a Field Scout Light Meter C#3415FQF.  Amount of rainfall (meters) within 

24 hrs was recorded daily with a standard rain gauge located in an open pasture at 

6:30am.  Vocalizations were recorded during observation periods using a Sony PCM-
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M10 recorder and a Sennheiser ME66/K6 unidirectional microphone.  These devices 

were placed approximatively 1 m from the calling males.  Recording times were chosen 

independent of time of day.  Advertisement calls were digitized (16-bit resolution; 

sampling rate= 22.05 kHz) and bandpass filtered between 3.5 and 7 kHz to reduce 

background noise due to wind and other signaling animals, using Raven Pro 1.4 sound-

editing software running on a Dell Inspiron 1525 portable computer.  

A one-way ANOVA (p< 0.5) statistical test was used for total activity and calling 

activity and linear regression was used for weather conditions (temperature, humidity, 

light intensity, rainfall). 

Results 

Data reflects overall daily activity in hourly increments of a) foraging frogs, frogs 

engaged in courtship, and calling frogs and b) only the vocalizing frogs, in response to 

weather conditions: previous 24-hr rainfall, hourly temperature, hourly humidity, and 

hourly light intensity. 

                         Total Activity and Calling Activity 

The total number of O. pumilio frogs observed at a single observation time ranged 

from 0-16.  The number of calling males observed at a single observation time ranged 

from 0-10 and varied across time periods.  There were no significant differences in the 

total activity of O. pumilio among observation times (p= 0.5398, df= 9, F= 0.8912) (Fig. 

1).  However, activity peaks for calling activity were significantly different (p= 0.0011, 

df= 9, F= 3.791) from one observation period to the other with peak calling 10:30 am – 

11:30 am (Fig. 2). 
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    Figure 1. Mean ± SD number of O. pumilio observed at each observation period. 

 
Figure 2. Mean ± SD number of calling O. pumilio observed at each observation period. 

 

Temperature 

Temperature ranged between 23.9° C to 31.4° C during the observation times in 

this study.   Mean ambient temperature for all observation times was 26.3°C, with means 

for each of the six days of the study ranging from 24.7° C to 27.7° C.  Regression 

comparing temperature to total number of O. pumilio observed was not significant (F = 

0.3731, p = 0.5437, df= 1, r
2
 = 0.006503) (Fig. 3).  Regression comparing mean 
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temperature to calling number of O. pumilio observed was not quite significant (F = 

3.065, p = 0.0853, df= 1, r
2
 = 0.05019) but the trend was for decreased calling as 

temperature increased (Fig. 4). 

 
Figure 3. Temperature and number of O. pumilio observed at each observation period. 

 
Figure 4. Temperature and number of calling O. pumilio observed at each observation 

period. 

 

 Humidity 

Mean ambient humidity for all observation times was 90.1%, with means for the 

six days of the study ranging from 85.8% to 94.2% F.  Regression comparing humidity to 

total number of O. pumilio observed was not significant (F = 1.149, p = 0.2883, df=1,     

r
2
 = 0.01976) (Fig. 5).  Regression comparing mean humidity to calling number of         
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O. pumilio observed was not significant as well (F = 0.3676, p = 0.5467, df= 1, r
2
 = 

0.006298) (Fig. 6).  

 

 
   Figure 5. Humidity and number of O. pumilio observed at each observation period. 

  

 

 
Figure 6. Humidity and number of calling O. pumilio observed at each observation  

period. 

 

            Light Intensity 

Illumination ranged between 20 ft cd to 360 ft cd during the observation times in 

this study.   Mean intensity for all observation times was 72.58 ft cd, with means for each 

of the six days of the study ranging from 18.33 ft cd to 136.66 ft cd.  Regression 

comparing light intensity to total number of O. pumilio observed was not significant (F = 

0.3731, p = 0.5437, df= 1, r
2
 = 0.006503) (Fig. 7).  Regression comparing mean light 
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intensity to calling number of O. pumilio was significant (F = 6.401, p = 0.0141, df= 1,   

r
2
 = 0.09939) with an increase in calling at higher light intensity (Fig. 8).  

 
Figure 7. Light intensity and number of O. pumilio observed at each observation period. 

 
Figure 8. Light intensity and number of calling O. pumilio observed at each observation 

period. 

                                                    

                                                        Rainfall 

Regression comparing rainfall to total number of frogs was not significant (F= 0.2442, p= 

0.6471, df= 1, r
2
= 0.05754) (Fig 9).  Regression comparing rainfall to the number of 

calling frogs was not significant as well (F= 0.1471, p= 0.7208, df= 1, r
2
= 0.03547) (Fig 

10).  
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Figure 9. Rainfall (24 hr) and total number of frogs.  
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Figure 10. Rainfall (24 hr) and number of calling frogs. 
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Figure 11. Diagram of the study plot; territory sizes are approximate, territory size measurements 

were not taken. Numbers refer to frog resident # in the territory. 

 

 Fourteen perches were monitored for perch occupation while calling, presence in 

territory, and absence from territory (Fig. 11).  The frogs that advertised the most were 

frog #5 and frog #14 (Table 2).  Both frog #5 and frog #14 held contested perches (Table 

3).  Intruders ranged between 10 - 26 males in a day; intruders called within the plot 6.7 - 

38.3 percent of the time (Table 4).  
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Table 2 

 

Distribution of activities of resident frogs throughout the day 

 

Frog # % perch occupation 

while advertising 

% presence 

in territory 

% absence 

1 20 8.3 71.7 

2 0 0 100 

3 0 0 100 

4 3.3 18.3 78.4 

5 53 1.7 45.3 

6 1.6 3.3 95.1 

7 0 0 100 

8 8.3 1.7 90 

9 8.3 0 91.7 

10 21.6 6.7 71.7 

11 28.3 1.7 70 

12 20 3.3 76.7 

13 6.6 1.7 91.7 

14 40 16.7 43.3 

   Note: frogs # 2, 3, 7 were absent throughout the study period, they were most likely intruders. 

 

Table 3 

 

Most contested perches 

Perch # # of combats 

5 2 

14 2 

13 1 

 

Table 4 

Calling frequency of intruders on territories and percent of intruders 

calling 

Day 1 2 3 4 5 6 

Number of unflagged 

males  calling 

 

10 

 

26 

 

21 

 

10 

 

23 

 

13 

% calling 6.7 43.3 35 16.7 38.3 21.7 
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Males engaged in fights exhibited lower advertising call pulse rates (Table 5), in 

accordance with the findings of Crothers et al. (2011). 

Table 5 

Dominant Frequencies, Amplitudes and Pulse Rates in analyzed sequences 

Activity Frequency 

range 

(kHz) 

Amplitude for call 

group (kU) 

Mean Pulse Rate (number 

bursts/sec) 

Male advertising alone 3.5 - 6 ± 5 0.5 

Male engaged in fight 

when female is present 

3.7 - 6 ± 3; ± 5; ± 7 1.3 

Male courting a female 3.3 - 5.7 ± 3 1.4 

Male engaged in mating 

with female 

3.5 - 6 S1 S2 S3 S4 S1 S2 S3 S4 

±10

±18 

± 8; 

±15 

±13 

±15

±5 

±11

±5 

±10

±10

±10

±10 

±15 

±16 

±13 

0.67 0.13 0.28 0.23 

  Note: kU are kilo units of amplitude in Raven sound analysis software, S1, S2, S3, S4 are all 

separate four sequences of the same mating call- see Figs. 15, 16, 17, 18. 
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Sound Waveforms and Spectrograms 

 

                                             

 

     Figure 12. Waveform and spectrogram of male advertising by himself; units: amplitude kU, 

frequency kHz, time sec. 
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Figure 13. Waveform and spectrogram of male fighting another in the presence of a female; 

units: amplitude kU, frequency kHz, time sec. 
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Figure 14. Waveform and spectrogram of male courting female; units: amplitude kU; frequency 

kHz; time sec. 

One mating was observed (male #5).   The mating time until oviposition occurred 

was 96 min (Fig. 14, 15, 16, 17). 

 

 

Figure 15. Sequence 1. Waveform and spectrogram of a mating call; units: amplitude kU; 

frequency kHz; time sec. 
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Figure 16. Sequence 2. Waveform and spectrogram of a mating call; units: amplitude kU; 

frequency kHz; time sec. 

 

 

 

Figure 17. Sequence 3. Waveform and spectrogram of a mating call; units: amplitude kU, 

frequency kHz, time sec. 
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Figure 18. Sequence 4. Waveform and spectrogram of a mating call; units: amplitude kU, 

frequency kHz, time sec. 

Discussion 

I used techniques similar to those employed in the studies conducted by Graves 

(1999) and Graves et al. (2005).  An important difference is that the current study was 

conducted in the dry season in January, while Graves’ study (1999) was conducted June 

to July and Graves et al.’s study (2005) July to August during the wet season when 

reproductive activity is at its highest. 

Graves (1999) and Graves et al. (2005) found that activity (foraging, courting, 

calling, etc.) rises early in the morning (6 am - 9 am), decreases slightly to mid-day, and 

spikes again before sunset.  Bunnell (1973) found the most intensive calling activity 

period early morning 6 am – 10 am.  In my study, overall activity was low early in the 

morning, somewhat higher from 10:30 am until noon, and somewhat constant late 
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afternoon, with a spike an hour before sunset.  Calling activity however, was at its lowest 

early in the morning and late afternoon, and at its highest 9:30 am - 12:30 pm.  

Graves (1999) and Graves et al. (2005) concluded that rainfall is significantly 

correlated with activity.  In my study, the amount of rainfall does not accurately reflect 

that received in the forest.  The rain gauge was located in an open pasture 20 minutes 

away from the study site.  The study site was 500 m in from the entrance in the forest.  I 

suggest placing the gauge near the forest entrance.  It sometimes rained during the 10 hr 

observation periods.  Calling activity right after the rain seems to have been higher (pers. 

obs.), probably due to the surfacing of frogs previously hidden in the leaf litter. 

As expected, temperature and humidity were not significant.  However, regression 

comparing mean light intensity to calling number of O. pumilio was very significant.  The 

lower the light intensity, the more frogs stay hidden in the leaf litter; the higher the light 

intensity, the greater the chances of frog visibility thus the greater the number of calling 

males.  

Contests with intruders over perches usually occurred when a female was present. 

Bunnell (1973) offered an observational account of two fights in the field: as soon as an 

intruder was within 1 – 1.5 m of the resident male’s territory, the resident male would 

approach the intruder until it retreated.  In this study all observed fights were won by the 

resident males, thus prior residence had a strong effect on the outcome.   It is important to 

note that perch #14 was in the middle of the plot, highly visible from any one point, while 

perches #5 and #13 were on opposite branches of a large tree buttress at the edge of the 

plot.   Even though male #5 was not clearly visible (the branch was covered in leaves), he 

advertised 53 percent and was absent 45.3 percent of the time (Table 2) which shows that 
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he invested a great amount of energy calling.  His efforts were successful and he was 

observed mating once.   Perch #14 and perch #8 were right next to each other; they were 

two slanted branches which touched the ground in the same point- whenever a female 

was present they would both have to descend their perch at the same spot (Fig. 19).  Due 

to their level of aggression and one observed fight, frogs #14 and #8 did not exhibit “dear 

enemy” recognition. 

 

Figure 19. Left arrow: perch # 14, Center arrow: intersection of perches,  

Right arrow: perch # 8. 

 

Bee (2003) edited call groups of individual males into separate 5-min sequences 

of no fewer than 10 call groups that approximated the call-group rate of a calling frog. 

Pröhl (2003) also analyzed call sequences with a minimum of 10 call groups.  My 

recordings (apart from the mating call sequences) contained less than 10 call groups so I 

was unable to compare my calling parameters to theirs.  However, the dominant 

frequencies I analyzed when a male advertised alone, when the male was engaged in a 

fight when the female was present, when a male was courting a female, and when a male 
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was engaged in mating, fell in a similar range (3.5 – 6 kHz) to their data (Table 5).  The 

oscillograms (waveforms) of the call groups differed in amplitude (kU) which shows that 

the calls were different even though the frequencies were in the same range. 

Cicadas broadcast at 4.91 kHz (Wong et al., 2009), a frequency similar to that of 

O. pumilio (4 kHz in Pröhl, 2003 and 4.77 kHz in Wong et al., 2009).  Whenever cicadas 

called, they produced heteroacoustic disturbances: frog calling activity was zero except 

when frogs were actively engaged in courtship.  It remains to be seen whether cessation 

of calls during cicada advertisements has any effect on male mating success such that it 

disturbs courting vocalizations – will a choosy female leave his territory if he stops 

vocalizing?  

Studies over longer time periods and across the geographic range of the species 

will be necessary to address the extent of variation in Oophaga pumilio activity patterns.  

In addition, female choice can be examined testing for a “hot shot, hot spot” hypothesis.  

If a male’s site is highly contested by intruders, his site must be a “hot spot”; if many 

females visit his site he must be a “hot shot.”  Males defend territories that provide 

suitable calling sites, space for courtship and oviposition, and prevent interference by 

competitors (Pröhl and Hödl, 1999). 

Females spend more time on parental care than males (Pröhl and Hödl, 1999).  If 

the female invests energy in producing infertile eggs to feed her small clutch in separate 

trips, mate choice must be highly selective.  Survival rate of eggs is low- of the 11 

clutches Limerick (1980) had observed, only two had eggs that hatched, so females much 

choose males who successfully defend their territory to ensure the survival of their 

offspring.   
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Ways to improve the current experiment would be to 1) measure the distance 

between territories to compare it to previous studies (Bunnell, 1973; McVey et al, 1981; 

Donnelly 1989b; Pröhl and Hödl, 1999; Bee, 2003; Pröhl, 2003),  to 2) count the number 

of females engaged in either courtship or mating with a resident male, and the number of 

females present when males fight to test for the “hot shot, hot spot” hypothesis, and to 3) 

record advertisement calls such that recordings contain more than 10 call groups to be 

able to compare them to Pröhl’s (2003) and Bee’s (2003) calling parameters. 

Finally, it is worth mentioning, that this study is the first in this line of research that 

has shown a statistically significant difference between hourly time intervals for diel calling 

activity in the dry season, and a positive correlation between calling activity and light 

intensity.  
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