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ABSTRACT 

 The invasive coqui frog (Eleutherodactylus coqui) has rapidly colonized four main 

Hawaiian islands, and its populations have spread over large areas producing a number of 

negative social, ecological, and economic impacts. On Hawaii Island, coqui frogs occur over 

major tracts of coastal forests and the lower boundaries of montane wet forests at higher 

elevations, and population sizes and densities are highest in the state. In their native 

Puerto Rico, coqui frogs are found from sea level to the top of the island (1,065 m) and it is 

currently an open question how high coqui frog populations will eventually range on Hawaii 

Island. Cold temperature limitation is a strong hypothesis for the current altitudinal 

distribution of this species on Hawaii Island. In this study, the thermal limitations on coqui 

frog calling behavior were determined in order to infer if cooler high altitude temperatures 

serve as a limiting condition for the continued expansion of coqui frog populations. Coqui 

frogs were found to stop calling around 14°C at high elevation and around 19°C at low 

elevations while normal levels of chorusing occurred around 17°C and 21°C at high and low 

elevations, respectively. Differences in mean air temperature observed between elevations 

were very similar for different degrees of calling activity, suggesting that higher elevation 

populations have acclimatized or adapted to be active under cooler conditions. In addition to 

low temperature, low moisture was also found to be associated with low levels of coqui frog 

calling activity. Strong negative relationships between temperature and temporal calling 

parameters (inter-note interval and total call length), and strong positive relationships 

between temperature and call note (‘co’ and ‘qui’) center frequencies were observed for high 

elevation coqui frog populations. These relationships between temperature and coqui frog 

calling support some observations reported over smaller temperature ranges in previous 

studies. The coqui frogs’ thermal tolerances imply that they can occupy habitats throughout 
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all the Hawaiian islands except for the alpine and summit areas and drier grassland and 

shrub environments. While the effects of coqui frogs on lowland ecosystems replete with 

non-native species have been unexpectedly modest, the frogs could have greater impact at 

higher elevations where native flora and fauna assemblages dominate. Such sensitive 

habitats should be monitored for possible unappreciated effects of coqui frog populations. 
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INTRODUCTION 

 Isolated island ecosystems produce unique species through evolution and speciation 

at much greater rates than continental ecosystems (Carlquist 1974). Unfortunately, these 

systems are disproportionately sensitive to biological invasions and specialized island 

species can be outcompeted due to their narrow habitat ranges, relatively small 

populations, and lack of defenses against introduced exotic species (Vitousek 1988). The 

ecosystems and species found in Hawaii, the most remote archipelago in the world, 

exemplify the patterns described above: they are unique and unfortunately have suffered 

hundreds of endemic species extinctions and population declines due to such introductions 

(Vitousek 1988).  

The coqui frog (Eleutherodactylus coqui Thomas 1966) is a relatively recent 

unintentional arrival to Hawaii and has rapidly colonized four major Hawaiian islands over 

the past 30 years. Its unusually large populations have produced a number of negative 

impacts including noise pollution, altering invertebrate communities, changing nutrient 

dynamics in the forest soil, and serving as a food source for other invasive species (Kraus et 

al. 1999; Kraus & Campbell 2002). Originally from Puerto Rico, this arboreal frog most 

likely arrived to Hawaii via nursery imports around the late 1980’s (Kraus & Campbell 

2002). The expeditious dispersal of coqui frogs and their ability to achieve extremely dense 

local populations have led to negative ecological, economic, and social impacts, particularly 

on Hawaii Island which hosts the largest population densities in the state (Woolbright et al. 

2006). By 2002, over 200 different locations on Hawaii Island reported coqui frog presence, 

while there are less than 50 total reports from the other major Hawaiian Islands (Campbell 

& Kraus 2002).  
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The coqui frog’s invasive capacities can be attributed to its generalist feeding habits, 

year-round reproduction of direct-developing offspring, and lack of initial swift control or 

eradication efforts from state and local land managers (Townsend & Stewart 1994; Kraus & 

Campbell 2002). Furthermore, Hawaii lacks the predators (aside from other cannibalistic 

coqui frogs) and parasites that ordinarily limit coqui frog populations in Puerto Rico, such 

as snakes and spiders (Townsend et al. 1984; Marr et al. 2008). Its small size (up to 4-5 cm) 

also makes coqui frogs difficult to detect, but easy to accidentally transport to new areas, 

further aiding the uncontrolled expansion of coqui frog populations. In addition, there is 

also evidence of people intentionally introducing coqui frogs to new areas (Woolbright et al. 

2006).  

Coqui frog densities in Hawaii are the highest for any frog in their native range 

(Stewart & Woolbright 1996). In Hawaii, population estimates show coqui densities can be 

three times higher than Puerto Rico (Fogarty & Vilella 2002; Woolbright et al. 2006; Beard 

et al. 2008). Hawaii’s dense coqui frog populations produce a very loud nightly chorus 

lasting from dusk until dawn with pressure levels up to 73 dB (Woolbright et al. 2006). This 

amounts to severe noise pollution for many Hawaii residents used to quiet nights and 

potential property buyers who prefer coqui-free areas (Kaiser & Burnett 2006; Benevides et 

al. 2009). Coqui presence also affects Hawaii’s floriculture and plant nursery industries due 

to decreased plant sales and new requirements for certifying frog-free items (Kaiser & 

Burnett 2006). Hot water vapor treatments can effectively control for coqui frogs in some 

nursery exports (Hara et al. 2010), but the heat was found to be detrimental to orchids and 

bromeliads, which are primary Hawaii exports (Beard & Pitt 2005). Citric acid and hand 

capture are commonly used to control coqui frogs in Hawaii, and in 2008, Oahu reported the 
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successful eradication of a naturalized coqui frog population (Tuttle et al. 2008; Beachy et 

al. 2011). 

There is also concern over the impact coqui frogs may have on invertebrate 

populations and overall ecological function in Hawaii forest systems due to their high 

population densities. Studies show high levels of coqui frog predation can affect 

invertebrate communities, litter decomposition, and nutrient cycling in Hawaiian forest 

environments (Beard et al. 2003; Sin et al. 2008; Choi & Beard 2012). One analysis of 

Hawaiian coqui frog diets found that adults can consume an average of 7.6 prey items per 

night, and with adult populations ranging from 3,000 – 17,000 frogs/hectare in some areas, 

coqui frogs have the capacity to consume up to 130,000 invertebrate prey/hectare/night 

(Woolbright et al. 2006; Beard 2007). Most prey items are non-native invertebrates, such as 

exotic amphipods, ants, and isopods, however approximately 2% of coqui frog prey may 

consist of potentially endemic species including mites, beetles, spring tails, flies, and snails, 

although which species are most consumed is unclear (Beard 2007). In addition, there is 

interest in the possible bottom-up effects of coqui populations on endemic forest bird species 

(Sin & Radford 2007). Many Hawaiian forest birds eat arthropods or rely on insects for the 

pollination of flowering plants, therefore the presence of coqui frogs could create 

competition with vulnerable endemic bird species. It is also thought that coqui frogs could 

support higher population levels of other invasive predators, such as mongoose (Herpestes 

javanicus), cats (Felis catus), and rats (Rattus rattus and R. exulans) as a potential food 

source, and could also be a readily available food source for the brown tree snake (Boiga 

irregularis), should it be introduced to Hawaii (Beard & Pitt 2006).  

Generally, coqui frog populations occupy low to mid elevations on Hawaii Island 

(Kraus & Campbell 2002; O’Neill & Beard 2011), but there are still large areas of 
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potentially suitable coqui frog habitat outside of the their current distribution (Bisrat et al. 

2012). Exotic flora and fauna dominate most areas in low elevation forests, completely 

altering the native forest structure where coqui frogs are most common (Sakai et al. 2002). 

In addition, much of the low elevation native forests have been replaced by human altered 

landscapes, which are readily occupied by coqui frogs. In contrast, mid to high elevation 

forests are relatively more intact with native species compared to lowland ecosystems, 

therefore the expansion of coqui frogs to higher elevations could have negative impacts in 

those habitats. Endemic spiders and litter/canopy insects at high elevation native habitats 

could be at risk to coqui frog predation and, consequently, some endemic forest bird species 

may be forced to compete with coqui frogs for food (Kraus et al. 1999).  

Hawaii’s largest volcano, Mauna Kea, has a steep elevation gradient that interacts 

with prevailing northeasterly trade winds, producing a precipitation and temperature 

gradient along its slopes with temperature declining with increasing elevation 

(Giambelluca et al. 2013). Compared to Puerto Rico, Hawaii has a much greater elevational 

range. The forests at Hawaii’s higher elevations present an opportunity for coqui frogs to 

distribute to elevations much higher than possible compared to their home range, so long as 

environmental conditions are suitable. Coqui frogs live in tropical environments at 

relatively constant temperatures, both in their native and introduced ranges, and may not 

readily adapt to cooler high altitude habitats in Hawaii due to limits from thermal stress at 

low temperature (Brattstrom & Lawrence 1962; Christian et al. 1988). Some frogs and 

toads can tolerate a wide range of air temperatures, but others have more narrow 

preferences and activity ranges (Brattstrom 1963). There have been a few studies on effects 

of temperature on the physiological and behavioral aspects for coqui frogs and other 

Eleutherodactylus species (Heatwole et al. 1969; Townsend & Stewart 1986a; Stiebler & 
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Narins 1990; Navas 1996b), and one study suggested that coqui frogs do not acclimate to 

temperature outside of their normal exposure (Christian et al. 1988). However, this study 

only looked at high temperatures and stated that a wider range of temperature should be 

tested in order to draw a conclusion about coqui acclimation capabilities.  

For ectotherms whose body temperatures are determined by environmental heat 

exchange, optimal biological performance and function occurs within a particular body 

temperature range (John-Alder et al. 1988). Generally, as temperature decreases below 

optimum, performance capacity decreases. Some ectotherms utilize behavioral 

thermoregulation to reduce thermal stress (Brattstrom 1979; Seebacher & Alford 2002), but 

it is also possible for ectotherms to acclimatize their physiological capabilities over time to a 

novel environment in order to survive at lower or higher temperatures (Brattstrom & 

Lawrence 1962). This can be accomplished by having a wide thermal tolerance range 

(plasticity) or acclimatization response to exposure. When studying how temperature 

affects amphibian physiology and behavior, many studies examine locomotor performance 

as a function of temperature and determine critical thermal maximums and minimums, 

temperatures at which the animals are incapacitated (Putnam & Bennett 1981; Christian 

et al. 1988; John-Alder et al. 1988). Other studies have explored the effects of temperature 

on frog vocalization (Navas 1996c; O’Neill & Beard 2011; Ospina et al. 2013).  

The male coqui frog vocalization consists of two notes: a “co” note and a frequency 

up-sweeping “qui” note, which respectively signal male-male territorial announcement and 

female advertisement (Narins & Capranica 1978; Townsend & Stewart 1986b; Stewart & 

Rand 1991; Michael 1996). Nightly calling is an energy-demanding activity for frogs (Bevier 

1997) and temperature has been found to affect vocal behavior in some frogs, including 

coqui frogs (Townsend & Stewart 1994; Navas 1996b; O’Neill & Beard 2011). Calling is 
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essential for reproduction in coqui frogs, so if optimal acoustic parameters are influenced by 

reduced calling capacities from cooler air temperatures, then potential establishment of frog 

populations would be compromised. If temperatures are too cold during most of the day and 

night, the coqui frogs may not have enough energy to divide between foraging, mate 

attraction, amplexus, egg-laying, and, for males, egg clutch care (Navas 1996b). Earlier 

studies looking at the clinal variation in coqui frog vocalization in Puerto Rico and Hawaii 

found variation in coqui calls that correlated with temperature (Narins & Hurley 1982; 

Drewry & Rand 1983; Narins & Smith 1986; O’Neill & Beard 2011; Benevides & Mautz 

2014). These studies found that call characteristics correlated with elevation, likely due to 

lower temperatures at higher elevations. However, coqui frog body size is also correlated 

with elevation and may be a confounding factor for the effect of temperature on acoustic 

parameters (O’Neill & Beard 2011; Benevides & Mautz 2014). Cold limitation on coqui 

behavior at high elevations could lead to constraints on reproductive activity and ultimately 

a geographic altitude limitation. Such a limitation may or may not yet be in force for 

Hawaii Island coqui frog populations (Benevides & Mautz 2014). Nevertheless, 

understanding the ecology of the coqui frog allows us to better interpret its role in our 

fragile island ecosystem and make better informed decisions concerning control or 

mitigation efforts against this highly invasive species. 

 

RESEARCH OBJECTIVES 

The goal of this study was to determine the thermal dependence of coqui frog 

vocalization under natural conditions in order to infer the clinal range for coqui frog 

presence in Hawaiian forests. The effect of low, suboptimal temperatures on coqui frog 

calling behavior was analyzed by examining coqui frog call acoustic parameters as a metric 
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of physiological response to temperature variation. This study particularly focused on 

temperatures at which coqui frog calling is significantly reduced (i.e. only a few calling 

frogs) or there is no calling at all in locations with established populations of frogs, and 

explored how these lower high elevation temperatures affect coqui frog calling behavior. 

Finally, limiting temperatures and their effects on coqui frogs populations were examined 

for differences between high (relatively cool) and low (relatively warm) elevation. 

 

MATERIALS AND METHODS 

Recording Sites 

 Coqui frog choruses were recorded at three high (>800m) and three low (<200m) 

elevation sites on eastern Hawaii Island (Table 1). Potential high and low elevation sites 

were surveyed for coqui frog populations after sunset from April – August 2015. Sites were 

chosen based on the presence of numerous calling frogs (≥ 20) under favorable thermal 

conditions (> 19°C) and sufficient accessibility to place experimental instruments at 

numerous locations within each site. The high-elevation sites represented the current 

observed upper limits for sustained breeding coqui frog populations.  

The first high-elevation location, in the ‘Ōla‘a Forest Reserve (Figure 1), is located 

off Highway 11 next to the Volcano Transfer Station. This area is classified as a montane 

wet forest dominated by ‘ōhi‘a trees (Metrosideros polymorpha), hāpu‘u tree ferns (Cibotium 

spp.), and uluhe ferns (Dicranopteras linearis). There have been reports of coqui frogs 

present within Volcano Village, which is about 1.5 miles and nearly 300 m higher than the 

transfer station, however the Volcano Village community vigilantly eradicates coqui frogs 

from the local area and Volcano Village was therefore an unsuitable site for recording an 

established population. The second high-elevation site, in the Upper Waiākea ATV/Dirt 



8 

 

Bike Park, is located off Stainback Highway inside the Upper Waiākea Forest Reserve and 

bordering the ‘Ōla‘a Forest Reserve. This location has a history of tree farming and is 

presently a mature eucalyptus (Eucalyptus spp.) stand with an understory dominated by 

hāpu‘u and waiwi (Psidium cattlelianum). There have been reports of coqui frogs at higher 

elevations in this area as well, however large enough calling coqui populations were not 

observed above the ATV park during the surveys. The third high-elevation site, in the Hilo 

Watershed Forest Reserve, is located off Saddle Road by the 12th mile marker sign. This 

area is primarily dominated by old growth ‘ōhi‘a and koa (Acacia koa) forests but also 

incorporates areas of younger ‘ōhi‘a forests due to differences in substrate (lava flow) age. 

These are montane wet forests frequented by rain and fog. All recordings at this site were 

conducted in the older forests, which had a hāpu‘u and uluhe understory and the rocky 

ground was often covered in thick moss.  

The first low-elevation site is within the Nānāwale Forest Reserve bordering the 

Lava Tree State Monument park in Pāhoa. This area was used for coqui research in the 

past due to its having extremely dense coqui populations (Woolbright et al. 2006; Beard 

2007; Beard et al. 2008; Benevides & Mautz 2014). The forests in this area are dominated 

by non-native albizia (Falcataria moluccana), miconia (Miconia calvescens), and waiwi 

trees. This habitat underwent major structural changes after the major damaging effects of 

Tropical Storm Iselle in 2014, so very large fallen albizia branches and trunks made travel 

over the site difficult.  The second low-elevation site is a privately-owned ranch along 

Government Beach Road. Although the 30-acre property is primarily cattle pasture, there 

are several large fenced garden areas containing a variety of fruit trees and patches of 

strawberry guava where recordings were made. Finally, the third low-elevation site is in 

central Hilo near the University of Hawaii at Hilo. This site is a forest patch between a 
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residential street and the Waiakea Stream. This forest is almost entirely waiwi with some 

hāpu‘u tree ferns and ti plants (Cordyline fruticosa) interspersed in the understory. 

Acoustic Recordings 

 Recordings were made between September 2015 to April 2016, in order to encompass 

the cooler months of the year. A bioacoustic sound recorder (SM2+, Wildlife Acoustics, 

Maynard, MA, USA) with a weather-proof microphone (SMX-II, Wildlife Acoustics, 

Maynard, MA, USA) were used to create recordings of coqui frog choruses. Five-minute 

recordings were captured every half hour beginning at 18:00 and ending at 06:00 for 3 

consecutive nights, resulting in a total of 75 recordings for each sampling event. The 

recorder was set at a 44,100 Hz sample rate, stereo channel, and saved files in a .wav 

format to a memory card. Calling coqui frogs often use elevated understory perches to 

broadcast their advertisement calls (Narins & Hurley 1982; Townsend 1989), the 

microphone was mounted about 1.5 – 2 meters above the substrate using an extension 

cable. The bioacoustic recorder was calibrated with a 94 dB sound level calibrator (General 

Tools & Instruments Co. LLC, 80 White Street, NY, NY, USA). In order to collect 

environmental data during the recordings, an environmental data logger (Decagon Devices 

EM50 Digital/Analog Data Logger, Decagon Devices, Inc., Pullman, WA, USA) was 

deployed, which recorded air temperature, relative humidity, and leaf wetness 

measurements every 30 minutes. The temperature and relative humidity sensor (VP-3 

Humidity/Temp) and leaf wetness sensor (LWS Leaf Wetness) were attached to a metal 

laboratory ring stand. The leaf wetness sensor measured surface precipitation by recording 

how many minutes the surface of the sensor was wet. In comparison to a rain gauge, the 

leaf wetness sensor can register moisture from condensation in addition to moisture 

deposition from rainfall. Another temperature sensor (ECT/RT-1 Temperature) was 
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inserted about 5 cm beneath the leaf litter to measure the temperature difference due to 

insulation provided for coqui frogs sheltering there during the day. Equipment were placed 

out of direct sunlight, either directly on the ground or on a sturdy log or rock (except for the 

microphone) and within vegetation away from roads and trails to minimize vehicular noise 

and the chances of people discovering it. Each time the data-logging instruments were set 

out at a site, they were placed it at least 15 meters away from any previous recording 

location. Male coqui frogs are relatively sedentary (Woolbright 1985), so moving the 

equipment made it likely that the same frogs were not recorded more than once.  

Acoustic Analyses 

 Temporal and spectral measurements for coqui frog call acoustic parameters were 

obtained using Raven Pro 1.5 (Cornell Laboratory of Ornithology, 

www.birds.cornell.edu/brp/raven) following methodology used by Benevides & Mautz 

(2014). Selected settings in Raven were as follows: measurements: delta time (s), center 

frequency (Hz), bandwidth 90% (Hz); brightness: 50; contrast: 50; spectrogram window size: 

256. Using spectrograms generated in Raven, start and stop times for signals of interest 

were manually selected and maintained at a temporal accuracy of about 5 ms (Figure 2) 

Since multiple frogs are calling on the recordings, measurements were made only from 

distinct individual calls in each spectrogram. Calls were determined as distinct if they were 

not overlapping with other frog calls and had minimal unwanted background acoustic 

energy, such as bird and cricket calls or rain noise. If these criteria were met, up to 5 

distinct calls for each recording were analyzed. For each call, the duration (s), center 

frequency (Hz), and bandwidth (Hz) of the “co” and “qui” note syllables, as well as the total 

call length (s) and inter-note interval length (s), as defined by Benevides and Mautz (2014) 

and Table 2 were measured.  

http://www.birds.cornell.edu/brp/raven


11 

 

Statistical Analyses 

 The raw data were organized into three different categories: zero calling frogs, 1-2 

calling frogs, and many calling frogs. Data for zero calling frogs consisted of all recordings 

in which no frogs were calling. In some cases, no individual calls could be isolated for 

analysis because of too many frogs calling or very heavy rain, so each recording was 

listened to in order to make sure there were actually no frogs calling. This dataset was used 

to explore the environmental conditions associated with ceased coqui frog activity and 

determine at what air temperatures populations stop calling altogether. Data for a 1-2 

calling frogs were all recordings in which only 1 or 2 frogs could be distinguished. These 

data represented conditions that were approaching thermal limits and therefore coqui frog 

activity was greatly reduced to only a small fraction of the populations calling. Each of 

these recordings were checked as well because some recordings of only 1-2 frogs could be 

due to the chorus just starting near sunset or ending near sunrise. Such recordings had 

timestamps around 18:00 – 19:00 and 05:00 – 06:00 and usually had other nearby frogs 

making territorial calls, such as “co co qui qui qui”, “co qui qui qui”, or repeating “co” notes. 

Such recordings were not included in the final dataset because they did not represent only a 

couple of coqui frogs attempting to call under less than favorable thermal conditions. Data 

for many calling frogs consisted of recordings in which 3-5 calls were analyzed. These data 

represent usual calling conditions where a substantial fraction of the coqui frog population 

in the area were calling, usually from dusk until dawn. These data were used as the 

baseline to compare to the other two datasets. 

For each sampling event (i.e., when equipment was set out at a location for 3 

consecutive nights), environmental variables at each half hour interval and acoustic 

variables for each 5-minute recording at each half hour interval were averaged over the 
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three nights, then those data were averaged to create a sampling event mean for each 

variable. It was not possible to accurately identify unique individual coqui frogs within a 

recording, so all analyzed calls, both repeated individual and different individual frogs, 

were simply averaged for each acoustic parameter. The sampling event means were used 

for statistical analyses. 

Welch two sample t-tests and two-tailed Mann-Whitney-Wilcoxon tests were used to 

compare mean environmental variables between high and low elevation for each chorus 

type and between chorus types for each elevation. ANOVAs and Kruskal-Wallis rank sum 

tests were done to compare mean environmental variables between different chorus types 

at each elevation and post hoc Tukey’s HSD and Dunn’s test of multiple comparisons using 

rank sums were used examine which pairs of group means were different. Mean Acoustic 

parameters were compared between high and low elevation for calling chorus types (1-2 

frogs & many frogs) and between calling chorus types for each elevation using Welch two 

sample t-tests and two-tailed Mann-Whitney-Wilcoxon tests. Simple and generalized linear 

regression (family = gaussian) analyses were conducted to explore the association between 

air temperature and coqui frog acoustic variables at high and low elevation. Regression 

slopes for acoustic variables were compared between calling chorus types and elevation 

using ANCOVAs. R version 3.6.3 (R Core Team 2020) was used for all statistical analyses (  

= 0.05) and graphing. 

 

RESULTS  

Mean Environmental Parameters Between Elevations and Chorus Types 

All environmental variables were significantly different between high and low 

elevation for all chorus types (Table 3, 4, 5). Air temperatures were significantly lower at 
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high elevation compared to low elevation when zero frogs were calling (W = 30, Nhigh = 36, 

Nlow = 14, p < 0.0001, Table 3, Figure 3). Coqui frogs stopped calling when air temperatures 

were approximately 14°C at high elevation and 19°C at low elevation, and there were more 

nights with no calling activity at high elevation (N = 36) compared to low elevations (N = 

14). Air temperatures were also lower at high elevation compared to low elevation when 1-2 

frogs were calling (t = -8.5, d.f. = 47, p < 0.0001, Table 4), and when many frogs were calling 

(W = 9, Nhigh = 25, Nlow = 40, p < 0.0001, Table 5).  

Mean air temperatures were significantly different between chorus types at high 

(F2,87 = 30.6, p < 0.0001) and low (Kruskal-Wallis chi-squared = 14.4, d.f. = 2, p < 0.001) 

elevation. Air temperatures were significantly lower when zero frogs were calling compared 

to when many frogs were calling at both high (p < 0.0001) and low (Z = 2.4, p = 0.025) 

elevation (Table 6). In fact, all environmental variables were significantly lower when zero 

frogs were calling compared to when many frogs were calling, with the exception of relative 

humidity at high elevation (Table 6). Air temperatures were also  significantly lower when 

zero frogs were calling compared to when only 1-2 frogs were calling at high elevation (p < 

0.0001) but were not different at low elevation (Z = -0.7, p = 0.69; Table 6). At high 

elevation, air temperatures were not different between 1-2 and many calling frogs (p = 

0.082) but were significantly lower when 1-2 frogs were calling at low elevation (Z = -3.5, p 

< 0.001; Table 6).  

Soil temperatures tracked very closely to air temperatures and were only warmer by 

approximately a 1°C or less for all chorus types (Table 6). 

 Both mean relative humidity and mean leaf wetness were higher at high elevation 

compared to low elevation when zero frogs were calling (W = 407.5, Nhigh = 36, Nlow = 14, p < 

0.001, and W = 418.5, Nhigh = 36, Nlow = 14, p < 0.001, respectively; Table 3), when 1-2 frogs 
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were calling (W = 427, Nhigh = 28, Nlow = 21, p = 0.007, and W = 450, Nhigh = 28, Nlow = 21, p = 

0.001, respectively; Table 4), and when many frogs were calling (W = 718, Nhigh = 25, Nlow = 

40, p = 0.009, and W = 775, Nhigh = 25, Nlow = 40, p < 0.001, Table 5).  

Relative humidity was not different between chorus types at high elevation 

(Kruskal-Wallis chi-squared = 1.9, d.f. = 2, p = 0.39) but did differ between chorus types at 

low elevation (Kruskal-Wallis chi-squared = 9.1, d.f. = 2, p = 0.01) (Table 6). Mean relative 

humidity was significantly lower when zero frogs were calling at low elevation compared to 

when 1-2 frogs (Z = 2.4, p = 0.02) and many frogs (Z = 2.9, p = 0.005) were calling, but was 

essentially the same between many calling frogs and 1-2 calling frogs (Z = -2.1, p = 1.0; 

Table 6). Leaf wetness was generally lower at low elevations, but the lowest values were 

associated with recording nights where no frogs were calling at both high and low 

elevations (Figure 4). There were significant differences in leaf wetness between chorus 

types at both high (Kruskal-Wallis chi-squared = 6.4, d.f. = 2, p = 0.04) and low (Kruskal-

Wallis chi-squared = 8.4, d.f. = 2, p = 0.02) elevation. Leaf wetness was significantly lower 

when zero frogs were calling compared to when many frogs were calling at both high (Z = 

2.2, p = 0.04) and low (Z = 2.9, p = 0.006) elevation (Table 6; Figure 4), but did not differ 

compared to when only 1-2 frogs were calling at both high (Z = 2.1, p = 0.06) and low (Z = 

1.5, p = 0.2) elevation (Table 6). There were no differences in leaf wetness between calling 

chorus types (1-2 and many calling frogs) at both high (Z = -0.2, p = 1) and low (Z = -1.3, p = 

0.3) elevation (Table 6). 

Mean Acoustic Parameters Between Elevations and Calling Chorus Types  

Mean ‘co’ note length was significantly longer at high elevation for both calling 

chorus types, 1-2 calling frogs (t = 2.5, d.f. = 47, p = 0.02; Table 4) and many calling frogs 

(W = 760, Nhigh = 25, Nlow = 40, p = 0.001; Table 5). ‘Co’ note length was not different 
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between chorus types at both high (t = 1.1, d.f. = 51.2, p < 0.27) and low (W = 484, N1-2 = 21, 

Nmany = 40, p = 0.34) elevation (Table 7).  

There was no difference in ‘qui’ note length between elevations when 1-2 frogs were 

calling (t = 0.83, d.f. = 45.7, p = 0.41; Table 4), but note length was longer at high elevation 

compared to low elevation when many frogs were calling (W = 686, Nhigh = 25, Nlow = 40, p = 

0.03; Table 5). ‘Qui’ note length was longer at both elevations when 1-2 frogs were calling 

compared to many calling frogs (Table 7), but the difference in mean ‘qui’ note length 

between chorus types was only significant at low elevation (W = 640, N1-2 = 21, Nmany = 40, p 

< 0.001). 

Both inter-note interval length and total call length were significantly longer when 

only 1-2 frogs were calling at both high (t = 4.0, d.f. = 49.8, p = 0.0002, and t = 4.2, d.f. = 52, 

p = 0.0001, respectively) and low elevation (W = 754, N1-2 = 21, Nmany = 40, p < 0.0001, and 

W = 806, N1-2 = 21, Nmany = 40, p < 0.0001, respectively) compared to when many frogs were 

calling (Table 7). Inter-note length and total call length were significantly longer at high 

elevation compared to low elevation when 1-2 frogs were calling (W = 526, Nhigh = 28, Nlow = 

21, p < 0.0001, and W = 517, Nhigh = 28, Nlow = 21, p < 0.0001, respectively) and when many 

frogs were calling (W = 1011, Nhigh = 25, Nlow = 40, p < 0.0001, and W = 1008, Nhigh = 25, Nlow 

= 40, p < 0.0001, respectively; Figure 5). 

At high elevation, ‘co’ note center frequency was significantly lower compared to low 

elevation for both chorus types (t = -8.8, d.f. = 46.4 , p < 0.0001 for 1-2 frogs, and W = 5, 

Nhigh = 25, Nlow = 40, p < 0.0001 for many frogs; Tables 4 & 5; Figure 6). Similarly, ‘qui’ note 

center frequency was also significantly lower at high elevation compared to low elevation 

for both chorus types (t = -9.6, d.f. = 38.8, p < 0.0001 for 1-2 frogs, and W = 0, Nhigh = 25, Nlow 

= 40, p < 0.0001 for many frogs; Tables 4 & 5). ‘Co’ and ‘qui’ note center frequencies did not 
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differ between chorus types at both high (t = 0.6, d.f. = 51.0, p  = 0.57, and t = 1, d.f. = 52, p 

= 0.32, respectively) and low (W = 417, N1-2 = 21, Nmany = 40, p = 0.97, and W = 444, N1-2 = 

21, Nmany = 40, p = 0.72, respectively) elevation (Table 7). 

‘Co’ note bandwidth was significantly higher at high elevation compared to low 

elevation when many frogs were calling (W = 762, Nhigh = 25, Nlow = 40, p = 0.001; Table 5), 

but it did not differ between elevations when only 1-2 frogs were calling (W = 300, Nhigh = 

28, Nlow = 21, p = 0.91; Table 4; Figure 7). ‘Co’ note bandwidth did not differ between calling 

chorus types at high elevation (W = 458, N1-2 = 28, Nmany = 25, p = 0.11) but was significantly 

higher when 1-2 frogs were calling at low elevation (W = 737, N1-2 = 21, Nmany = 40, p < 

0.0001; Table 7).  

‘Qui’ note bandwidth did not differ between elevations when 1-2 frogs were calling 

(W = 245, Nhigh = 28, Nlow = 21, p = 0.33; Table 4) or when many frogs were calling (W = 468, 

Nhigh = 25, Nlow = 40, p = 0.5; Table 5), but ‘qui’ note bandwidth was significantly higher 

when 1-2 frogs were calling at both high (W = 514, N1-2 = 28, Nmany = 25, p = 0.01) and low (t 

= 2.5, d.f. = 49.1, p = 0.02) elevation compared to when many frogs were calling (Figure 7). 

Air Temperature VS Acoustic Parameters Between Elevations and Calling Chorus Types 

 ‘Co’ note length did not have any significant relationships with temperature for both 

chorus types at either elevation (Tables 8 & 9). The association between ‘co’ note length and 

temperature was not different between high and low elevation when many frogs were 

calling (F1,62 = 0.003, p = 096) or when only 1-2 frogs were calling (F1,45 = 0.19, p = 0.66). 

Additionally, regression slopes did not differ between chorus types at both high (F1,50 = 0.16, 

p = 0.69) and low (F1,57 = 1.26, p = 0.27) elevation. 

‘Qui’ note length’s association with temperature was not significant for 1-2 frogs 

calling at either elevation or when many frogs were calling at high elevation (Tables 8 & 9). 
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At low elevation, however, decreasing temperature was found to be significantly associated 

with decreasing ‘qui’ note length when many frogs were calling (r2 = 0.12, t1,38 = 2.2, p = 

0.031). Additionally, coqui frogs calling at high elevation had significantly longer ‘qui’ note 

lengths compared to frogs calling at low elevation at the same temperature when many 

frogs were calling (F1,63 = 8.3, p = 0.0054). Regression slopes did not differ between elevation 

for both chorus types (F1,45 = 0.036, p = 0.85 for 1-2 calling frogs, and F1,62 = 0.13, p = 0.72 

for many calling frogs) and also did not differ between chorus types (F1,50 = 0.016, p = 0.90  

at high, and F1,57 = 0.29, p = 0.59 at low). At low elevation, mean ‘qui’ note length was 

significantly longer when 1-2 frogs were calling compared to when many frogs were calling 

at similar temperatures (F1,58 = 19.7, p < 0.0001), and at high elevation, mean ‘qui’ note 

length was trending toward being longer when 1-2 frogs were calling compared to many 

calling frogs at similar temperatures (F1,50 = 0.29, p = 0.054). 

The inter-note interval of coqui frog calls was negatively associated with 

temperature for both chorus types (Figure 8). A decrease in air temperature was connected 

to a strong significant increase in inter-note interval at both high (p < 0.0001) and low (p < 

0.001) elevation when 1-2 frogs were calling (Table 8), as well as when many frogs were 

calling at high (p < 0.0001) and low (p < 0.0001) elevation (Table 9). Regression slopes did 

not differ between high and low elevation for many calling frogs (F1,62 = 3.4, p = 0.070), but 

were significantly different when 1-2 frogs were calling (F1,45 = 4.6, p = 0.037). The inter-

note interval vs air temperature relationship did not differ between chorus types at either 

high (F1,50 = 2.6, p = 0.11) or low (F1,57 = 0.14, p = 0.71) elevation. Inter-note interval length 

was found to be significantly longer at any given temperature when 1-2 frogs were calling 

at both high (F1,51 = 12.6, p < 0.001) and low (F1,58 = 23.1, p < 0.0001) elevation compared to 

normal chorusing activity. 
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Total call length also had a strong negative association with air temperature for 

both chorus types (Figure 9). Call length significantly increased with decreasing 

temperature at high (p < 0.01) and low (p < 0.01) elevation when 1-2 frogs were calling 

(Table 8) and when many frogs were calling at both high (p < 0.01) and low (p < 0.0001) 

elevation (Table 9). The slopes of the regressions were similar between chorus types at both 

elevations (F1,50 = 0.38, p = 0.54 at high, and F1,57 = 0.33, p = 0.57 at low) and also did not 

differ between elevations for each chorus type (F1,45 = 1.2, p = 0.27 for 1-2 calling frogs, and 

F1,62 = 1.2, p = 0.28 for many calling frogs). When many frogs were calling, call length was 

significantly longer at high elevation compared to similar temperatures at low elevation 

(F1,63 = 7.7, p = 0.0072). Additionally, total call length was found to be much longer when 1-2 

frogs were calling at both high (F1,51 = 10.6, p = 0.0020) and low (F1,58 = 49.1, p < 0.0001) 

elevation compared to when many frogs were calling at any given temperature.  

‘Co’ note center frequency was found to have a positive relationship with 

temperature, decreasing as temperature decreases with the strongest relationships 

occurring at high elevation (Figure 10). At high elevation, ‘co’ note frequency significantly 

decreased at lower temperatures when 1-2 frogs were calling (p = 0.01; Table 8) and when 

many frogs were calling (p < 0.001; Table 9). This relationship was also significant at low 

elevation when many frogs were calling (p < 0.001; Table 9), but not when only 1-2 frogs 

were calling (p = 0.86; Table 8). The association between ‘co’ note center frequency and air 

temperature was strongest at high elevation compared to low elevation for both chorus 

types (F1,45 = 4.5, p = 0.04 for 1-2 calling frogs, and F1,62 = 12.1, p < 0.001 for many calling 

frogs; Figure 10). Regressions slopes were not different between chorus types at high 

elevation (F1,50 = 0.06, p = 0.81) and low elevation (F1,57 = 1.4, p = 0.24). At high elevation, 
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‘co’ note center frequency was slightly greater when 1-2 frogs were calling compared to 

when many frogs were calling at similar temperatures (F1,51 = 4.2, p = 0.05). 

‘Qui’ note center frequency also showed a positive relationship with air temperature 

at both elevations for both chorus types (Figure 11). ‘Qui’ note frequency had a significant 

association with temperature at high elevation when 1-2 were calling (p = 0.04; Table 8) 

and when many frogs were calling (p = 0.001; Table 9). At low elevation, the association 

with ‘qui’ note center frequency and air temperature was significant when many frogs were 

calling (p < 0.001; Table 8). Regression slopes were not significantly different between 

elevations when 1-2 frogs were calling (F1,45 = 2.7, p = 0.11), but they were significantly 

different between high and low elevation when many frogs were calling (F1,62 = 7.7, p = 

0.0072). At similar temperatures, ‘co’ note bandwidth was significantly greater at high 

elevation for many calling frogs (F1,46 = 15.7, p < 0.001). Relationships were similar between 

chorus types at both elevations (F1,50 = 0.10, p = 0.76 for high, and F1,57 = 1.4, p = 0.25 for 

low). Center frequency was significantly longer at similar temperatures when 1-2 frogs 

were calling compared to when many frogs were calling (F1,51 = 5.1, p = 0.03). 

‘Co’ and ‘qui’ note bandwidths did not show consistent trends with chorus types, 

elevation, or temperature, and the differences were mostly not statistically significant 

(Tables 8 & 9). At high elevation when 1-2 frogs were calling, ‘co’ note bandwidth increased 

with increasing temperature but the relationship was only marginally significant at high 

elevation (p = 0.05, Table 8). At similar temperatures, ‘co’ note bandwidth was significantly 

higher when 1-2 frogs were calling compared to when many frogs were calling at low 

elevation (F1,58 = 23.9, p < 0.0001). ‘Qui’ note bandwidth was also significantly higher when 

1-2 frogs were calling compared to when many frogs were calling at similar temperatures at 

low (F1,58 = 25.7, p < 0.0001) as well as high elevation (F1,51 = 7.94, p = 0.007). Regression 
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slopes for ‘co’ note bandwidth were not different between elevations when many frogs were 

calling (F1,45 = 1.6, p = 0.21) or when 1-2 frogs were calling (F1,62 = 0.24, p = 0.62), and were 

not significantly different between chorus types at both high (F1,50 = 3.3, p = 0.074) and low 

(F1,57 = 0.48, p = 0.49) elevation. The association between temperature and ‘qui’ note 

bandwidth did not differ between elevations when 1-2 frogs were calling (F1,45 = 0.88, p = 

0.35) or when many frogs were calling (F1,62 = 0.002, p = 0.97), and regression slopes were 

not different between chorus types at both elevations (F1,50 = 1.1, p = 0.30 at high, and F1,57 

= 0.15, p = 0.70 at low). 

 

DISCUSSION 

This study of overnight coqui frog chorusing demonstrated the usefulness of 

automated recording techniques of sampling and analyzing animal vocalizations. Prior 

coqui frog studies mostly utilized manual recording systems (Narins & Hurley 1982; 

Meenderink et al. 2009; O’Neill & Beard 2011). Manual recording techniques offer 

advantages since individual frogs are sampled. While making manual recordings, the 

observer can also note their behavior (e.g., posture, vocal sac expansion and contraction, 

and calling location). Manual recordings can also reduce the occurrence of pseudo-

replication, which can be difficult to avoid in automated recordings and why this study 

utilized sample means for coqui frog call acoustic parameters. However, manual recording 

techniques are not practical for long-term sound collection, such as throughout the night, by 

comparison. Automated recording devices operate continuously or on user-defined intervals, 

which can be useful for recording at periods of interest throughout the day or night without 

the presence of the researcher and may maximize encounters with the focal species 

(Bridges & Dorcas 2000; Dorcas et al. 2009). Additionally, users can place multiple 
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automatic devices in different locations to increase sample sizes within one site or make 

simultaneous recordings at different sites with different populations. A study by 

Villanueva-Rivera (2007) investigated the potential of both manual acoustic surveys and 

automated digital recorders to accurately detect and identify calling Eleutherodactylus 

frogs in areas with high species diversity which creates a noisy environment. Findings 

supported the hypothesis that automated digital recorders and their associated analytical 

software were more accurate at determining species richness using chorus recordings. 

Indeed, filtering the spectrogram of a recording facilitated the detection of three rare, and 

perhaps threatened or endangered, Eleutherodactylus species at one of the sites. Dorcas et 

al. (2009) and Fristrup & Mennitt (2012) provide informative overviews of both automated 

and manual recording techniques applied to anuran acoustic research. 

Temporal Call Parameters & Temperature 

Among the coqui call parameters studied, temperature had the largest effects on 

inter-note interval length and total call length and these relationships were strongest in 

high elevation populations of frogs. These temporal variables were significantly longer at 

cooler high elevations, and lengths continued to increase as calling conditions approached 

thermal limits with decreasing temperature. Figure 5 illustrates this pattern for both 1-2 

calling frogs and many calling frogs. These findings are similar to previous observations of 

altitude and temperature differences in inter-note and total call lengths (Narins & Smith 

1986; O’Neill & Beard 2011; Benevides & Mautz 2014; Narins & Meenderink 2014). In 

addition, I found significant differences between conditions when 1-2 frogs were calling 

compared to when many frogs were calling. Shorter durations when many frogs are calling 

may represent frogs changing their calls as acoustic competition rises. Inter-note interval 

length was more strongly influenced by temperature compared to both the ‘co’ and ‘qui’ 
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notes, therefore the increased inter-note interval length is what drives longer call durations 

at higher elevations with cooler temperatures. 

 Nightly calling is an energy-demanding activity for tropical frogs (Taigen & Wells 

1985), especially for frogs with high call rates (Navas 1996c). Unlike many reptiles, which 

can behaviorally thermoregulate with solar radiation (Gillis 1991), amphibian body 

temperatures and metabolic rates are more directly dependent on environmental air 

temperature (Taigen & Wells 1985; Navas 1996b). Falling nighttime air temperatures will 

slow frog physiological functions and muscle movement (Navas et al. 1999). Sit & wait 

predators, such as coqui frogs, have low levels of locomotor activity which would benefit 

them in cooler climates as cooler temperatures affect muscle physiology and capacity for 

sustained activity (Navas 1996c). Coqui frogs live in tropical areas with relatively constant 

temperatures and are not usually subjected to the thermal stress of large changes in air 

temperature, such as those that occur in temperate climate zones. This is likely why cooler 

temperatures at high elevations are associated with increased inter-note and total call 

lengths in coqui frogs at both high and low elevations. The regressions of inter-note interval 

and total call length on air temperature between high and low elevation (Figure 8 & 9) were 

not significantly different. This implies that high elevation coqui frogs have not 

compensated for low temperatures with acclimatization. 

 Additionally, call rate or call repetition period has been shown to significantly 

decrease with decreasing temperature or increasing elevation (O’Neill & Beard 2011; 

Benevides & Mautz 2014). Relatively high call rates are associated with positive female 

choice (Lopez & Narins 1991), so if female preference does not change with temperature in 

parallel with male call rate, thermal physiological limitations on call rate could have 

adverse effects on coqui frog mating success. Call rate was not measured in this study since 
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individual frogs calling on recordings could not be identified in repeated calls with absolute 

certainty. 

Spectral Call Parameters & Temperature 

 Cooler temperatures at high elevation had a substantial effect on coqui frog spectral 

call parameters, primarily the ‘co’ and ‘qui’ center frequency, with similar relationships to 

those observed in prior studies  (Narins & Smith 1986; O’Neill & Beard 2011; Benevides & 

Mautz 2014). However, in the present study with a larger range of temperature data, call 

note frequency regression slopes at high elevations and relatively cooler temperatures for 

both chorus types were steeper than those previously reported (Benevides & Mautz 2014). 

At similar temperatures, high elevation coqui frog populations had significantly lower call 

note frequencies compared to low elevation populations (Figures 10 & 11) and frequencies 

declined considerably with decreasing temperature. Low elevation coqui frogs stopped 

calling as air temperature declined, but high elevation coqui frogs continued to call at lower 

center frequencies (Figures 10 & 11). This result implies that the high elevation frog 

populations have acclimatized or adapted to having the physiological capacity to call at low 

temperatures. It is not known how long the high elevation coqui frogs have occupied these 

habitats. Coqui frogs have only been in Hawaii since the 1980’s (Kraus & Campbell 2002). 

Distant dispersal of these frogs in Hawaii is generally by human traffic along roadways, 

and the high elevation populations have likely been in place for much less than 30 years. 

Therefore, it is likely that the differences in thermal calling capacity seen in Figures 10 and 

11 are due to acclimatization to low temperatures and not evolutionary adaptation. 

Extended laboratory experiments testing thermal acclimation capacities could reveal these 

possibilities. 
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 Another variable that could influence results observed for high elevation coqui frogs 

is frog body size. In Puerto Rico, frog body size is known to affect call note frequency, and 

coqui frog body size increases with increasing altitude (Drewry & Rand 1983). One 

hypothesis for this body size relationship to altitude is that high elevation environments 

and resource availability favor body size plasticity, resulting in relatively larger frogs 

(Narins & Smith 1986). However, it remains unclear why coqui frogs at higher altitudes are 

larger compared to lowland areas. While call intensity (sound pressure level) is not 

correlated with male coqui frog body size (Narins & Hurley 1982; O’Neill & Beard 2011), 

call note frequencies are (Narins & Smith 1986; O’Neill & Beard 2011). O’Neill & Beard 

(2011) found that call note frequency of coqui frogs was significantly associated with 

temperature and that frequency was also negatively associated with body size in both 

Hawaii and Puerto Rico, with slopes being greater for Puerto Rico. Furthermore, body size 

explained a higher degree of variance in call note frequency than temperature. In Hawaii, 

with the relatively young populations of coqui frogs, average body size of coqui frogs is 

smaller than in Puerto Rico, and the difference in mean body size between high and low 

elevations is much smaller compared to body size differences in Puerto Rico (O’Neill & 

Beard 2011). Although body size information was not available for coqui frogs recorded but 

not captured in the present study, the possible effect of body size on call frequencies 

between high and low elevation populations can be approximately estimated. Available 

data are snout-vent lengths (SVL) of Hawaii male coqui frogs over elevation gradients 192-

952 meters (O’Neill & Beard 2011), a data set of Hawaii male coqui frog body mass and 

SVL measurements (n=379, Mautz, unpublished data), and a significant relationship of 

Hawaii male coqui frog ‘co’ note center frequencies with body mass (Benevides & Mautz 

2014). From these data, male coqui frog mass was estimated from SVL as a second order 
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polynomial: mass = -0.0003 SVL2 + 0.13 SVL – 1.65. From O’Neill & Beard’s (2011) SVL 

and elevation data, the difference between male mean SVL at the present study’s mean low 

(71 meters) and high (875 meters) elevation sites and estimated male body masses from 

Mautz (unpublished) are 1.81 and 2.06 grams, respectively. This amounts to an average 

difference in mass of only 0.25 grams and corresponds to an average estimated difference in 

‘co’ note center frequency of only 12 hertz. Thus, the body mass effect on center frequency is 

minute compared to the differences observed in center frequencies between high and low 

elevation coqui frog populations (Tables 10 & 11).  

 Temperature can affect auditory sensitivity to different frequency ranges in frogs 

(Mohneke & Schneider 1979), and optimum auditory responses for coqui frogs appear to be 

around 25°C or higher (Stiebler & Narins 1990). The temperature dependence of inner ear 

organ receptors can lead to mismatches in frequency preferences for female frogs in sub-

optimal thermal conditions (Ryan 1988; Navas et al. 2008). In multi-species assemblages 

like in Puerto Rico, changes in male calling frequency could be mistaken for other species if 

temperature acts upon the female amphibian papilla fibers, which are sensitive to low 

frequencies and strongly temperature-dependent (Drewry & Rand 1983; Ryan 1988; 

Smotherman & Narins 2000). Even in the absence of other frog species, large changes in 

male calling frequencies with low temperature must be accompanied by changes in female 

receptivity for effective reproductive behavior at low temperature. 

Benevides & Mautz (2014) found a significant positive effect of temperature on ‘qui’ 

note bandwidth but not ‘co’ note bandwidth in measurements from lower elevation coqui 

frogs in Hawaii. The analyses in this study did not find bandwidth strongly related to 

temperature at either high or low elevation for both chorus types, although high elevation 
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frogs when 1-2 frogs were calling had a positive trend of ‘co’ note bandwidth with 

temperature (p < 0.053, Table 8).  

Thermal Limits for Coqui Frogs in Hawaii – Chorus Activity & Temperature 

 This study determined that coqui frog calling activity decreases with decreasing 

temperature. The thermal limit for coqui frog calling activity for populations at high 

elevation is around 14°C, which is a significantly lower thermal barrier compared to low 

elevation populations which stop calling around 19°C (Figure 3). To the best of my 

knowledge, there has only been one mention in the literature of a temperature at which no 

coqui frogs were observed calling, and that was around 16-17°C at an elevation of 370 

meters in Puerto Rico (Drewry & Rand 1983). That observation is above what I would 

estimate for mid to low elevation coqui frog populations in Hawaii, since high elevation 

populations in this study were found to continue calling until about 14-15°C. 

Additional Limits for Coqui Frogs in Hawaii – Chorus Activity & Moisture 

 In addition to temperature, moisture availability was also found to influence coqui 

frog chorusing activity. Significantly drier conditions were associated with no calling frogs 

(Table 6), even at high elevation where the montane forests are usually consistently wet 

relative to lower elevation forests on the east side of Hawaii Island (Giambelluca et al. 

2013). These findings support previous observations that moisture availability influences 

coqui frog activity (Pough et al. 1983). In Hawaii, overnight sound pressure level recordings 

during several bouts of heavy rainfall clearly showed a distinct rise in coqui frog calling 

activity immediately following the rain event (Benevides et al. 2009). In Puerto Rico, 

(Woolbright & Stewart 1987) observed reduced coqui frog calling as well as reduced 

foraging and maintaining a water-conserving posture during the dry season (January – 

March). It’s also been observed that coqui frog populations can crash due to an abnormally 
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long dry season or drought in Puerto Rico (Woolbright 1991; Stewart 1995). Although coqui 

frogs can be active for a week or more without rain events, they are sensitive to drought 

periods and can die if water loss exceeds 30% (Pough et al. 1983; Stewart 1995).  

Temperature and moisture variation in this study show that coqui frog populations 

in high elevation montane wet forests will be subjected to lower temperatures, but 

generally experience less dehydration stress, compared to low elevation populations. 

Conversely, low elevation coqui frog populations experience relatively more variation in 

environmental moisture availability, but less temperature variability compared to higher 

altitudes. Diurnal retreat sites are important for reducing temperature and dehydration 

stress for frogs and toads (Brattstrom 1979; Seebacher & Alford 2002). In this study, leaf 

litter temperature tracked very closely to air temperature. Consequently, forest floor 

retreat sites did not provide much thermal insulation, so coqui frogs and egg clutches were 

unlikely to escape from temperature fluctuations and extremes in the leaf litter. Therefore, 

retreat sites probably play a larger role in reducing dehydration stress than thermal stress 

for coqui frogs at both high and low elevations. In Hawaii, I noted that coqui frogs appear to 

frequent retreat sites where water often pools in addition to moist leaf litter, such as empty 

coconut shells, bromeliads, pitcher plants (Nepenthese spp.), and ekaha ferns (Asplenium 

nidus). 

Conclusions  

This study suggests that cooler temperatures will limit the coqui frogs’ ability to 

colonize high elevation forests in Hawaii. Forests at still higher elevations are drier and 

wetness will also likely limit be a limitation on coqui frog population expansion. However, 

as global temperatures continue to rise, the thermal limits on coqui frog expansion may 

shift to higher altitudes as warmer temperatures at higher elevations will increase 
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favorable coqui frog habitat (Rödder 2009). Moreover, increasing temperatures may put 

thermal stress on coqui frogs at lower elevations, causing those populations to decline and 

also shift to higher altitudes (Narins & Meenderink 2014). The coqui frog has a relatively 

wider thermal tolerance range compared to other tropical anurans (Feder 1982), and their 

acclimation potential, although small, could favor shifts towards previously unexploited 

environments (Haggerty 2016). Additionally, coqui frogs can behaviorally regulate 

evaporative water loss as well as utilize bladder storage for water reserves during dry 

nights (Pough et al. 1983), and this type of phenotypic plasticity could facilitate survival in 

the drier shrublands at elevations beyond the montane wet forests in Hawaii.  

Since calling activity and coqui frog call acoustic parameters are influenced by lower 

temperatures at higher altitudes, high elevation populations may experience diminished 

female response and therefore reduced reproductive activity and success compared to lower 

elevations. Also, reduced calling activity during colder months of the year could produce a 

seasonal pattern in coqui frog activity at high elevations (Woolbright 1985; Stewart 1995). 

Mismatches in female choice could further limit the successful establishment of coqui frogs 

(Narins & Meenderink 2014). Moreover, coqui frog egg development is affected by 

fluctuating temperature (Burggren et al. 1990). While the ecological importance of 

temperature sensitivity in coqui frog embryonic development has been little studied, it has 

been suggested that coqui frog development has a narrow temperature tolerance range 

(Townsend & Stewart 1986a), adding increased pressure to the survivability of coqui frogs 

in relatively cooler climates. Calling earlier in the night could be a mitigation strategy to 

reduce cold exposure, along with alterations to their thermal physiology (Navas 1996a). 

 Based on the results presented here, future studies should focus on coqui frog egg 

clutch survival under cooler climate conditions, female responses to males from both high 
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and low elevations, and the adaptation potential of coqui frogs to overcome environmental 

limitations. It would also be interesting to determine if body size is physiological response 

to cooler temperatures as well as more precisely resolve the temperature at which coqui 

frogs stop calling using time-series data. In general, the results of this study add to the 

literature about coqui frog ecology and their presence in Hawaii. Information on the 

limitations on the potential distribution of coqui frog populations in Hawaii will aid land 

managers and conservationists in making informed decisions about the control and 

management of coqui frog populations. Importantly, the present results can be used to 

estimate how probable the coqui frog threat might be toward fragile or at risk Hawaiian 

ecosystems at higher elevations where endemic species dominate.  
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TABLES 

Table 1. Coqui frog recording sites. 

Site Type Site Name Elevation (m) 

High ‘Ōla‘a Forest Reserve 945 

High Upper Waiākea ATV & Dirt Bike Park 911 

High Hilo Watershed Forest Reserve 830 

Low Nānāwale Forest Reserve 152 

Low Kalili Street 49 

Low Government Beach Road 12 

 

 

 

Table 2. Coqui frog call acoustic parameter descriptions 

Call Acoustic Parameter Description 

“co” note duration (sec) Length of the “co” note in the “co-qui” call 

“qui” note duration (sec) Length of the “qui” note in the “co-qui” call 

Inter-note interval (sec) Length between the “co” and “qui” notes and including the “co” note 

Call length (sec) Total length of the individual “co-qui” call 

“co” center frequency 

(Hz) 

The frequency that divides the ‘co’ note into two frequency intervals 

of equal energy 

“qui” center frequency 

(Hz) 

The frequency that divides the ‘qui’ note into two frequency 

intervals of equal energy 

“co” bandwidth (Hz) ‘Co’ note frequency range containing 90% of the energy  

“qui” bandwidth (Hz) ‘Qui’ note frequency range containing 90% of the energy 

 

 

 

 

 

Table 3. Sample means ± SE, plus minimum and maximum values for environmental parameters of 

recordings with no frogs calling for each elevation. Samples sizes (i.e., recording nights) are 36 and 

14 for high and low elevation, respectively. 

   Air (°C) Soil (°C) RH (%) Leaf (min) 

High 

Min 12.23 12.26 105.90 0 

Mean 14.43a (±0.22) 15.19a (±0.22) 96.75a (±1.56) 20.5a (±1.67) 

Max 17.66 18.10 70.00 30.03 

Low 

Min 13.38 14.82 99.80 0 

Mean 19.00b (±0.53) 19.45b (±0.48) 87.74b (±1.92) 6.72b (±2.43) 

Max 21.05 21.05 78.10 30.00 
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Table 4. Sample means ± SE, plus minimum and maximum values for environmental and acoustic parameters when only 1-2 coqui frogs 

were calling. Samples sizes are 28 and 21 for high and low elevation, respectively. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 5. Sample means ± SE, plus minimum and maximum values for environmental and acoustic parameters when many coqui frogs were 

calling. Samples sizes are 25 and 40 for high and low elevation, respectively. 

 

 

  

Air 

(°C) 

Soil 

(°C) 

RH 

(%) 

Leaf 

(min) 

Co 

ND (s) 

Qui 

ND (s) 

INI 

(s) 

Call 

(s) 

Co CF 

(Hz) 

Qui 

CF 

(Hz) 

Co 

BW 

(Hz) 

Qui 

BW 

(Hz) 

High 

Min 13.50 12.91 73.64 4.29 0.11 0.10 0.30 0.46 1244.17 2149.90 275.62 446.31 

Mean 
16.05a 

(±0.22) 

16.59a 

(±0.25) 

98.23a 

(±1.65) 

25.37a 

(±1.31) 

0.13a 

(±0.002) 

0.19a 

(±0.006) 

0.37a 

(±0.007) 

0.57a 

(±0.009) 

1389.31a 

(±18.26) 

2423.58a 

(±32.06) 

458.48a 

(±25.79) 

572.57a 

(±18.06) 

Max 18.27 18.73 105.77 30.04 0.15 0.25 0.45 0.68 1602.09 2756.20 762.88 861.33 

Low 

Min 15.69 14.61 71.67 0 0.11 0.16 0.26 0.46 1485.79 2584.0 344.51 447.88 

Mean 
19.19b 

(±0.32) 

19.49b 

(±0.35) 

93.67b 

(±1.81) 

12.57b 

(±2.63) 

0.12b 

(±0.003) 

0.19a 

(±0.005) 

0.31b 

(±0.007) 

0.50b 

(±0.007) 

1590.59b 

(±13.90) 

2765.45b 

(±15.93) 

444.56a 

(±22.68) 

572.22a 

(±13.29) 

Max 21.18 21.31 103.76 30.06 0.15 0.23 0.40 0.61 1737.03 2880.66 689.10 696.27 

  

Air  

(°C) 

Soil 

(°C) 

RH 

(%) 

Leaf 

(min) 

Co 

ND (s)  

Qui 

ND (s) 

INI 

(s) 

Call 

(s) 

Co CF 

(Hz) 

Qui 

CF 

(Hz) 

Co 

BW 

(Hz) 

Qui 

BW 

(Hz) 

High 

Min 15.03 13.61 72.37 5.16 0.11 0.14 0.27 0.44 1249.9 2181.3 305.14 407.68 

Mean 
16.79a 

(±0.23) 

17.03a 

(±0.27) 

97.22a 

(±1.95) 

25.16a 

(±1.49) 

0.13a 

(±0.002) 

0.18a 

(±0.005) 

0.36a 

(±0.01) 

0.54a 

(±0.02) 

1373.2a 

(±15.66) 

2378.7a 

(±26.13) 

402.51a 

(±20.58) 

512.42a 

(±13.58) 

Max 19.60 18.89 105.19 30.05 0.14 0.22 0.64 0.81 1548.8 2634.2 655.88 713.29 

Low 

Min 17.55 15.80 78.78 0 0.10 0.15 0.23 0.39 1518.1 2666.0 287.22 462.42 

Mean 
20.70b 

(±0.20) 

20.64b 

(±0.25) 

94.43b 

(±1.19) 

16.83b 

(±1.65) 

0.12b 

(±0.002) 

0.17b 

(±0.003) 

0.26b 

(±0.004) 

0.43b 

(±0.004) 

1578.5b 

(±4.50) 

2777.6b 

(±8.38) 

341.07b 

(±7.36) 

512.85a 

(±4.68) 

Max 23.88 22.74 103.64 30.02 0.15 0.21 0.33 0.51 1670.8 2922.6 531.49 588.59 
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Table 6. Means and standard errors of environmental variables for each chorus type at high and low 

elevation. Difference in letters indicate statistical significance (p  < 0.05). High, low elevation sample 

sizes are as follows: zero n= 36, 14; couple n= 28, 21; many: n= 25, 40. 

  High Elevation Low Elevation 

 Chorus Mean SE Mean SE 

Air Temperature 

Zero 14.43a 0.22 19.00a 0.53 

Couple 16.05b 0.22 19.19a 0.32 

Many 16.79b 0.23 20.70b 0.20 

Soil Temperature 

Zero 15.19a 0.22 19.45a 0.48 

Couple 16.59b 0.25 19.49a 0.35 

Many 17.03b 0.27 20.64b 0.25 

% RH 

Zero 96.75a 1.56 87.74b 1.92 

Couple 98.23a 1.65 93.67a 1.81 

Many 97.22a 1.95 94.43a 1.19 

Leaf Wetness 

Zero 20.51a 1.67 6.72a 2.43 

Couple 25.37ab 1.31 12.57ab 2.63 

Many 25.16b 1.49 16.83b 1.65 

 

 

 

 

Table 7. Means and standard errors of acoustic variables for each chorus type at high and low 

elevation. Difference in letters indicate statistical significance (p  < 0.05). High, low elevation sample 

sizes are as follows: zero n= 36, 14; couple n= 28, 21; many: n= 25, 40. 

  High Elevation Low Elevation 

 Chorus Mean SE Mean SE 

‘Co’ Length 
Couple 0.13a 0.0023 0.12a 0.0026 

Many 0.13a 0.0019 0.12a 0.0016 

‘Qui’ Length 
Couple 0.19a 0.0064 0.19a 0.0046 

Many 0.18a 0.0049 0.17b 0.0028 

Inter-Note Interval 
Couple 0.37a 0.0067 0.31a 0.0073 

Many 0.34b 0.0052 0.26b 0.0035 

Total Call Length 
Couple 0.57a 0.0090 0.50a 0.0070 

Many 0.54b 0.015 0.43b 0.0039 

‘Co’ Center Frequency 
Couple 1389.31a 18.26 1590.59a 13.90 

Many 1373.2a 15.66 1578.5a 4.50 

‘Qui’ Center Frequency 
Couple 2423.58a 23.06 2765.45a 15.93 

Many 2378.7a 26.13 2777.6a 8.38 

‘Co’ Bandwidth 
Couple 458.48a 25.79 444.56a 22.68 

Many 402.51a 20.58 341.07b 7.36 

‘Qui’ Bandwidth 
Couple 572.57a 18.06 572.22a 13.29 

Many 512.42b 13.58 512.85b 4.68 
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Table 8. Linear regression model output and diagnostics for exploring the relationship between high 

and low elevation air temperature and coqui frog call acoustic variables when only 1-2 frogs were 

calling. Use of generalized linear models is indicated by asterisks. 

High Elevation 

Acoustic Variable b t F SE p  r2 

‘Co’ Note Length -0.0017 -0.82 0.67 0.033 0.42 0.025 

‘Qui’ Note Length 0.0040 0.70 0.50 0.092 0.49 0.019 

Inter-Note Interval Length -0.027 -8.86 78.58 0.048 < 0.0001 0.75 

Total Call Length -0.023 -3.35 11.21 0.11 0.0025 0.30 

‘Co’ Center Frequency 39.86 2.74 7.50 234.20 0.011 0.22 

‘Qui’ Center Frequency 58.62 2.20 4.84 428.54 0.037 0.16 

‘Co’ Bandwidth 43.95 2.03 4.11 348.89 0.053 0.14 

‘Qui’ Bandwidth 24.41 1.55 2.40 251.64 0.13 0.084 

 

Low Elevation 

Acoustic Variable b t F SE p  r2 

‘Co’ Note Length -0.0029 -1.59 2.52 0.035 0.13 0.12 

‘Qui’ Note Length 0.0027 0.84 0.71 0.063 0.41 0.036 

Inter-Note Interval Length* -0.017 -4.48 NA 0.071 0.00026 0.51 

Total Call Length -0.014 -3.51 12.32 10.11 0.0023 0.39 

‘Co’ Center Frequency 1.77 0.18 0.031 193.97 0.86 0.0016 

‘Qui’ Center Frequency 10.44 0.92 0.85 217.66 0.37 0.043 

‘Co’ Bandwidth 9.02 0.55 0.30 314.20 0.59 0.016 

‘Qui’ Bandwidth 6.77 0.71 0.51 183.17 0.49 0.026 

 

 

 

Table 9. Linear regression model output and diagnostics for exploring the relationship between high 

and low elevation air temperature and coqui frog call acoustic variables when many coqui frogs were 

calling. Use of generalized linear models is indicated by asterisks. 

High Elevation 

Acoustic Variable b t F SE p  r2 

‘Co’ Note Length -0.00056 -0.31 0.094 0.0018 0.76 0.0039 

‘Qui’ Note Length 0.0031 0.70 0.49 0.0044 0.49 0.020 

Inter-Note Interval Length* -0.02 -8.21 NA 0.0025 < 0.001 0.73 

Total Call Length -0.017 -3.14 9.84 0.0055 0.0045 0.29 

‘Co’ Center Frequency 44.41 4.04 16.30 11.0 0.00048 0.40 

‘Qui’ Center Frequency 69.04 3.62 13.12 19.06 0.0014 0.35 

‘Co’ Bandwidth* -9.10 -0.48 NA 18.86 0.63 0.0096 

‘Qui’ Bandwidth* 2.99 0.24 NA 12.62 0.81 0.0023 

 

Low Elevation 

Acoustic Variable b t F SE p  r2 

‘Co’ Note Length* -0.00043 -0.33 NA 0.0013 0.74 0.0029 

‘Qui’ Note Length* 0.0047 2.24 NA 0.0021 0.031 0.12 

Inter-Note Interval Length* -0.015 -10.62 NA 0.0014 < 0.0001 0.75 

Total Call Length* -0.011 -4.37 NA 0.0026 < 0.0001 0.33 

‘Co’ Center Frequency* 11.80 3.80 NA 3.10 0.00050 0.28 

‘Qui’ Center Frequency* 23.49 4.18 NA 5.62 0.00012 0.31 

‘Co’ Bandwidth* -0.95 -0.16 NA 5.96 0.87 0.00067 

‘Qui’ Bandwidth* 3.47 0.92 NA 3.75 0.36 0.022 
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FIGURES 

Figure 1. Map of recording sites on eastern Hawaii Island. Blue dots indicate sites at high elevation 

(from bottom to top): ‘Ōla‘a Forest Reserve (945 m), Upper Waiākea ATV and Dirt Bike Park (911 m), 

and Hilo Watershed Forest Reserve (830 m). Red dots indicate sites at low elevation (from bottom to 

top): Nānāwale Forest Reserve (152 m), Government Beach Road (12 m), and Hilo (49 m). 

 

 

 

 

 
Figure 2. Acoustic program Raven spectrogram of a representative coqui frog call. Unwanted 

acoustic energy is at a minimum and calls are not overlapping. 
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Figure 3. Box plot of temperature data at high and low elevations when no coqui frogs were calling. 

The high elevation mean = 14.4 (±0.22) and the low elevation mean = 19.0 (±0.53). Dots are data that 

were statistically significant outliers from distributions. 

 
 

 

Figure 4. Mean ± SE leaf wetness counts for all chorus types at both high and low elevation. Sample 

sizes are located at bottom of bars and statistical significance (  = 0.05) is denoted by letters. 



36 

 

 

 
Figure 5. Box plots of inter-note interval (left) and total call length (right) at high and low elevation 

for calling chorus types. Dots are data that were statistically significant outliers from distributions. 

 

 

 

 

 
Figure 6. Box plots of ‘co’ note (right) and ‘qui’ note (left) center frequencies at high and low elevation 

for both calling coqui frog chorus types. Dots are data that were statistically significant outliers from 

distributions. 
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Figure 7. Box plots of ‘co’ note (left) ‘qui’ note (right) bandwidth at high and low elevation for both 

calling coqui frog chorus types. Dots are data that were statistically significant outliers from 

distributions. 
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Figure 8. Scatterplots showing the association between inter-note interval length with air 

temperature at high and low elevation when only 1-2 frogs were calling (top) and when many frogs 

were calling (bottom). 
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Figure 9. Scatterplots showing the association between total coqui frog call length with air 

temperature at high and low elevation when only 1-2 frogs were calling (top) and when many frogs 

were calling (bottom). 
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Figure 10. Scatterplots showing the association between ‘co’ note center frequency with air 

temperature at high and low elevation when only 1-2 frogs were calling (top) and when many coqui 

frogs were calling (bottom). 
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Figure 11. Scatterplots showing the association between ‘qui’ note center frequency with air 

temperature at high and low elevation when only 1-2 frogs were calling (top) and when many frogs 

were calling (bottom). 
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