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Figure 3.2.  Map of study sites in Puerto Rico.  Abbreviations follow to table 3.1.  
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Figure 3.3.  The relationships between adult body size (SVL) and (A) range and elevation and (B) site and elevation for male 
Eleutherodactylus coqui in Hawaii and Puerto Rico (means ± 1 SE).
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Figure 3.4. The relationships between (A, B) mean Co and (C, D) mean Qui frequencies and (A, C) range and elevation and (B, D) site 
and elevation in Hawaii and Puerto Rico (means ± 1 SE).
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Figure 3.5. The relationships between (A, B) call duration and (C, D) call rate and (A, C) range and elevation and (B, D) site and 
elevation in Hawaii and Puerto Rico (means ± 1 SE). 
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Figure 3.6.  The effect of (A, C, E, G) site and elevation and (B, D, F, H) temperature on 
(A) Co and (C) mean Qui frequencies (E) call rate, and (G) call duration (means ± 1 SE) 
of Eleutherodactylus coqui from Hawaii (Hilo) and Puerto Rico (El Yunque and Rio 
Abajo) in the laboratory (means ± 1 SE). 
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CHAPTER 4 

COLOR PATTERN INHERITANCE AND VARIATION IN NATIVE AND 

 INTRODUCED POPULATIONS OF ELEUTHERODACTYLUS COQUI 

Introduction 

 A major goal of evolutionary biology is to understand the origin and maintenance 

of polymorphisms in natural populations.  Phenotypic polymorphisms can be maintained 

within populations by several forms of balancing selection including heterosis, 

temporally variable selection, frequency or density-dependent selection (Ford 1975), or 

genetic correlations between traits (Brodie 1989).  Alternatively, divergent selection may 

eliminate polymorphisms within populations, by favoring certain phenotypes within a 

population.  Gene flow between divergently adapted populations may result in the 

presence of polymorphisms despite strong selection against come alleles.  Distinguishing 

between neutrality, balancing selection, and gene flow is necessary to understanding the 

roles of adaptive and non-adaptive processes on the maintenance of phenotypic variation 

in natural populations. 

The locus comparison approach (sensu Hoffman et al. 2006) has become an 

important tool in differentiating between adaptive and non-adaptive mechanisms for 

polymorphism maintenance. This method uses measures of population genetic 

differentiation (e.g., FST and its analogs) of putatively neutral loci as a null distribution of 

drift and migration on which other traits may be tested for selection (Cavalli-Sforza 1966; 

Lewontin and Krakauer 1973).  Significant differences in FST between the test locus and 

neutral loci may indicate both the presence and nature of selection.  For example, higher 
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FST scores for the test locus indicate local divergent selection, whereas lower FST scores 

indicate global common selection.  When FST scores are not different between neutral and 

test loci, the null hypothesis of drift and migration cannot be rejected.  Several studies 

have used the locus comparison approach to test for selection on color and pattern 

polymorphisms.  These studies have provided evidence of balancing selection in spiders 

(Gillespie and Oxford 1998) and local adaptation with gene flow in mice (Hoekstra et al. 

2004).  Alternatively, the hypothesis of drift was not rejected for a color polymorphism in 

frogs, suggesting that this variation may be selectively neutral (Hoffman et al. 2006). 

Colors and color patterns have been the focus of much research on phenotypic 

variation because they are often polymorphic and widely thought to be the targets of 

selection (Poulton 1890; Owen 1980).  For example, colors and color patterns have been 

shown to be important for sexual selection (Moris et al. 2003), thermoregulation 

(Forsman et al. 2002), crypsis (Kettlewell 1973; Rosenblum 2004), mimicry (Kapan 

2001), and aposematism (Marples et al. 1994).  Additionally colors and patterns may 

contribute to speciation through the evolution of reproductive isolation (Seehausen et al. 

1999; Kronfrost et al. 2006).  While selection appears to operate on colors and color 

patterns in various ways, we know little about the mechanisms that maintain most color 

and pattern polymorphisms. 

 Frogs show a wide array of color and pattern polymorphisms.  In a recent review, 

Hoffman and Blouin (2000) cited polymorphisms in 225 species representing 35 genera 

and 11 families.  Correlative evidence suggests that colors and color pattern 

polymorphisms are maintained by balancing selection in some species, but no studies 

have ruled out the possible role of gene flow with directional selection.  The terrestrial 
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frog, Eleutherodactylus coqui, exhibits a wide range of colors and patterns, including 

four stripes on its dorsal surface, unstriped morphs, and combinations of stripes, in its 

native range of Puerto Rico (Woolbright 2005; Woolbright and Stewart 2008).  

Woolbright and Stewart (2008) found that stripe pattern frequencies of E. coqui are 

variable across different environments and fluctuate temporally in response to habitat 

changes in the Luquillo Mountains of Puerto Rico.  They suggested that stripe patterns 

are cryptic and maintained in part by local habitat matching and frequency dependent 

selection (FDS) by visual predators.  While it appears that selection is acting on stripe 

patterns in Puerto Rico, little is known about the genetic architecture of stripe patterns or 

the relative importance of selection and gene flow in maintaining color pattern 

polymorphisms across the range. 

 Eleutherodactylus coqui was introduced to Hawaii in the late 1980s (Kraus et al. 

1999).  Evidence from mitochondrial DNA (mtDNA) suggests that populations in Hawaii 

have lower genetic variation than populations in Puerto Rico (Velo-Anton et al. 2007).  

While stripe patterns appear to be genetically determined (Woolbright and Stewart 2008), 

the exact genetic architecture is not known.  The number of loci and alleles may influence 

how founder effects and selection have affected pattern frequencies in Hawaii compared 

with Puerto Rico.  Most research on E. coqui in Hawaii has focused on its population 

biology and the ecological consequences of the invasion (Woolbright et al. 2006; Beard 

2007; Sin et al. 2008,), but little is known about the effects of the introduction on color 

pattern variation. 

In this study, the distribution of stripe patterns across Puerto Rico and Hawaii was 

characterized to determine how these patterns varied across Puerto Rico and whether the 
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introduction into Hawaii has affected phenotypic frequencies.  Additionally, the genetic 

architecture of stripe patterns was determined through breeding trials, providing a model 

to estimate the number of alleles in each population. Finally, the relative effects of 

selection versus drift and migration on the stripe pattern locus in Puerto Rico were tested  

using the locus comparison approach.   

Methods 

Field Sampling 

 Frogs were sampled from 12 populations in Puerto Rico during March and May 

of 2006 and from 15 populations in Hawaii from August 2004 to June 2006 (Table 4.1).  

Locations were chosen to maximize the geographic and elevational coverage across each 

island (Fig. 4.1, 4.2).  At each site, we established 20 X 20 m2 plots divided into four 5-m 

wide transects, following Woolbright (2005).  Plots were located in closed canopy forests 

with moderate to heavy understory of herbaceous and/or woody vegetation.  Beginning at 

dusk, around 1900 h, two people surveyed each transect for 15 minutes, not including 

handling time, for a minimum total of 120 person minutes per plot.  Adult frogs, > 25 

mm (Woolbright 2005), were captured by hand from 1900–1000 h, sexed and scored for 

stripe pattern at the time of capture.  Stripe patterns follow Woolbright (2005), with one 

modification.  Woolbright (2005) described the five patterns we used, but also described 

a spotted pattern, which appears to be a quantitative trait and thus was excluded from this 

study.  The following abbreviations are used for stripe patterns: I = interoccular bar, U = 

unpatterned, N = narrow middorsal stripe, W = wide middorsal stripe, L = dorsolateral 

stripes (Fig. 4.1). 
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 To test for differences in frequencies of stripe patterns among populations within 

Puerto Rico and Hawaii, chi-square tests for homogeneity of proportions were used for 

each range.  Because some cells in the table had counts of less than 5, a Monte Carlo 

estimate (10,000 samples) of an exact test was used in SAS 9.1 (2002-2003, SAS 

Institute Inc., Cary, NC, USA). Individuals with combinations of color patterns (n = 14) 

were excluded from all chi-square tests because these were absent from several 

populations.  For populations in Puerto Rico, we tested heterogeneity of stripe 

frequencies among all populations simultaneously as well as among populations within  

major clades found in Velo-Antón et al. (2007). 

Mode of Inheritance for Color Patterns 

 Controlled breeding experiments were conducted to determine the mode of 

inheritance for stripe patterns.  Frogs were collected for this experiment in Puerto Rico 

and Hawaii in 2006 and brought back to the laboratory at Utah State University.  Stripe 

patterns for all adult frogs were recorded, and frogs were individually marked using toe-

clipping.   

Adult animals were established in mixed sex pairs and housed in half of a 37.85-L 

terrarium using corrugated plastic board as a divider.  Terrariums included 1-2 cm of 

moist sphagnum moss, two 10 cm lengths of PVC pipe (diameters: 2.54 cm and 3.81 cm), 

half of a 0.47-L plastic cup (cut lengthwise), and a potted plant (Pothos sp.).  Relative 

humidity inside the terraria was maintained at levels greater than 95%.  Ambient room 

temperature was maintained at 25°C.  The photoperiod was maintained at a constant 

12L:12D.  Frogs were fed vitamin-dusted crickets ad libidum.  
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Terraria were checked daily for clutches and all eggs were removed and placed in 

Petri dishes (95 mm diameter) with moist paper towels.  When clutches were removed, 

stripe patterns of adults were recorded.  The Petri dishes were watered and checked every 

two days.  Infertile eggs or eggs showing evidence of fungal infection were removed 

from clutches.  Five to seven days after hatching, juvenile frogs were moved to individual 

Petri dishes (95 mm diameter) lined with moist paper towel and sphagnum moss, and fed 

Collembola every other day.  Frogs were scored for stripe patterns one week from 

hatching date and confirmed after one month. 

 To compare the results of our crosses with expected values under multiple 

inheritance models, chi-square tests were used.  Specifically, the dominance hierarchy 

among pairs of alleles, X-chromosome linkage, and a single vs. two-locus model of 

inheritance were tested.  Throughout the text, the same letters were used to abbreviate 

phenotypes and their alleles (see results), but alleles are written in italics.  The number of 

alleles in each population in Puerto Rico and Hawaii was estimated using the phenotypic  

data from the field and the model of inheritance from the breeding experiment. 

Comparison of mtDNA and Stripe Pattern Alleles 

 To determine the extent of population differentiation in Puerto Rico under a null 

distribution of drift and migration, published mtDNA sequences (646 bp of cyt b) of E. 

coqui (Velo-Antón et al. 2007) were used (Table 4.4).  Population distributions were 

similar between our studies (Fig. 1,Velo-Antón et al. 2007; Fig. 4.2, this study); therefore 

both are expected to provide reasonable estimates of island-wide population 

differentiation with their respective loci.  Sequences were downloaded from Genbank 

(accession nos. available in Velo-Antón et al. 2007).  Populations with a single 
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representative sequence were excluded because these do not contribute to within 

population estimates of variance. The remaining sequences (n = 74) from 12 populations 

(x = 6) across Puerto Rico were analyzed in an AMOVA framework to estimate φST (an 

analog of FST) as a measure of neutral population genetic differentiation.   

The AMOVA analyses were conducted in two ways.  First, all the data were 

analyzed as groups separated into the two clades found in Velo-Antón et al. (2007), 

which measured variation across the island, while maintaining information about the 

major phylogeographic structure.  Second, each clade was analyzed separately with no 

grouping, which measured variation within major clades.  Statistical significance was 

determined by estimating confidence intervals (20,000 bootstrap replicates across all 

nucleotides) around φST using Arlequin 3.1 (Excoffier et al. 2005). 

 To test the level of population differentiation in the stripe pattern locus, patterns 

were scored as dominant loci based on phenotypes in the field.  This method avoided the 

assumptions of Hardy-Weinberg equilibrium, but frogs with multiple color pattern 

elements (n=14) were excluded from this analysis.  These data were analyzed using 

Arlequin 3.1 under the same AMOVA designs as those used for the mtDNA. 

 Because mtDNA are maternally inherited in vertebrates, and the stripe pattern 

locus is nuclear (see results), the φST values for these types of data are expected to be 

different.  But as Birky et al. (1989) demonstrated, under the island mode and at 

equilibrium, nuclear and mitochondrial values for GST (an analogue of φST) are equal 

when 2Nem = Nfmf, where Ne is the number of mating individuals (Nf is the number of 

females) in each subpopulation, and m is proportion of migrants (mf is the proportion of 

female migrants) in each subpopulation in each generation. From this we can calculate 
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the expected φST for mitochondrial data given a value from nuclear data using the 

equation:  

Expected φST(mt) ≈  1 / [1 + (1 - φST(nDNA)) / 4φST(nDNA)].   

Analogous methods have been used to compare organellar DNA with nuclear DNA in 

plants (Ennos 1994; McCauley 1994; Latta and Mitton 1997) and animals (Lynch et al. 

1999; Hoekstra et al. 2004). 

 To compare mtDNA with autosomal DNA, using the above equation, the 

following assumptions must be met: the species is diploid and only reproduces sexually, 

the operational sex ratio and migration rates are equal among sexes, and mitochondria are 

homoplasmic and strictly uniparentally inherited.  These assumptions were addressed by 

reviewing the literature on mtDNA and E. coqui. Mitochondrial DNA is usually 

maternally inherited and homoplasmic in vertebrates, but exceptions are known (Birky 

1978, 2001).  Eleutherodactylus coqui is a diploid (Bogart 1981) sexually reproducing 

species.  Sex ratios of E. coqui in Puerto Rico do not to differ from 1:1 (Stewart 1985).  

Differences in migration rates between male and female E. coqui are not known.  

Dispersal, in general, is likely to be low, because adult annual survivorship is very low 

(<5%) (Stewart and Woolbright 1996), males have small (5–8 m) home ranges 

(Woolbright 1985) and often stay in the same 5 x 5-m2 areas throughout life (Woolbright 

1996).  Nightly movements of males average 3-5 m (Woolbright 1985); although, they 

have been found to home up to 100 m (Gonser and Woolbright 1995).  Juvenile and 

subadult nightly movement appears to be even less than adult movement (Gonser 1996).  

E. coqui undergoes direct larval development (Townsend and Stewart 1985), which  

eliminates an aquatic phase that could promote dispersal.   
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Results 

Phenotypic Variation in the Field 

 A total of 2254 frogs were scored for stripe patterns in the field.  All stripe 

patterns occur in both male and female frogs.  The most common phenotype in Hawaii 

and Puerto Rico was unstriped (U).  Four stripe patterns and the unstriped morph were 

present in seven of 12 populations in Puerto Rico, but all Hawaii populations have no 

more than two color patterns (Fig. 4.2).  While all populations but one in Hawaii were 

polymorphic for unstriped (U) and narrow middorsal stripe (N), one population in Maui 

(Maliko Gulch) was polymorphic for unstriped (U) and interoccular bar (B).  Individuals 

with multiple stripe patterns were rare in Puerto Rico, but some were present in seven of 

12 Puerto Rico populations.  All stripe patterns occur in similar proportions within major 

clades in Puerto Rico (eastern: P = 0.62; western:  P = 0.34), but across clades there may 

be a difference in proportions (P = 0.056).  Proportions of stripe patterns between Hawaii  

populations were highly heterogeneous (P < 0.0001). 

Stripe Pattern Inheritance 

 Stripe patterns were scoreable within one week of hatching and did not change 

after one month.  A total of 414 offspring from 20 crosses were used to test 49 

hypotheses about dominance hierarchy, number of loci, and autosomal vs. X-linkage 

(Tables 4.2 and 4.3).  Cross numbers 1 and 2 (Table 4.2) were between parents with 

identical stripe patterns (N and L, respectively) and yielded offspring at 3:1 (L:U or N:U) 

ratios.  This ratio is only consistent with a single autosomal locus, allele u recessive to L 

and N, and both parents heterozygous.  Cross 3 (Table 4.2) between an unpatterned (U) 
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male and a two patterned (N and L) female yielded offspring at a 1:1 (L:N) ratio.  Given 

that L, N, and u are autosomal, and u is recessive to L and N, (from crosses 1 and 2) this 

ratio was only consistent with L and N as codominant alleles at a single autosomal locus.  

Using this information, we tested hypotheses about the inheritance of two other patterns 

(Table 4.3).  Cross 4 between an unpatterned (U) male and a two-patterned (B and N) 

female yielded offspring at a 1:1 (B:N) ratio.  This ratio was only consistent with a single 

autosomal locus, u recessive to B, and B codominant with N.  Cross 5 between a two-

patterned male (L and W) and an unpatterned female (U) yielded offspring at a 1:1 ratio.  

This ratio was only consistent with a single autosomal locus, u recessive to W, and L 

codominant with W.  

 While none of the crosses directly test for multiple loci for the combinations W 

and B, L and B, or N and W, the conclusion that these are multiple alleles at a single locus 

can be deduced from combinations of other crosses.  For example, cross 3 demonstrates 

that L and N are the same locus, and cross 4 demonstrates that N and B are the same 

locus; therefore, therefore L and B must also be the same locus.  Given a single locus 

model for all patterns, the presence of more than one stripe pattern on a single frog 

provides evidence of codominance. 

 Based on the model of inheritance and the phenotypic data in the field, Puerto 

Rican populations had a mean of 4.3 (± 0.2 SE) alleles per population, whereas Hawaiian 

populations had a mean of 2 (± 0.0 SE) alleles per population.  The alleles that were 

present in Puerto Rico but absent from all Hawaii samples were wide middorsal stripe 

(W) and dorsolateral stripe (L).  All populations in Hawaii are polymorphic for the alleles  

N and u except Maliko Gulch, which is polymorphic for the alleles B and u. 
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Comparison of mtDNA with the Stripe Pattern Locus 

 Estimates of φST in Puerto Rico were larger for mtDNA than for the stripe pattern 

locus (Table 4.5; Fig. 4.3).  Across all populations, grouped by major clades, the 

equivalent φST(mt) for the stripe pattern locus (0.12) is outside the 99.9% confidence 

interval of observed φST estimated directly from mtDNA (LCI = 0.81; UCI = 0.91).  

Among populations within major clades, the expected φST(mt) for stripe patterns in the 

eastern clade (0.02) and western clade (0.05), were both outside the 99% confidence  

interval for mtDNA (eastern: LCI=0.41, UCI=0.60; western: LCL=0.27, UCL=0.67).  

Discussion 

 Eleutherodactylus coqui shows a wide variety of stripe patterns across its native 

range.  Up to five unique stripe patterns and combinations of stripes were observed in 

most populations in Puerto Rico.  Frequencies of stripe patterns are similar between 

populations within major clades, but may differ between eastern and western clades.  

Woolbright and Stewart (2008) found significant differences in pattern frequencies 

between different populations within the Luquillo Mountains of eastern Puerto Rico.  

Specifically they found that longitudinal stripe patterns (our W and N) are more common 

in grasslands and disturbed areas, whereas spot (which we did not include) and 

interoccular bar (our B) are more common in forests. Our study plots in Puerto Rico were 

restricted to forested areas; therefore, we did not compare between grasslands or 

disturbed areas and forests.  Additionally they found differences between plots in similar 

forest habitats, but we did not.  Differences in spatial and temporal scale may explain 

differences between our studies.  Woolbright and Stewart (2008) sampled over a longer 
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temporal, but smaller spatial scale than this study.  The scale of our sampling was over a 

larger spatial scale, but no temporal scale.  This sampling was more similar to that used 

by Velo-Anton et al. (2007), whose data we used to test for selection. 

 Hawaiian populations of E. coqui had fewer alleles and subsequently fewer stripe 

patterns than populations in Puerto Rico.  This reduction of phenotypic and genotypic 

variation and increased heterogeneity may be the result of founder effects during the 

initial introduction and subsequent range expansion, drift following the introduction, or 

differential selection on stripe patterns following the introduction. If the loss of alleles in 

Hawaii is the result of founder effects, then the presence of the interoccular bar at Maliko 

Gulch may indicate a separate introduction.  This population was not included in Velo-

Anton et al. (2007); therefore, the origin of this population is not known.  Additionally, 

the presence of the unique, for Hawaii, polymorphism at Maliko Gulch suggests that 

there is limited gene flow between this and other populations.  If Maliko Gulch has a 

different genetic background than other populations in Hawaii, gene flow between this 

population and others may increase genetic diversity and subsequently adaptive potential 

of E. coqui in Hawaii.  Further genetic research on the origin of Maliko Gulch and other 

Hawaiian populations is needed to determine whether this is the result of a separate 

introduction and to determine the extent of founder effects at other loci.  Additionally, 

because stripe patterns are under selection in Puerto Rico, future studies should test for 

selection on these patterns in Hawaii. 

 Laboratory crosses indicated a genetic basis for color patterns in E. coqui.  

Specifically, the only model consistent with the data was a single autosomal locus with 

five alleles, all stripe alleles codominant with each other and the allele for unpatterned, u, 
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universally recessive. The field data are consistent with this hypothesis.  No frogs were 

found in nature or in our crosses with more than two stripe patterns.  Because E. coqui is 

known to be diploid (Bogart 1981), this is consistent with multiple codominant alleles at 

a single locus.  Multiple stripe patterns appear on frogs of both sexes, further confirming 

that the single locus for color patterns is not sex linked.  This result is similar to other 

studies on amphibians where dominance of alleles for stripes has also been found, for 

example, in frogs of the genera Acris (Pyburn 1961), Discoglossus (Lantz 1947), 

Eleutherodacylus (Goin 1947, 1950, 1960), Rana (Moriwaki 1953; Browder et al. 1966; 

Ishchenko and Schupak 1974) and as well as in the salamander, Plethodon cinereous 

(Highton 1959).  To our knowledge there are no studies in which the stripe patterns of 

frogs were shown to be recessive to absence of stripes. 

 In Puerto Rico, E. coqui exhibits other color and pattern polymorphisms including 

a variety of patterns and pigments (e.g. red color on the inner thigh, lighter colored snout, 

a light colored X on the back, and leg stripes) (Woolbright and Stewart 2008) that we did 

not study.  Future work on color patterns in this species should include determining the 

genetic architecture of these traits and their maintenance across populations. 

 The presence of stripe patterns in E. coqui shows no ontogenetic change over the 

first month of development, although subtle changes in pigment of background color and 

stripes sometimes occur.  Ontogenetic change in the presence of similar stripe patterns 

has not been reported in other frogs (reviewed in Hoffman and Blouin 2000), but color 

pigments within stripes often change between juvenile and adult stages of Acris crepitans 

(Gray 1972).  Stripe patterns are not sexually dimorphic in E. coqui.  Most stripe patterns 

in other species of frog are not sexually dimorphic (reviewed in Hoffman and Blouin, 
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2000), but sexual dimorphism of dorsolateral stripes does occur in Hyla bokermanni and 

H. luteocellata (Rivero 1969). 

 Stripe pattern frequencies are remarkably similar across Puerto Rico.  The results 

here indicate that selection, rather than gene flow is maintaining stripe patterns across 

Puerto Rico.  This conclusion stems from the differences between φST estimated from 

mtDNA, which served as a null model of drift and migration, and the stripe pattern locus.  

The large φST for mtDNA across both clades in Puerto Rico is consistent with the 

previous phylogeographic interpretation of the same mtDNA, which shows a deep 

divergence between eastern and western clades that is estimated to have occurred in the 

Pleistocene or Pliocene (Velo-Antón et al. 2007).  In contrast, the low equivalent φST(mt) 

for the stripe pattern locus, within and across major clades, indicates the degree of 

population differentiation is much less for the stripe pattern locus than for mtDNA.  

Because variation in mtDNA is generally thought to be the result of drift and migration, 

lower φST scores for the stripe pattern locus suggests that stripe pattern frequencies in 

different populations in Puerto Rico are maintained by balancing selection rather than 

gene flow. 

 The exact mechanisms by which selection acts on stripe patterns in E. coqui are 

not clear.  Woolbright and Stewart (2008) suggested that stripe pattern polymorphisms in 

E. coqui are maintained through habitat matching but may also be affected by frequency 

dependent selection (FDS).  FDS is frequently invoked to explain color and pattern 

polymorphisms in other species and model-based approaches tend to confirm the 

potential for FDS to maintain polymorphisms in general.  Trotter and Spencer (2007) 

showed, using pairwise interaction models of selection via intraspecific competition, that 
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FDS maintains polymorphisms more often than constant-selection models and produces 

more skewed phenotypic frequencies with few common alleles and many rare alleles.  

Additionally Clarke (1964) and Clarke and O'Donald (1964) demonstrated that the 

occurrence of rare dominants could result from the action of FDS or a combination of 

frequency dependent and frequency independent selection.  We found skewed allele 

frequencies with rare codominant alleles compared with a common universal recessive.  

The results of this chapter are consistent with the models above.  I found five alleles with 

a single allele most common and 4 rare alleles, and I found that the rare allele was 

recessive, but we cannot rule out other factors including local habitat matching, genetic 

correlations with other traits, or heterosis. The pattern of rare dominant alleles in color 

and pattern polymorphisms has also been found in fish (Winge 1927), locusts (Haldane 

1930), land snails (Fisher 1930), spiders (Gillespie and Oxford 1998), and at least six 

species of frog (Hoffman and Blouin 2000).  This pattern appears to be widespread 

among polymorphic species, but how often FDS explains this pattern has yet to be  

determined. 
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Table 4.1.  Populations of Eleutherodacylus coqui sampled in this study.  Sample sizes, clade association (estimated using Velo-Anton 
et al., 2007), elevation, detailed locality data, and date sampled. 

Range Site Island 
Site 
Abbreviation n Clade* 

Elevation 
(m) Latitude (N) Longitude (W) Date Sampled 

Hawaii Akaka Falls State Park Hawaii AK 99 - 405 19º 51' 155º 09' Nov-06 
 Glenwood Hawaii GW 119 E 766 19º 28' 49 155º 09' 29 Jun-06 
 Humane Society Hawaii HS 232 - 135 19º 36' 155º 01' Nov-06 
 Kalopa Hawaii KP 57 - 610 20º 03'  155º 44' Oct-05 
 Kona High Hawaii KH 53 - 952 19º 42' 25 155º 56' 57 Jun-06 
 Kona Low Hawaii KL 47 - 265 19º 38' 01 155º 57' 38 Jun-06 
 Lava Tree State Park Hawaii LT 372 E 192 19º 28' 58 154º 54' 10 Jun-06 
 Manuka State Park Hawaii MK 35 E 560 19º 07' 155º 50' Nov-06 
 Puainako Hawaii PK 322 - 45 19º 42'  155º 04' Nov-06 
 Waipio Overlook Hawaii OL 130 - 300 20º 07' 155º 35' Nov-06 
 Lawai Kauai LW 32 - 130 21º 55' 159º 30' Jun-07 
 Kihei Nursery Maui MKN 43 - 15 20º 44'  156º 27' Aug-04 
 Maliko Gulch Maui MMG 113 - 440 20º 52'  156º 19' Aug-04 
 Waimanalo Nursery Oahu CAL 24 - 15 21º 34' 157º 72 Feb-07 
 Hawaii Hai Nursery Oahu LH 22 - 30 21º 30' 157º 69 Feb-07 
Puerto Rico Cayey High Puerto Rico CH 26 E 865 18º 06' 53   66º 04' 47 May-06 
 Cayey Low Puerto Rico CL 28 E 232 18º 04' 20   66º 04' 20 May-06 
 El Yunque High Puerto Rico EYH 58 E 714 18º 17' 54   65º 47' 15 May-06 
 El Yunque Low Puerto Rico EYL 113 E 198 18º 20' 01   65º 45' 38 May-06 
 Guilarte High Puerto Rico GH 59 W 995 18º 08' 36   66º 44' 00 May-06 
 Guilarte Low Puerto Rico GL 16 W 150 18º 04' 24   66º 48' 05 May-06 
 Los Piedras Puerto Rico LP 36 E 117 18º 10' 26   65º 53' 04 May-06 
 Maricao Puerto Rico MA 42 W 315 18º 10' 52   67º 01' 28 Mar-06 
 Rio Abajo High Puerto Rico RAH 51 W 714 18º 12' 59   66º 44' 51 May-06 
 Rio Abajo Low Puerto Rico RAL 64 W 80 18º 21' 28   66º 41' 02 May-06 
 Toro Negro High Puerto Rico TNH 32 W 978 18º 11' 12   66º 29' 36 May-06 
  Toro Negro Low Puerto Rico TNL 29 W 241 18º 06' 57   66º 34' 29 May-06 

*Clade based on geographic overlap with eastern and western clades in Velo-Anton et al., 2007. 
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Table 4.2.  Results from crosses testing dominance heirarchy, sex linkage, and number of loci for the alleles: u (unpatterned), L 
(dorsolateral stripes), and N (narrow middorsal stripe). 
 

Cross 
No. 

Parntal 
Phenotypes 

No. of 
clutches U N L Total 

Dominance 
Hypothesis 

No. 
of 
loci 

Autosomal 
vs.  
X-linked 

Parental 
Genotypes 

Expected 
Phenotypic 
Ratio 

Observed 
Phenotypic 
Ratio x2

1 P1 

1 N X N 13 60 181 - 241 
  

autosomal 

Nu x Nu 
N:U 
3:1 

3.02:1 0.001 0.9700 

       

N > u single 

NN x NN 
N:U 
4:0 

3.02:1 NA NA 

       NN x Nu 
N:U 
4:0 

3.02:1 NA NA 

       
x-linked 

XNXu x XNY 
N:U 
1:1 

3.02:1 60.750 <0.0001 

              XNXN x XNY 
N:U 
4:0 

3.02:1 NA NA 

2 L X L 1 5 - 18 23 
    

autosomal 

Lu x Lu 
L:U 
1:3 

1:3.6 0.130 0.7200 

       

L > u single 

LL x LL 
L:U 
4:0 

1:3.6 NA NA 

       LL x Lu 
L:U 
4:0 

1:3.6 NA NA 

       
x-linked 

XLXu x XLY 
L:U 
1:1 

1:3.6 7.348 0.0067 

              XLXL x XLY 
L:U 
4:0 

1:3.6 NA NA 

3 
U X NL 

4 0 46 40 86 L = N > u single autosomal uu x LN 
L:N 
1:1 

1:1.03 0.017 0.9000 

       

L > u 
N > u 

two autosomal 

uuuu x LuNu 
LN:L:N:U 
1:1:1:1 

0:1:1.03:0 29.534 <0.0001 

       uuuu x LLNN 
LN:L:N:U 
1:0:0:0 

0:1:1.03:0 NA NA 

       uuuu x LuNN 
LN:L:N:U 
1:0:1:0 

0:1:1.03:0 NA NA 

              uuuu x LLNu 
LN:L:N:U 
1:1:0:0 

0:1:1.03:0 NA NA 
1 Where expected values are 0, but observed values were > 0, no statistical tests apply (NA).  These hypotheses are biologically impossible. 



 

 

103 

Table 4.3.  Results from crosses testing dominance heirarchy, sex linkage, and number of loci for the alleles: u (unpatterned), B 
(interoccular bar), L (dorsolateral stripes), and N (narrow middorsal stripe). 

      F1 phenotypes                   

Cross 
no. 

Parental 
phenotypes   
M x F 

No. of 
clutches U B L N W 

Total 
F1s 

No. 
of 
Loci 

Autosomal vs. 
X-linked 

Allelic 
Dominance 
Heirarchy 

Parental 
Genotypes 

Expected 
Phenotypic 
Ratio 

Observed 
Phenotypic 
Ratio x2

1 P1 

4 U X BN 1 0 14 - 10 - 24 
One Autosomal 

u < B = N uu x BN 
BN:B:N:U 
0:1:1:0 

0:1.4:1:0 0.67 0.4100 

         U > B 
B = N 
N > U 

BU x BN 
BN:B:N:U 
1:1:1:1   

0:1.4:1:0 13.30 <0.0001 

             UU x BN 
BN:B:N:U 
0:0:1:1 

0:1.4:1:0 NA NA 

         
 

Both 
autosomal 

U > b 
N > u 

UUuu x 
bbNN 

BN:B:N:U 
0:0:1:0 

0:1.4:1:0 NA NA 

          
UUuu x 
bbNu 

BN:B:N:U 
0:0:1:1 

0:1.4:1:0 NA NA 

         

Two 

Ubuu x 
bbNN 

BN:B:N:U 
1:0:1:0 

0:1.4:1:0 NA NA 

         
Ubuu x 
bbNu 

BN:B:N:U 
1:0:1:2 

0:1.4:1:0 NA NA 

         

u < B, N 

uuuu x 
BuNu 

BN:B:N:U 
1:1:1:1 

0:1.4:1:0 13.33 <0.0001 

        
 

uuuu x 
BBNN 

BN:B:N:U 
1:0:0:0 

0:1.4:1:0 NA NA 

         
uuuu x 
BuNN 

BN:B:N:U 
1:0:1:0 

0:1.4:1:0 NA NA 

         
uuuu x 
BBNu 

BN:B:N:U 
1:1:0:0 

0:1.4:1:0 NA NA 

         

N is autosomal 
B is X-linked 

U > b 
N > u 

AuAuXUY x 
ANANXbXb 

BN:B:N:U 
1:0:1:0 

0:1.4:1:0 NA NA 

         
AuAuXUY x 
ANAuXbXb 

BN:B:N:U 
1:1:1:1 

0:1.4:1:0 NA NA 

         

u < B, N 

AuAuXuY x 
ANAuXBXu 

BN:B:N:U 
1:1:1:1 

0:1.4:1:0 13.33 <0.0001 

         
AuAuXuY x 
ANANXBXB 

BN:B:N:U 
1:0:0:0 

0:1.4:1:0 NA NA 

         
 

AuAuXuY x 
ANAuXBXB 

BN:B:N:U 
1:1:0:0 

0:1.4:1:0 NA NA 

         
 

AuAuXuY x 
ANANXBXu 

BN:B:N:U 
1:0:1:0 

0:1.4:1:0 NA NA 
1 Where expected values are 0, but observed values were > 0, no statistical tests apply (NA).  These hypotheses are biologically impossible 
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Table 4.4.  Results from crosses testing dominance hierarchy, sex linkage, and number of loci for the alleles: u (unpatterned), B 
(interoccular bar), L (dorsolateral stripes), and W (wide middorsal stripe). 
      F1 phenotypes                   

Cross 
no. 

Parental 
phenotypes   
M x F 

No. of 
clutches U B L N W 

Total 
F1s 

No. 
of 
Loci 

Autosomal vs. 
X-linked 

Allelic 
Dominance 
Hierarchy 

Parental 
Genotypes 

Expected 
Phenotypic 
Ratio 

Observed 
Phenotypic 
Ratio x2

1 P1 

5 LW x U 1 0 - 17 - 23 40 
One Autosomal 

u < W = L LW  x uu 
LW:L:W:U 
0:1:1:0 

0:1:1.35:0 0.9 0.3400 

         U > W 
W = L 
L >U 

LW x UW 
LW:L:W:U 
1:1:1:1   

0:1:1.35:0 29.5 <0.0001 

             LW x UU 
LW:L:W:U 
0:1:0:1   

0:1:1.35:0 NA NA 

         
 

Both 
autosomal 

U > w 
L > u 

LLww x 
uuUU  

LW:L:W:U 
0:1:0:0 

0:1:1.35:0 NA NA 

         
 

Luww x 
uuUU 

LW:L:W:U 
0:1:0:1 

0:1:1.35:0 NA NA 

         

Two 

LLww x 
uuUw 

LW:L:W:U 
1:1:0:0 

0:1:1.35:0 NA NA 

         
Luww x 
uuUw 

LW:L:W:U 
1:1:0:2 

0:1:1.35:0 NA NA 

         

u < W, L 

LuWu x 
uuuu 

LW:L:W:U 
1:1:1:1 

0:1:1.35:0 21.8 <0.0001 

         
LLWW x 
uuuu 

LW:L:W:U 
1:0:0:0 

0:1:1.35:0 NA NA 

         
LuWW x 
uuuu 

LW:L:W:U 
1:0:1:0 

0:1:1.35:0 NA NA 

         
LLWu x 
uuuu 

LW:L:W:U 
1:1:0:0 

0:1:1.35:0 NA NA 

          

U >w 
L > u  

ALALXwY x 
AuAuXUXw 

LW:L:W:U 
1:1:0:0 

0:1:1.35:0 NA NA 

          

ALAuXwY x 
AuAuXUXw 

LW:L:W:U 
2:1:0:1 

0:1:1.35:0 NA NA 

         

L is autosomal 
W is X-inked 

ALALXwY x 
AuAuXUXU 

LW:L:W:U 
0:1:0:0 

0:1:1.35:0 NA NA 

         
ALAuXwY x 
AuAuXUXU 

LW:L:W:U 
0:1:0:1 

0:1:1.35:0 NA NA 

         
u < W, L 

ALAuXWY x 
AuAuXuXu 

LW:L:W:U 
1:1:1:1 

0:1:1.35:0 21.8 <0.0001 

         
ALALXWY x 
AuAuXuXu 

LW:L:W:U 
1:1:0:0 

0:1:1.35:0 NA NA 
1 Where expected values are 0, but observed values were > 0, no statistical tests apply (NA).  These hypotheses are biologically impossible. 
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Table 4.4.  Localities and sample sizes for populations from Velo-Anton et al. (2007) used for 
estimating genetic structure (φST ) from mtDNA in Puerto Rico. 
 
Clade Population n 
Western Cero Punta 6 
 Cerro Maravilla 2 
 Maricao 10 
 Road 149 3 
 Road 149-2 2 
Eastern Bayamon 9 
 Bosque Enano 5 
 El Portal 3 
 El Verde 3 
 La Coca 8 
 Palo Colorado 6 
 Road 191 7 
  San Juan 10 
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Table 4.5.  Results of AMOVA for mtDNA (left) and the color pattern locus (right). 
 

Variation 
Source df SS 

AMOVA 
Variance 
Components 

Total 
Variation 
(%) P φST 

99.9% 
CI  df SS 

AMOVA 
Variance 
Component
s 

Total 
Variation 
(%) P φST 

Equivalent 
φST(mt) 

Grouped by 
clades               

 

Among 
groups 

1 
 

457.67 
 

13.75 
 

71.91 
 

<0.001 
    1 

1.95 
 

0.006 
 

2.23 
 

0.040 
   

Among 
populations 
within groups 

11 
 
 

197.20 
 
 

2.82 
 
 

14.74 
 
 

<0.001 
 
 

0.87* 
 
 

L: 0.81 
U: 0.91* 

  
10 
 

3.85 
 
 

0.003 
 
 

1.07 
 
 

0.500 
 
 

0.033* 
 
 

0.12* 
 
 

Within 
populations 

61 
 

155.76 
 

2.55 
 

13.36 
 

<0.001 
    500 

131.97 
 

0.264 
 

96.69 
 

0.002 
   

Total 73 810.62 19.12      511 137.77 0.273     

Eastern clade                
Among 
populations 7 

 
157.96 

 
3.16 
 

52.87 
 

<0.001 
 

0.53 
 

L: 0.41 
U: 0.60  4 

1.12 
 

0.001 
 

0.61 
 

0.240 
 

0.006 
 

0.02 
 

Within 
populations 

43 
 

121.26 
 

2.82 
 

47.13 
     220 

48.76 
 

0.222 
 

99.39 
    

Total 50 279.22 5.98      224 49.88 0.223     
Western 
clade                
Among 
populations 4 

 
39.24 

 
1.93 
 

50.19 
 

<0.001 
 

0.50 
 

L: 0.27 
U: 0.67  6 

2.73 
 

0.004 
 

1.30 
 

0.080 
 

0.013 
 

0.05 
 

Within 
populations 

18 
 

34.50 
 

1.92 
 

49.81 
     280 

83.21 
 

0.297 
 

98.70 
    

Total 22 73.74 3.85      286 85.93 0.301     
* When grouping, φST value is a function of variance among groups and among populations within groups. 
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FIGURE 4.1.  Color patterns in Eleutherodactylus coqui. 
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Figure 4.2.  Color pattern frequencies in Puerto Rico.  Symbols follow table 4.1. 
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Figure 4.3.  Color pattern frequencies in Hawaii (excluding the Island of Hawaii; see Figure 4.4).  Symbols follow table 4.1. 
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Figure 4.4.  Color pattern frequencies on the Island of Hawaii.  Symbols follow table 4.1. 
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Figure 4.5.  Population genetic structure in mtDNA and the color pattern locus.  Means ± 

99.9% CI. 
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CHAPTER 5 

CONCLUSIONS 

 The goal of this study was to understand the evolutionary consequences of the 

introduction of Eleutherodactylus coqui to Hawaii.  Evolutionary biologists have recently 

recognized that introduced species can be excellent model systems for the study of 

evolution in action because they can evolve at rapid rates in predictable directions (Huey 

et al. 2005).  History, chance, and adaptation can each play a role in the evolution of a 

species in its introduced range (Keller and Taylor 2008).  Understanding the relative roles 

of these processes is fundamental to understanding the importance of selection vs. 

stochastic processes in introduced species.  The potential for evolutionary change may 

also be important for ecologists and invasive species managers who seek to model range 

expansion of introduced species (Parker et al. 2003).  Only recently have models begun to 

incorporate the potential for evolutionary change in their predictions of range expansion 

in introduced species (e.g. Urban et al. 2003). 

Changes in phenotypic variation that follow a species introduction may be the 

result of genetic changes through founder effects, bottlenecks or, given sufficient time, 

selection.  Alternatively phenotypic changes may be the direct result of environmental 

effects, i.e. phenotypic plasticity.  Distinguishing between these two mechanisms of 

phenotypic change is the first step in understanding the evolution of introduced species 

and has been the focus of the laboratory experiments in this study. 

Eleutherodactylus coqui shows clinal variation in body size and advertisement 

calls, across similar elevational gradients, in both its native and introduced ranges.  These 

patterns were in part consistent with the temperature size rule, which has been shown to 
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apply to the majority of ectotherms (Atkinson 1996).  Alternatively the relationship 

between body size and temperature did not conform to the temperature size rule when 

comparing between Puerto Rico and Hawaii, suggesting that body size is not simply a 

function of temperature for E. coqui. 

Life-history traits including adult body size and growth rate appear to be the result 

of both genetic and environmental effects.  Clutch size and growth rate appear to be 

influenced by genetics rather than maternal effects.  Egg size and hatching size appear to 

be influenced by both genetic and maternal effects.  Development period is largely a 

plastic trait with little if any evidence of local adaptation.  Environmental effects on life-

history traits in E. coqui were in the direction predicted by the temperature size rule and 

may explain all of the phenotypic variation in Hawaii. 

Frequencies of advertisement calls are tightly linked to adult body size and to the 

extent that body size is genetic, so are call frequencies.  Call rate and duration are largely 

the results of temperature.  Color patterns of E. coqui appear to be the result of a single 

locus with multiple alleles, but further studies are needed to determine whether this locus 

is a single gene or a group of tightly linked genes, called a super gene, as seen in the 

genus Heliconius (Joron et al. 2006). 

Overall the results of this study suggest that evolution in Hawaiian populations is 

largely the result of historical selection in Puerto Rico and chance during the introduction 

rather than adaptation after the introduction.  Phenotypic variation in life-history traits 

and advertisement call frequencies in Puerto Rico appear to be the result of local 

adaptation.  This historical pattern of evolution combined with the introduction of low 
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elevation frogs in Hawaii has resulted in a reduction in phenotypic variation across a 

similar elevational gradient in Hawaii. 

 Color patterns in Puerto Rico appear to be the result uniform balancing selection.  

Most color patterns appear in most populations at similar frequencies and genetic 

structure in the color pattern locus is much less than that seen in a putatively neutral 

locus.  Two color patterns appear to have been lost completely either during or shortly 

after the introduction of E. coqui to Hawaii.  Frequencies of color patterns in Hawaii are 

more variable between populations than in Puerto Rico.  This is likely the result of 

numerous founder effects as the species expands it range through dispersal, often 

mediated by humans. 

 Phenotypic variation in Hawaii appears to be the result of both genetic and 

environmental effects.  While it was possible to estimate direct effects of temperature in 

the laboratory, variation by range, site and elevation likely included both genetic and 

environmental effects because adults in the laboratory were raised in the field.  Despite 

this limitation, similarity in genotype, based on mtDNA, of both high and low elevation 

populations at Hilo suggests that differences between these populations are not genetic 

but reflect phenotypic plasticity, both from direct effects and maternal effects. 

 The cline in body size in Puerto Rico is likely the result of temperature effects at 

different elevations and/or from differences in intrinsic growth rates for frogs from 

different elevations.  Whereas the cline in body size in Hawaii is likely the result of the 

temperature size rule with little if any influence from genetics.  The cline in body size in 

both ranges has resulted in a cline in advertisement call frequencies.  Other studies have 

shown evidence of genetic clines that converge on those found in the native range (Huey 
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et al. 2000).  These studies have often been conducted tens of generations after the 

introduction.   This study was conducted about 20 years after the introduction at low 

elevations in Hawaii and high elevation populations are unlikely to have existed for more 

than ten generations.  If the cline in Puerto Rico is an adaptive response to temperature 

differences, then we expect that similar selection will produce a similar cline in Hawaii 

over time.  Additionally, it seems likely selection will favor larger body size at all 

elevations in Hawaii, compared with Puerto Rico, because of the lower temperatures.  

Alternatively other selection pressures (e.g. density) may oppose larger adult body size.  

Further studies of both phenotypic variation and the contribution of genetics to 

phenotypic variation in Hawaii are likely to be important for understanding both the rate 

and repeatability of evolution. 

 While color patterns appear to be under balancing selection in Puerto Rico, the 

mechanism is not clear.  Further testing of the mechanisms by which color patterns are 

maintained in Puerto Rico is needed.  Tests for selection in Hawaii have not been 

performed because populations are recent enough that they may not be in drift migration 

equilibrium.  The population in Maui with the unique (for Hawaii) color pattern 

polymorphism is a good candidate for testing for multiple introductions using molecular 

genetic tools. 

 Our understanding of the evolutionary consequences of the introduction of E. 

coqui to Hawaii would be further improved with data on the fitness consequences of the 

loss of genetic variation in Hawaii.  The results of this study suggest that there is a 

potential for fitness consequences of lower temperatures in Hawaii, especially at high 

elelvations.  These consequences may include both life-history traits as well as 
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advertisement calls.  Overall it is likely that colder temperatures at all elevations in 

Hawaii are having negative effects on E. coqui and are reducing its fitness compared with 

Puerto Rico.  Competition for with other species of frog is almost certainly lower in 

Hawaii because only a few other introduced species exist there.  A potential amphibian  

competitor with E. coqui is  the congener E. planirostris.  
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APPENDIX A 
 

Mean values and standard deviations for adult body size of male and female 
Eleutherodactylus coqui in Hawaii and Puerto Rico  
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Table A.1.  Male body size (mm) in Hawaii and Puerto Rico 
 
Range Site Elevation N Mean SD 
Puerto Rico Cayey High 24 35.66 1.90 
  Low 27 28.73 1.22 
 El Yunque High 31 38.46 1.90 
  Low 49 31.27 1.80 
 Guilarte High 29 32.90 1.35 
  Low 12 28.98 0.91 
 Rio Abajo High 25 32.18 1.64 
  Low 35 29.62 1.01 
 Toro Negro High 26 34.22 1.82 
  Low 28 27.10 1.17 
Hawaii Hilo High 50 29.01 1.70 
  Low 54 27.74 1.29 
 Kona High 35 30.83 1.86 
    Low 34 27.64 1.26 

 
 
 
 
Table A.2.  Female body size (mm) in Hawaii and Puerto Rico 
 
Range Site Elevation N Mean SD 
Puerto Rico Cayey High 4 47.68 3.36 
  Low 3 41.80 5.19 
 El Yunque High 23 48.74 4.40 
  Low 35 39.24 3.05 
 Guilarte High 30 40.98 3.12 
  Low 4 33.70 4.95 
 Rio Abajo High 27 41.36 3.00 
  Low 31 37.81 2.61 
 Toro Negro High 4 40.83 1.91 
  Low 0 NA NA 
Hawaii Hilo High 38 36.42 2.27 
  Low 35 33.21 2.52 
 Kona High 16 36.03 2.29 
    Low 11 34.37 1.93 
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APPENDIX B 
 

Mean values and standard deviations for life-history traits in the laboratory 
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Table B.1.  Maternal body size (mm) in the laboratory 
 

Range Site Elevation 

Maternal 
Temperature 
(ºC) N Mean SD 

Puerto Rico El Yunque High 19 9 51.23 2.26 
   25 12 47.90 4.23 
  Low 19 14 39.81 3.59 
   25 31 41.01 1.92 
 Rio Abajo High 19 11 42.15 1.66 
   25 24 41.15 3.50 
  Low 19 4 38.78 1.25 
   25 21 37.67 2.85 
Hawaii Hilo High 19 4 36.38 3.51 
   25 20 37.22 2.77 
  Low 19 9 33.40 2.82 
      25 47 33.30 1.41 

 
 
 
 
Table B.2.  Clutch size (count) 
 

Range Site Elevation 

Maternal 
Temperature 
(ºC) N Mean SD 

Puerto Rico El Yunque High 19 9 43.22 9.31 
   25 12 43.75 11.97 
  Low 19 14 35.79 8.41 
   25 31 33.32 10.65 
 Rio Abajo High 19 11 32.91 11.88 
   25 24 38.42 13.63 
  Low 19 4 17.50 1.91 
   25 21 30.62 11.30 
Hawaii Hilo High 19 4 25.50 4.65 
   25 20 32.75 5.36 
  Low 19 9 31.67 9.90 
      25 47 31.26 8.32 
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Table B.3.  Egg size (mm) 
 

Range Site Elevation 

Maternal 
Temperature 
(ºC) N Mean SD 

Puerto Rico El Yunque High 19 7 5.51 0.26 
   25 7 5.43 0.18 
  Low 19 10 5.24 0.23 
   25 25 5.11 0.20 
 Rio Abajo High 19 14 5.36 0.32 
   25 29 4.90 0.24 
  Low 19 2 5.22 0.14 
   25 12 4.98 0.21 
Hawaii Hilo High 19 3 5.06 0.13 
   25 13 5.01 0.24 
  Low 19 6 5.02 0.24 
      25 36 4.79 0.24 

 
 
 
 
Table B.4.  Hatching size (mm) 
 

Range Site Elevation 

Maternal 
Temperature 
(ºC) 

Rearing 
Temperature 
(ºC)  N Mean SD 

Puerto Rico El Yunque High 19 19 9 7.95 0.51 
    25 9 7.75 0.37 
   25 19 4 7.53 0.58 
    25 5 7.59 0.50 
  Low 19 19 9 7.28 0.43 
    25 8 7.40 0.40 
   25 19 8 7.16 0.43 
    25 9 7.09 0.29 
 Rio Abajo High 19 19 6 7.27 0.42 
    25 7 7.22 0.42 
   25 19 7 6.82 0.32 
    25 7 7.00 0.29 
  Low 19 19 1 6.59 . 
    25 1 6.70 . 
   25 19 3 6.81 0.16 
    25 2 6.95 0.28 
Hawaii Hilo High 19 19 4 7.31 0.12 
    25 2 7.40 0.23 
   25 19 6 6.95 0.40 
    25 4 7.17 0.39 
  Low 19 19 5 6.85 0.31 
    25 4 6.93 0.14 
   25 19 9 6.72 0.25 
    25 8 6.79 0.22 
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Table B.5.  Development period (days) 
 

Range Site Elevation 

Maternal 
Temperature 
(ºC) 

Rearing 
Temperature 
(ºC)  N Mean SD 

Puerto Rico El Yunque High 19 19 9 30.48 1.49 
    25 9 18.04 0.76 
   25 19 4 28.63 3.45 
    25 5 17.25 1.50 
  Low 19 19 9 30.78 1.20 
    25 8 18.79 1.12 
   25 19 8 29.75 1.33 
    25 9 17.58 0.74 
 Rio Abajo High 19 19 6 29.72 1.98 
    25 7 17.88 1.21 
   25 19 7 29.00 1.55 
    25 7 18.08 0.89 
  Low 19 19 1 29.67 . 
    25 1 16.00 . 
   25 19 3 28.80 3.54 
    25 2 17.80 . 
Hawaii Hilo High 19 19 4 30.46 1.81 
    25 2 18.67 0.47 
   25 19 6 29.33 1.84 
    25 4 17.04 0.46 
  Low 19 19 5 29.73 1.30 
    25 4 18.94 0.66 
   25 19 9 29.21 1.12 
    25 8 17.31 0.34 
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Table B.6.  Growth rate (mm per day) 
 

Range Site Elevation 

Maternal 
Temperature 
(ºC) 

Rearing 
Temperature 
(ºC)  N Mean SD 

Puerto Rico El Yunque High 19 19 9 0.0307 0.0075 
    25 9 0.0346 0.0118 
   25 19 4 0.0279 0.0137 
    25 5 0.0312 0.0116 
  Low 19 19 9 0.0166 0.0028 
    25 8 0.0178 0.0043 
   25 19 8 0.0177 0.0062 
    25 9 0.0270 0.0089 
 Rio Abajo High 19 19 6 0.0260 0.0102 
    25 7 0.0260 0.0071 
   25 19 7 0.0270 0.0088 
    25 7 0.0220 0.0066 
  Low 19 19 1 0.0167 . 
    25 1 0.0139 . 
   25 19 3 0.0107 0.0047 
    25 2 0.0120 0.0086 
Hawaii Hilo High 19 19 4 0.0218 0.0097 
    25 2 0.0232 0.0118 
   25 19 6 0.0164 0.0114 
    25 4 0.0183 0.0043 
  Low 19 19 5 0.0170 0.0091 
    25 4 0.0180 0.0009 
   25 19 9 0.0165 0.0050 
    25 8 0.0168 0.0080 
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APPENDIX C 
 

Means and standard deviations for body size and call parameters of calling male 
Eleutherodactylus coqui in Hawaii and Puerto Rico 
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Table C.1.  Calling male body size (mm) in the field 
 
Range Site Elevation N Mean SD 
Puerto Rico Cayey High 10 35.85 2.07 
  Low 10 28.33 1.05 
 El Yunque High 10 39.85 1.42 
  Low 10 31.21 1.64 
 Guilarte High 10 32.87 1.50 
  Low 5 28.42 0.61 
 Rio Abajo High 10 32.96 1.76 
  Low 10 30.02 0.86 
 Toro Negro High 10 34.15 1.73 
  Low 10 27.50 1.25 
Hawaii Hilo High 10 29.13 1.13 
  Low 10 27.92 1.64 
 Kona High 10 30.73 1.29 
    Low 10 28.59 1.41 

 
 
 
 
Table C.2.  Co frequency (Hz) in the field 
 
Range Site Elevation N Mean SD 
Puerto Rico Cayey High 10 1269.0 47.3 
  Low 10 1590.7 40.4 
 El Yunque High 10 1363.2 46.7 
  Low 5 1624.3 64.5 
 Guilarte High 10 1228.5 49.7 
  Low 10 1531.1 47.6 
 Rio Abajo High 10 1433.9 47.3 
  Low 10 1566.2 62.9 
 Toro Negro High 10 1317.3 68.9 
  Low 10 1600.3 35.8 
Hawaii Hilo High 10 1415.3 48.3 
  Low 10 1547.3 84.1 
 Kona High 10 1312.8 62.5 
    Low 10 1495.8 49.4 
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Table C.3.  Qui frequency (Hz) in the field 
 
Range Site Elevation N Mean SD 
Puerto Rico Cayey High 10 2001.1 81.2 
  Low 10 2651.4 86.9 
 El Yunque High 10 2124.8 96.5 
  Low 5 2531.7 97.3 
 Guilarte High 10 1942.8 76.5 
  Low 10 2439.0 66.2 
 Rio Abajo High 10 2261.8 94.3 
  Low 10 2488.3 98.2 
 Toro Negro High 10 2022.8 85.8 
  Low 10 2603.8 178.5 
Hawaii Hilo High 10 2258.5 88.9 
  Low 10 2564.0 96.7 
 Kona High 10 2114.5 95.6 
    Low 10 2484.2 114.7 

 
 
 
 
Table C.4.  Call (calls per minute) rate in the field 
 
Range Site Elevation N Mean SD 
Puerto Rico Cayey High 10 21.28 4.82 
  Low 10 27.95 4.17 
 El Yunque High 10 20.45 5.68 
  Low 5 28.65 2.11 
 Guilarte High 9 24.76 7.24 
  Low 10 24.67 4.67 
 Rio Abajo High 10 29.29 5.89 
  Low 10 32.80 7.66 
 Toro Negro High 9 19.79 2.20 
  Low 10 32.62 3.79 
Hawaii Hilo High 10 18.32 3.03 
  Low 10 21.72 2.29 
 Kona High 10 16.56 2.74 
    Low 9 21.12 6.60 
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Table C.5.  Call duration (ms) in the field 
 
Range Site Elevation N Mean SD 
Puerto Rico Cayey High 10 0.43 0.02 
  Low 10 0.34 0.01 
 El Yunque High 10 0.48 0.03 
  Low 5 0.35 0.02 
 Guilarte High 10 0.43 0.02 
  Low 10 0.35 0.01 
 Rio Abajo High 10 0.42 0.03 
  Low 10 0.37 0.01 
 Toro Negro High 10 0.48 0.01 
  Low 10 0.33 0.03 
Hawaii Hilo High 10 0.48 0.03 
  Low 10 0.38 0.03 
 Kona High 10 0.49 0.03 
    Low 10 0.41 0.02 

 
 
 
 
Table C.6.  Call intensity (dB) in the field 
 
Range Site Elevation N Mean SD 
Puerto Rico Cayey High 10 95.9 2.2 
  Low 10 95.5 4.2 
 El Yunque High 10 96.0 3.6 
  Low 5 97.8 3.3 
 Guilarte High 10 96.0 2.8 
  Low 10 95.0 4.0 
 Rio Abajo High 10 98.1 3.1 
  Low 10 96.2 2.3 
 Toro Negro High 10 95.8 2.8 
  Low 10 99.2 2.6 
Hawaii Hilo High 10 95.4 3.4 
  Low 10 94.7 3.2 
 Kona High 10 97.1 3.7 
    Low 10 95.4 2.9 
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APPENDIX D 
 

Means and standard deviations for body size and call parameters in the laboratory 
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Table D.1. Calling male body size (SVL in mm) in the laboratory 
 

Range Site Elevation 
Temperature 
(ºC) N Mean SD 

Puerto Rico El Yunque High 19 4 42.43 1.22 
   25 6 42.50 1.76 
  Low 19 5 36.44 0.95 
   25 7 34.37 0.97 
 Rio Abajo High 19 2 35.40 0.71 
   25 5 37.60 2.21 
  Low 19 2 31.85 1.34 
   25 10 32.90 2.21 
Hawaii Hilo High 19 4 31.78 1.24 
   25 7 31.53 1.34 
  Low 19 4 31.93 0.72 
      25 10 30.58 0.84 

 
 
 
 
Table D.2.  Co Frequency (Hz) in the laboratory 
 

Range Site Elevation 
Temperature 
(ºC) N Mean SD 

Puerto Rico El Yunque High 19 4 1064.3 30.0 
   25 6 1144.9 49.7 
  Low 19 5 1253.0 20.4 
   25 7 1269.6 35.5 
 Rio Abajo High 19 2 1251.2 18.1 
   25 5 1259.2 37.9 
  Low 19 2 1295.5 21.8 
   25 10 1407.1 85.6 
Hawaii Hilo High 19 4 1280.2 51.2 
   25 7 1307.2 32.1 
  Low 19 4 1324.1 97.4 
      25 10 1352.2 76.6 
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Table D.3.  Qui frequency (Hz) in the laboratory 
 

Range Site Elevation 
Temperature 
(ºC) N Mean SD 

Puerto Rico El Yunque High 19 4 1716.8 88.2 
   25 6 1856.3 46.9 
  Low 19 5 2064.6 70.7 
   25 7 2153.3 60.4 
 Rio Abajo High 19 2 2001.7 5.2 
   25 5 2044.3 45.7 
  Low 19 2 2113.2 25.5 
   25 10 2216.9 117.1 
Hawaii Hilo High 19 4 2154.9 65.2 
   25 7 2159.9 74.1 
  Low 19 4 2180.0 119.7 
      25 10 2280.6 94.2 

 
 
 
 
Table D.4.  Call rate (calls per minute) in the laboratory 
 

Range Site Elevation 
Temperature 
(ºC) N Mean SD 

Puerto Rico El Yunque High 19 4 17.60 4.37 
   25 6 24.65 5.94 
  Low 19 5 18.02 2.61 
   25 7 25.38 5.08 
 Rio Abajo High 19 2 24.41 0.21 
   25 5 27.81 8.55 
  Low 19 2 23.07 1.32 
   25 10 30.10 5.01 
Hawaii Hilo High 19 4 16.41 0.42 
   25 7 34.24 7.73 
  Low 19 4 15.95 6.51 
      25 10 25.61 4.77 
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Table D.5.  Call duration (ms) in the laboratory 
 

Range Site Elevation 
Temperature 
(ºC) N Mean SD 

Puerto Rico El Yunque High 19 4 0.507 0.004 
   25 6 0.414 0.041 
  Low 19 5 0.433 0.022 
   25 7 0.416 0.021 
 Rio Abajo High 19 2 0.397 0.063 
   25 5 0.374 0.035 
  Low 19 2 0.454 0.026 
   25 10 0.352 0.022 
Hawaii Hilo High 19 4 0.434 0.048 
   25 7 0.368 0.022 
  Low 19 4 0.431 0.028 
      25 10 0.371 0.023 
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