
 

 

ABSTRACT 

DOWDY, KELEN ELIZA. Occupancy and Abundance of Eleutherodactylus Frogs in Coffee 

Agroecosystems and Along an Elevational Gradient in the Mountains of Southwestern Puerto 

Rico. (Under the direction of Jaime Collazo) 

 

 

 Amphibian populations in Puerto Rico have been experiencing declines for decades. 

A primary cause is thought to be amphibian sensitivity to environmental fluxes and need of 

a non-contaminated, moist refuge. Pressure from human-modified landscapes and human 

influenced climate change threaten current habitat availability on the island. Thus, avenues 

to mitigate species loss are of the upmost importance to maintain current amphibian 

populations. Human-modified landscapes may affect the presence of sensitive species, but in 

some cases, altered landscapes may act as surrogate habitat and mitigate species loss. In 

Puerto Rico, the cultivation of coffee under shade is one such case, exemplified in by lower 

than expected avian extinction rates during the 20th century. While habitat loss is a known 

contributor of declines, long-term climatic changes are also believed to have played a role 

through suppressed reproduction and disease-induced mortality. Much remains to be learned 

about species responses to varying climatic conditions, and sharp contrasts found along 

elevational gradients provide a setting to gain insights about those relationships. These cases 

underscore the importance of assessing species responses to novel habitats and varying 

climatic conditions for conservation planning. This work explores these cases by 

quantifying species-habitat relationships for Eleutherodactylus frogs in two settings. First, 

we document occupancy dynamics of three Eleutherodactylus frogs in coffee plantations 

(sun and shade-grown) and in secondary forests, a group understudied in this land use 

context in Puerto Rico. Specifically, I determined whether environmental (temperature, 

humidity) and habitat covariates (cover) at two scales influenced local occupancy, 



 

 

colonization and extinction rates, and the probability of detecting 1 or ≥ 2 frogs at sampling 

stations, a proxy of abundance, during three seasonal periods in 2015. Occupancy of the 

forest-dependent E. wightmanae was highest in forested sites (0.74 ± 0.04), on average, and 

the probability of detecting ≥ 2 individuals decreased with increasing low vegetation cover 

(e.g., coffee trees; �̂� = −3.00 ± 1.19). Conversely, species with open habitat affinities 

either occurred with higher average probability in coffee plantations (E. brittoni; sun= 0.93 

± 0.01; shaded= 0.89 ± 0.04) or did not differ in occurrence across land uses (E. antillensis; 

0.68 ± 0.07). The probability of detecting ≥ 2 individuals was positively influenced by 

ground cover for E. brittoni and negatively by forest cover for E. antillensis, but weakly 

(Beta 95%CIs overlapped zero). Shaded plantations were an intermediate habitat state, an 

opportunity to foster multi-species conservation. Second, I expand on previous work by 

quantifying two demographic parameters, presence and abundance, for Eleutherodactylus 

wightmanae and E. brittoni along an elevational gradient in central and southwestern Puerto 

Rico. The gradient was situated on the leeward side of the island to sample sharp, 

contrasting environmental conditions. Elevation reflects long-term climatic conditions, and 

its strong, positive influence on occupancy likely reflects species environmental preferences 

for lower temperatures and higher humidity found at higher elevations. My results showed 

that patterns of occupancy and abundance aligned with known species-habitat preferences. 

Occupancy of forest-dependent E. wightmane gradually increased with elevation and 

abundance with surrounding forest cover. In contrast, occupancy for E. brittoni sharply 

increased >400-500m and abundance with increasing ground cover. Habitat covariates likely 

mediate micro-climatic conditions, important for rehydration. Approaches that examine 

relationships between contrasting land use and weather conditions, backed by information 



 

 

on thermal tolerance limits, is a suitable path forward to better understand and predict 

responses to climate change, and identify climate refugia and inform conservation design 

initiatives using climate projections. This work identified structural components that could 

enhance occupancy and abundance of Eleutherodactylus species, and featured dynamic 

modeling frameworks appropriate to assess responses to novel habitats and management 

actions in the advent of continued human growth and climate change.
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INTRODUCTION 

Ecosystems provide essential services such as food production, environmental 

control, and recreation (Cardinale et al., 2012; DeFries, Foley, & Asner, 2004). Biodiversity 

loss reduces ecosystem function and degrades ecosystems services (Cardinale et al., 2012; 

Naeem et al., 1994). Biodiversity is threatened by human activity as human-altered 

landscapes expand in order to meet resource demand (Foley, 2005) and as climates change 

with increased CO2 emissions driven by population size, land-use patterns and lifestyle 

(Pachauri et al., 2014). As a consequence, biodiversity is declining at a rate one thousand 

times faster than ever recorded (Balvanera et al., 2006; McCallum, 2007; Mea, 2005; 

Pachauri et al., 2014). Therefore, actions to mitigate species loss and preserve biodiversity is 

of the upmost importance to biologists and policy makers. 

Global habitat loss is the most widely recognized cause of species extinction (Brooks 

et al., 2002; Pachauri et a., 2014; Thomas et al., 2004). Land-use change is rampant as 

natural landscapes are transformed into agricultural, urban and suburban landscapes (Brooks 

et al., 2002; Foley, 2005; Thomas et al., 2004). Accordingly, many studies have focused on 

species reaction to land-use changes (Flynn et al., 2009; Jetz et al., 2007).  Managed 

landscapes, like agriculture, are a powerful resource for policy makers as they provide 

human-modified land in which decision based management may be utilized to promote the 

persistence of biodiversity (Perfecto et al., 1997). Application of these management strategies 

may successfully prevent the extinction or extirpation of at risk species. To launch such 

efforts, knowledge of how species are utilizing agricultural landscapes is needed. 
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Changes in climate are also strongly impacting natural systems, shifting species 

ranges, activity, abundance and occurrence in natural habitats (Pachauri et al., 2014). The 

intergovernmental panel on climate change (IPCC) has determined that climate change is 

now occurring and is primarily resulting from human activities et al., 2014). Evidence 

indicates that if current trends continue surface temperature will rise and extreme weather 

events will occur more frequently, transforming the environment (Daly, Helmer, & Quiones 

2003; Pachauri et al., 2014; Scantena, 1998). Species well adapted to current conditions may 

be vulnerable to changing climates. As a result, climate change is also recognized as one of 

the leading threats to biodiversity (Pachauri et al., 2014) as vertebrate species worldwide 

experience stress from climatic changes; notably, birds (Jetz et al., 2007), mammals (Moritz 

et al., 2008) and amphibians (Wake & Vredenburg 2008).  

Amphibian are the most at risk vertebrate group in the world (Blaustein, 1994; 

Houlahan et al., 2000; Stuart et al., 2004; Wake & Vredenburg 2008) As early as 2008 it was 

estimated that one third of amphibian species are threatened with federal listing or extinction 

(McCallum, 2007; Stuart et al., 2004; Wake & Vredenburg 2008).  Additionally, McCallum 

(2007) suggests that current extinction rates for amphibians may likely be up to 2700 times 

greater than the background extinction rates. Consequently, biologists race to identify the 

causes of rapid amphibian decline. Specifically, areas of high amphibian diversity, like the 

neotropics are of special concern as enigmatic species declines are rampant. 

Puerto Rico is home to unique amphibian species all of which are anurans (Rivero, 

1978). There are 19 native anuran species on the island, 17 of which are in the genus 

Eleutherodactylus commonly called, coquíes (Rivero, 1978). The coqui is a cultural icon in 



 

3 

 

Puerto Rico, similar to the United States bald eagle or the panda bear in China. Their mating 

call, or song, can be heard widely over the island. In the ecosystem, the coqui is a generalist 

predator helping to control the invertebrate population (Beard, 2007). Furthermore, the 

coquies holds biological significance  because they are one of only a few genera that 

reproduce via direct development (P. A. Burrowes, Joglar, & Green, 2004; Rivero, 1978; 

Townsend et al., 1985). Many Eleutherodactylus species populations are at risk of decline. 

Already, some species (e.g., E. jasperi) have not been seen on the island in decades (P. A. 

Burrowes et al., 2004). Hypotheses for their disappearance center on destruction of their 

fragile environments, confined by physiological restraints such as temperature and humidity 

maxima’s (Joglar & Burrowes 1996). Land-use changes and global climate change threaten 

the persistence of anuran species throughout Puerto Rico. Knowledge of Eleutherodactylus 

species occurrence over the island is instrumental in the creation of conservation and 

management strategies to save at risk species (S. N. Stuart et al., 2004). 

The Caribbean has seen the highest rates of deforestation in the world and as a 

biodiversity hotspot has experienced extreme extinction of terrestrial vertebrates (Brooks et 

al., 2002). Compounding human-modified habitats with projected climatic change patterns 

the Caribbean may be especially vulnerable to further species loss (J. A. Pounds, Fogden, & 

Campbell, 1999). The abundance of coffee plantations in Puerto Rico provides a unique 

study opportunity. Coffee agroecosystems present a human-altered landscape with 

management choices that may benefit species persistence with the choice to grow shade 

coffee or sun coffee (Rappole, King, & Rivera, 2003). Shade coffee systems harbor native 

flora and fauna that may provide refuge and resources for amphibian species (Murrieta-
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Galindo et al., 2013). Already, there is an abundance of studies that have shown that 

biodiversity for many groups is higher in shade coffee compared to sun coffee (Borkhataria 

et al., 2012). However, the occurrence of amphibian species in the coffee agroecosystem has 

yet to be explored. 

The objectives of this study were to quantify, for the first time, species-habitat 

relationships measuring occurrence and the probability of 1 or  2 individuals were detected 

(proxy of abundance) as a response to habitat types for Elutherodactylus spp. in two settings; 

1) in and around coffee plantations, and 2) along an elevational gradient.  These objectives 

are explored in two chapters. In Chapter 1 I contrast the occurrence and abundance within 

secondary forests and coffee plantations utilizing alternative management approaches; sun 

grown and shade grown coffee for three Eleutherodactylus spp.. Chapter 2 discusses the 

abundance estimates for two Eleutherodactylus spp. along an environmental gradient from 

hot, dry conditions to cool, wet and explore the implications of the results coupled with 

predicted weather pattern changes. Data generated from this project will be instrumental in 

the planning and implementation of an informed decision strategy used by the Puerto Rico 

Department of Natural and Environmental Resources to ensure the persistence of amphibian 

species on the island of Puerto Rico.   
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CHAPTER 1 

Occupancy and abundance of three Eleutherodactylus tree frogs in secondary forest and 

coffee plantations in Puerto Rico: implications for conservation. 

 

ABSTRACT 

Human-modified landscapes may affect the persistence of many species unable to 

adapt to novel habitats, but in some instances, altered landscapes may mitigate species loss. 

Cultivation of coffee under shade is one such case, exemplified in the Caribbean islands by 

lower than expected avian extinction rates in Puerto Rico during the 20th century. This case 

underscores the importance of assessing species responses to novel habitats for conservation 

planning. This study documents occupancy dynamics of three Eleutherodactylus frogs in 

coffee plantations (sun and shade-grown) and in secondary forests, a group understudied in 

this land use context in Puerto Rico. Specifically, I determined whether environmental 

(temperature, humidity) and habitat covariates (cover) at two scales influenced local 

occupancy, colonization and extinction rates, and the probability of detecting 1 or ≥ 2 frogs 

at sampling stations, a proxy of abundance, during three seasonal periods in 2015. 

Occupancy of the forest-dependent E. wightmanae was highest in forested sites (0.74 ± 0.04), 

on average, and the probability of detecting ≥ 2 individuals decreased with increasing low 

vegetation cover (e.g., coffee trees; �̂� = −3.00 ± 1.19). Conversely, species with open 
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habitat affinities either occurred with higher average probability in coffee plantations (E. 

brittoni; sun= 0.93 ± 0.01; shaded= 0.89 ± 0.04) or did not differ in occurrence across land 

uses (E. antillensis; 0.68 ± 0.07). The probability of detecting ≥ 2 individuals was positively 

influenced by ground cover for E. brittoni and negatively by forest cover for E. antillensis, 

but weakly (Beta 95%CIs overlapped zero). Shaded plantations were an intermediate habitat 

state, an opportunity to foster multi-species conservation. This work identified structural 

components that could enhance occupancy and abundance of Eleutherodactylus species, and 

featured dynamic modeling frameworks appropriate to assess responses to novel habitats and 

management actions in the advent of continued human growth and climate change. 

 

Keywords: land use, occupancy, abundance, coqui, Elutherodactylus, coffee cultivation, 

Puerto Rico, Caribbean 
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INTRODUCTION 

Land use changes, particularly for urbanization and agriculture, can exert pressure on 

sensitive wildlife (Jetz et al., 2007). These changes create novel environments to which some 

species may not be able to adapt, and may lead to changes in the composition of 

communities, often promoting biotic homogenization and reduced species richness 

(Gustafson & Gardner 1996; Szacki, 1999; Keitt & Stanley 1998; Brown et al., 2001). 

Because there is continued demand for land for human activities, gaining a greater 

understanding on how species respond to human-modified landscapes is essential to inform 

conservation design and management decisions (Radeloff et al., 2015; Irizarry et al., 2016). 

This information is of particular value in regions of high biodiversity and endemism like the 

Caribbean Islands (Brooks et al., 2002). 

Puerto Rico is home to 20 species of frogs, of which 17 species are within the genus 

Eleutherodactylus (Rivero, 1978; Joglar 1998). Although some Eleutherodactylus species are 

widely distributed and abundant (e.g., E. coqui), many are specialized, with ranges confined 

to high mountain forests (E. portoricensis, E. wightmanae) or lowland habitats (E. brittoni, 

E. antillensis) (Rivero, 1978; Joglar, 1998). Puerto Rico, like most islands in the Caribbean, 

has undergone marked historical land-use changes (Helmer, 2004; Lugo et al., 2012). Once 

the island was colonized, expanding agricultural lands resulted in widespread deforestation, 

reducing the original, natural forest cover by >90% by the 1930s (Marcano-Vega et al., 

2002). At present, with an economy shifting away from agriculture, the amount of forest 

cover extends over 57% of the island (Aide et al., 1995; Grau et al., 2003; Radeloff et al., 

2015). It is probably safe to assume that these historical land use changes prompted changes 
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in abundance and distribution of Eleutherodactylus species, and that current distribution and 

abundance may be an artifact of these changes (Rios-Lopez & Aide 2007). Vulnerability to 

land uses changes, for example, can be exacerbated by their permeable skin (Lips et al., 

2005; McCallum, 2007; Wake & Vredenburg 2008). Indeed, this attribute makes amphibians 

an exceptional bio-indicator of environmental stress (Murrieta-Galindo et al., 2013). 

While the adverse effects of human-modified landscapes on wildlife are well 

documented, we also note that many elements of faunal communities may adapt to such 

changes or benefit from surrogate ecological services (Lugo et al., 2012; Guerra & Aráoz 

2015; Perfecto & Vandermeer 2015). For example, many forest-dependent avian species 

(e.g., Spindalis portorricensis) are adept at using urbanized matrices (Acevedo & Restrepo 

2008; Irizarry et al., 2016). A well-known example of habitat surrogacy (sensu Caro, 2010) is 

the cultivation of coffee under shade trees (Perfecto & Vandermeer 2015). It is posited that 

this type of cultivation may have ameliorated predicted avian extinction rates in Puerto Rico 

at the beginning of the 20th century (Brash, 1987), likely because shaded plantations retain 

the natural services provided by undisturbed forests (Perfecto & Armbrecht 2003). This is 

noteworthy because coffee production continues to play an important role in the economy of 

Puerto Rico and is the foremost agricultural practice in the central mountains (Marcano-Vega 

et al., 2002). However, in the last 2 decades there has been a shift towards cultivation 

methods that increase yields, leading many farmers to sun grown coffee plantations (Perfecto 

& Armbrecht 2003; Borkhataria et al., 2012a). This shift accentuated the debate between 

those advocating for higher production (sun cultivation) and those for a higher quality yield 

and environmental friendliness (shade cultivation; Borkhataria et al., 2012a), and has 
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prompted studies contrasting biodiversity and ecological services between both types of 

cultivation (Perfecto and Vandermeer 2015). In Puerto Rico, comparative studies have 

emphasized birds, reptiles and beneficial/harmful invertebrates (e.g., parasitoids, leaf miner; 

Borkhataria et al., 2012b), and findings suggested that sun coffee cultivation could lead to 

loss of ecological services and elements of biodiversity. Strikingly, amphibians have been 

absent in these comparative studies. Attention has been given to species with special 

designations (e.g., threatened, endangered) such as E. cooki (Lopez-Torres, 2008). 

The status of most Eleutherodactylus species in Puerto Rico is poorly known (Joglar, 

1998), although recent evidence suggests that long-term climatic changes and disease have 

contributed to the decline of several species (Burrowes et al. 2004, 2007 & 2008) Clearly, the 

paucity of data justifies additional work aimed at elucidating species-habitat relationships, 

particularly demographic responses to human-modified landscapes, to promote their 

persistence (Prado & Rossa-Feres 2014; Scott, 2002; Schmidt & Pellet 2005). In this work, I 

documented occupancy dynamics of E. wightmanae, E. brittoni, and E. antillensis in sun and 

shade coffee plantations, and secondary forest in the west-central mountains of Puerto Rico. 

Specifically, I tested a priori predictions about how environmental and habitat covariates 

influenced rate parameters (colonization/extinction), processes influencing occupancy 

probability (Hanski, 1998; Yackulic et al., 2015). I also determined the probability of 

detecting 1 or ≥2 individuals at sampling locations, proxies of abundance, as a function of the 

same covariates. I hypothesized that E. wightmanae, a forest-dependent species, would be 

most susceptible to coffee cultivation (i.e., lowest local occupancy probability) because it 

alters vegetation structure (food, shelter) and microclimatic conditions (Kearney et al., 2009; 
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Guerra & Aráoz 2015; Huang et al., 2014). Conversely, E. brittoni and E. antillensis, species 

with greater affinity for open habitats (Joglar, 1998), would exhibit higher occupancy in 

coffee plantations as they would be more adept to exploit environments with lower forest 

cover and wider range of microclimatic conditions. Estimates of all parameter were obtained 

using multi-season (McKenzie et al., 2006) and multi-season/multi-state occupancy (Nichols 

et al., 2007) models with presence/non-presence data obtained using recording devices 

during March, April-May, and June-July 2015. I discuss the conservation implications for 

Eleutherodactylus spp. in the context of land use practices in Puerto Rico and the Caribbean. 
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STUDY AREA 

Acoustic surveys were conducted at two study areas within moist and wet subtropical 

forest life zones in the west-central mountains of Puerto Rico (Holdridge et al., 1971; Fig. 1). 

Study areas were separated by 27 km along an east-west axis. Temperature and humidity at 

these locations ranged from 18.88°C to 22.94°C and from 88.03% to 97.77%, respectively. 

Average elevation of survey stations was 606 m (SE =22.5). I classified habitats within study 

areas into three broad categories: 1) secondary forest, 2) sun-grown coffee, and 3) shade-

grown coffee using land cover data from Puerto Rico Gap Analysis (Pares-Ramos, Gould & 

Aide, 2008). Shade and sun grown coffee plantations were ground truthed and differentiated 

by setting limits for percent cover of non-coffee present on the farm (<20% cover from non-

coffee species; Philpott et al., 2008). Shaded coffee plantations consisted of a layer of 

irregularly spaced coffee trees (mostly Coffea arabica but some C. canephora) 2-4 m in 

height with somewhat open physiognomy under a multi-strata canopy of shade trees such as 

Andira inermes, Inga vera, Guarea guidonia, Spondias mombin, Spathodea campanulata, 

assorted citrus trees, and banana and plantain plants (Musa spp.).  Sun coffee plantations 

were characterized by closely spaced coffee trees (C. canephora and sun tolerant hybrids of 

C. arabica) of short stature, interspersed by cash crops (e.g., plantains), and grassy or nearly 

bare soil between row crops. Canopy cover was largely lacking in sun coffee plantations 

although isolated shade trees such as I. vera were sometimes present. Many plantations have 

ravines with remnant pockets of secondary forest, and nearly all were abutted by secondary 

forest along portions of their boundaries. 
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METHODS 

Survey Stations 

Forty-four (44) stations were equally allocated between two study areas (Fig. 1). 

Thus, 6 stations were randomly established in sun and shade-grown coffee plantations in 

each study area, and 10 stations in secondary forests. Survey stations were 50 m from major 

roads to minimize edge effects, and 100 m from the nearest survey station in order to reduce 

spatial autocorrelation (occurred in only two coffee farms). Otherwise, stations were >500 m 

apart. 

Presence/non-presence surveys 

Acoustic surveys were conducted during three primary periods and three sampling 

occasions within each primary period, a scheme that follows Pollock’s Robust Design 

(Pollock, 1982: Fig. 2). Primary sampling periods (henceforth seasons) were March (low 

rainfall), April-May (high rainfall), and June-July (low rainfall) (Calvesbert, 1970). Surveys 

were conducted using acoustic recording devices (Aide et al., 2013) for one minute every 

hour from 1800 h to 0600 h. Once the audio files for each station were collected, data were 

stored in a project server and analyzed using Arbimon (Aide et al., 2013). The program 

creates a spectrogram for each recording, providing a visual representation of the sounds 

recorded on each sampling occasion. With the assistance of a local expert, Dr. Alberto 

Puente (Interamerican University, Arecibo, Puerto Rico), I manually added model training 

data by selecting species specific calls within the visualization framework. To do this, I 

highlighted the area in the spectrogram where the specific call was located, noting its 

duration, frequency and bandwidth. The process is repeated multiple times for each species. 
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The information is then added to the database and applied using the Baum-Welch algorithm 

to optimize the model (Aide et al., 2013; Baum et al., 2011). At the same time, I created 

validation data by collecting a subset of recordings where presence/non-presence of a species 

was known. The program then applies Hidden Markov chain approaches to create a model 

that identifies species presence/non-presence from the audio filed data based training data 

and validations (Aide et al., 2013). Within ARBiMON, I ran each species-specific models 

through 68,131 recordings to create binary encounter histories for analyses. Recordings were 

coded as: presence (1), non-presence (0) and missing data (-) when circumstance precluded 

collecting data (e.g., acoustic device loss). 

Covariates 

I used three types of measurements of vegetation cover to represent habitat quality. 

Vegetation cover is assumed to provide conditions that promote food, shelter, and help 

maintain microclimatic conditions that enable species to thermo- and hydro-regulate 

(Kearney et al., 2009; Whitfield et al., 2014; Huang et al., 2014). At the survey station level, 

I measured canopy and horizontal cover. Both covariates were measured within 5 m of the 

survey station. Canopy cover was measured using a densitometer and expressed as a percent 

cover. Horizontal cover was measured using a density pole 0.3 m wide, segmented into 5 

sections 0.5m tall each (ground level to 2.5 m above ground; Nudds, 1977). Measures of 

horizontal cover were made from 5 m away from the pole, and represent the average of four 

readings (i.e., cardinal directions) using an ordinal scale: 1= 1-20%, 2= 21-40%, 3= 41-60%, 

4= 61=80%, 5= 81-100%. I also quantified the vegetation cover within a 100 m radius of the 

survey station. This covariate represents the extent over which Eleutherodactylus spp. could 
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potentially move based on translocation experiments of E. coqui (Gonser & Woodbright 

1995). It also provides a measure of the habitat context within which surveys stations were 

embedded using three cover classifications. These were forest cover (trees), low vegetation 

cover (e.g., shrubs, coffee trees) and other cover (impervious surfaces, bare soil, grass). 

Percent cover for each covariate was extrapolated by creating polygons around three land 

cover types within a 100m radius of the survey station using satellite imagery from Google 

Earth (2015). I described the relationship between Forest cover (FC) at the station-context 

scale with low vegetation cover (LC) using linear regression. Likewise, I assessed the 

relationship between LC and other cover (e.g., impervious, row crop/grassy, bare habitat) 

using the same test.  I recorded two environmental covariates, relative humidity (H) and 

temperature (T). Data were obtained using HOBO data loggers at 32 of 44 sites on every 

sampling occasion (i.e., sampling covariates). Estimates for the remaining 12 sites were 

interpolated using regression analyses and data on humidity and temperature collected on 288 

occasions and pertinent site covariates (e.g. elevation, east-west location). Although 

temperature and humidity thresholds were not available for the focal species, I still modeled 

the aforementioned environmental covariates to gain insights on the functional relationships 

of environmental covariates and rate parameters and abundance. I described the within 

season environmental conditions (T or H) among habitat types (sun, shade, and forest) using 

a 1-way ANOVA.  Data met assumption of homogeneity of variance (Levene’s test P>0.05). 
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DATA ANALYSIS 

Multi-season occupancy models were used to estimate local initial occupancy (𝜓init), 

local colonization (𝛾) and local extinction over primary seasons (휀) for each species 

(MacKenzie et al., 2006). Initial occupancy (𝜓init) is defined as the probability that a station 

was occupied by a species at the initiation of the study. Extinction probability (휀𝑠) is the 

probability that a station occupied by a species at season (S) is no longer occupied by the 

species at season S+1, and colonization probability (γ) is the probability that an unoccupied 

station in season S becomes occupied in season S+1 (Mackenzie et al., 2002). 

I developed a suite of models to test a priori hypotheses using program PRESENCE 

(Hines, 2006; Table 1). I first modelled the detection process, determining whether detection 

was constant (.) or varied by season (S), and whether detection probability was influenced as 

a function of two sampling covariates, temperature (T) and humidity (H), corresponding to 

every secondary sampling period. These parameters may influence presence and availability 

of frogs (i.e., calling activity; Ospina et al., 2013). The model with highest support was used 

to determine if land use (LU=sun, shade, forest), east-west study areas (EW) and initial 

humidity (H1) or temperature (T1) affected initial occupancy (𝜓init). When modeling 

occupancy as a function of humidity and temperature, we did not use interpolated data. We 

filled missing values with the average of available data, standardizing the covariate to retain 

same mean and variance (Cooch & White 2010). When the covariate land use (LU) 

overparameterized models, I used a contrast between secondary forest and coffee plantations 

(F). Lastly, I determined if colonization and extinction rates were constant (.), or time 

specific (t). I then used the model structure with highest support to test a priori hypotheses 
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regarding the influence of habitat quality and environmental covariates on parameters (Table 

1). 

I also used a multi-season, multi-state modeling framework (Nichols et al., 2007) to 

determine the probability that a survey station harbored 1 or ≥2 individuals, given that the 

site was occupied using program PRESENCE (Hines, 2006). Encounter histories for this 

model were created by randomly selecting three recordings from each secondary sampling 

period, and visually inspecting the spectrogram created by Arbimon (Fig. 3). Encounter 

histories were coded as 0 (non-detection), 1 (single individual calling), and 2 (≥2 individuals 

calling). I followed the same protocol and used the same covariates to construct models 

described for multi-season models. I first modeled the detection process along with the 

parameter delta (𝛿) or the probability that state 2 (≥2 frogs calling) was correctly identified. 

As with detection probability, I also modeled delta (𝛿) as a function of sampling covariates 

temperature and humidity. We then modeled occupancy (𝜓), and the probability that ≥2 frogs 

were present (R), given the survey site was occupied. Both parameters were modeled as 

constant, different between the first season and the rest of the study periods, and season 

specific. The model structure with highest support was modeled as a function of habitat type, 

environmental and site quality covariates. 

Akaike’s Information Criterion (AIC) was used to evaluate the support in the data for 

models in the candidate sets and the strength of each covariates effect on anuran species 

occupancy (Anderson and Burnham, 2002). Models with a ∆AIC  2 were considered to 

have substantial support in the data. We also calculated Akaike weights (wi) to assess the 

relative importance of covariates in models with high uncertainty (e.g., many competing 
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models; Burnham and Anderson 2002). Before running analyses, all continuous covariates 

were normalized. The relationship between the probability of occupancy and the effect of 

covariates (i.e. covariate ̂  coefficient) was considered to have strong support if the 95% 

confidence interval (CI) did not overlap zero; weak otherwise. Parameter estimates  SE are 

reported with occupancy model results. 

Careful consideration of model assumptions was important for the interpretation of 

the multi-season, and multi-season, multi-state occupancy model results. Occupancy models 

assume that: 1) sites are “closed” to changes in occupancy within primary sampling periods; 

2) there are no false detections; and 3) detection across sites are independent (MacKenzie et 

al., 2002). Surveys made within primary periods were conducted over a short period of time 

(21 days) relative to life history events (e.g., reproduction; assumption 1). Encounter histories 

were derived from acoustic recording devices, using training data created with the assistance 

of local experts (i.e., Dr. Alberto Puente, Interamerican University), which provide a means 

to delete false positives (assumption 2). Survey stations were separated by > 500 m. Only 

two farms contained two survey stations, and these were at least 100 m to maintain which is 

believed to be the limit for movements when animals are relocated (reference; assumption 3). 

In the case of multi-season, multi-state models the parameter delta 𝛿 is defined as the 

probability of correctly identifying state 2, given it is in state 2 (MacKenzie et al., 2006). I 

assumed that was the case because I could visually identify distinct individual call patterns 

concurrently (Figure 4). 
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RESULTS 

Habitat Attributes 

All cover values increased from progressively from sun coffee plantations, followed 

by shaded coffee plantations and secondary forest (Table 2). Temperature and humidity per 

season were similar among land use classes (P > 0.05). Temperature increased with season, 

whereas humidity decreased among the seasonal periods under study (P < 0.05). Forest cover 

(FC) at the station-context scale decreased with increasing low vegetation cover (F = 574.04; 

d.f. = 1, 42; R2=0.93; P < 0.001). Conversely, impervious, open/grassy and bare habitat 

(Other) increased with increasing low vegetation cover (F = 11.96; d.f. = 1, 42; R2=0.22; P < 

0.001). 

E. wightmanae 

 Variation in occupancy for this species was best described by a model whose initial 

local occupancy was influenced by land use (sun, shade, forest) and initial humidity, 

colonization rates by forest cover, and extinction rates by forest cover and land use (AICwgt= 

0.55; Table 3). Occurrence was higher in forested habitat (0.74 ± 0.04), on average, followed 

by shaded and sun plantations (Fig. 4). The influence of forest cover on colonization rates 

was positive and strong (�̂� = 1.87 ± 0.76, Table 4; Fig. 5). There was support for a second 

model (AICwgt= 0.28). This model featured “other” cover-type and land use as factors 

influencing colonization and extinction rates. Detection probability in both models was 

influenced by season, and positively by humidity (�̂� = 0.38 ± 0.17; Table 3). 

 Variation in occupancy and levels of abundance for E. wightmanae was best 

explained by a model whose occupancy and abundance was influenced by land use, initial 
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humidity and low vegetation cover (AICwgt= 0.55; Table 4). Abundance was negatively and 

strongly influenced in sun coffee plantations (�̂� = −7.50 ± 3.46), and negatively influenced 

by percent of low vegetation cover (�̂� = −3.00 ± 1.19; Table 5). The negative influence of 

low vegetation cover on the probability of detecting ≥2 individuals was illustrated predicting 

probability values (R) after controlling for humidity and land use (Fig. 6). The predictive 

values highlight swift changes in abundance in sun plantations as compared to shaded 

plantations and forested study areas. The probability of correctly identifying a station as state 

2 (≥2 individuals) at any station in the study ranged from 0.72 (0.03) to 0.77 (0.02). 

E. brittoni 

 Variation in occupancy for this species was best described by a model whose initial 

local occupancy was influenced by a contrast between secondary forests and coffee 

plantations, and initial humidity (AICwgt= 0.70; Table 6). Occupancy of E. brittoni was 

negatively influenced at secondary forest survey sites (�̂� = −4.52 ± 1.53; Table 5). On 

average, occupancy for E. brittoni was 0.93 ± 0.01 and 0.89 ± 0.04 in sun and shaded 

plantations, respectively (Fig. 4). Colonization and extinction rates were influenced by low 

vegetation cover, but weakly (Table 5). There was support for a second model (AICwgt= 

0.26). This model was similar to the top model, but it featured the negative influence of 

forest cover on extinction and colonization rates (Table 6). Detection probability in both 

models was influenced by season. 

 Variation in occupancy and levels of abundance for E. brittoni was best explained by 

a model whose initial occupancy was influenced by land use and ground cover, and 

abundance by ground cover (AICwgt= 0.25; Table 7). Models reflect a great deal of 
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uncertainty with 60% of the variation in the data captured among the first three models, 

which includes a model with no covariates (Table 7). The influence of ground cover on 

abundance was positive, but weak (Table 5). Evidence supporting the importance of ground 

cover (GC) in influencing colonization and extinction rates was higher (wi = 0.38) than a 

model without the covariate (wi = 0.23).  The probability of correctly identifying a station as 

state 2 (≥2 individuals) ranged from 0.68 (0.25) to 0.94 (0.06). Correctly identifying the 

station state was positively influenced by humidity (�̂� = 1.77 ± 0.69). 

E. antillensis 

 Variation in occupancy for this species was best described by a model whose initial 

local occupancy was not influenced by land use or initial humidity (AICwgt= 0.25; Table 8). 

Colonization and extinction rates were influenced by ground cover, but weakly (Table 5). 

Models reflect a great deal of uncertainty with nearly 50% of the variation in the data 

captured among the first three models. Evidence supporting the importance of ground cover 

(GC) in influencing colonization and extinction rates was higher (wi = 0.38) than a model 

without the covariate (wi = 0.12).  Model averaged occupancy probability among all land 

uses was 0.68  0.07. The second best supported model featured the influence of land use 

(forest versus coffee plantations), and ground cover on colonization and extinction rates. 

Detection probability was constant throughout the study (Table 8). 

 Variation in occupancy and levels of abundance for E. antillensis was best explained 

by a model whose occupancy was influenced by land use (forest versus coffee plantations), 

and abundance by forest cover (AICwgt= 0.85; Table 9). The influence of forest cover on 
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abundance was negative, but weak (Table 5). The probability of correctly identifying a 

station as state 2 (≥2 individuals) ranged from 0.58 (0.16) to 0.92 (0.03). 
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DISCUSSION 

Puerto Rico is a prime example of marked historical changes in human-modified 

habitats in the Caribbean (Helmer, 2004, Radeloff et al., 2015). The conservation 

implications of novel habitats, however, have received attention only recently (e.g., Acevedo 

& Restrepo 2008; Lugo et al., 2012; Irizarry et al., 2016). These investigations are warranted 

to minimize potential loss of biodiversity, but also to recognize and seize opportunities (Lugo 

et al., 2012; Guerra & Aráoz 2015; Radeloff et al., 2015). In this study, novel habitats were 

represented by coffee plantations with secondary moist forests as the baseline or reference 

habitat, and the question of interest was ascertaining their conservation value for three 

species of Eleutherodactylus frogs measured in terms of their habitat occupancy and 

abundance. 

Patterns of occurrence among land use categories fitted general expectations based on 

known species habitat preferences (Rivero, 1978; Joglar, 1998). For instance, E. wightmanae 

occurred most frequently within secondary forest as compared to E. brittoni, which occurred 

more frequently in more open habitats (sun and shade plantations). Occurrence of E. 

antillensis did not differ among habitat categories, a pattern that also matches its purported 

ability to occupy a wider range of habitats (Van Berkum et al., 1982). Findings suggested 

that presence of ground cover, not land use or initial humidity, was the essential habitat 

structure required to detect the species. 

The processes that underlie distribution patterns are colonization and extinction rates 

(Yackulic et al., 2015), and these are mediated by patch size, distance and quality (Hanski, 

1998). This study focused on two environmental covariates, temperature and humidity, and 
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habitat covariates that influenced the quality of sampled locations at two scales—site and 

station-context levels. The magnitude and direction of beta coefficients suggested that 

colonization probability was the rate parameter that consistently influenced occupancy 

probabilities. Factors influencing this parameter were in concert with known habitat affinities 

for each species. For example, local colonization rates for E. wightmanae were positively 

influenced by the percent of forest cover at the station-context level. This finding helps 

explain the lower probability of occupancy in sun and shade plantations. The mechanism (s) 

by which forest cover mediates colonization was outside of the scope of this work, but I offer 

two, non-mutually exclusive possibilities. One is that context-level forest cover is required to 

maintain suitable conditions (e.g., humidity) at the site level (Huang et al., 2014), a factor 

that could influence availability (probability of calling given that the frog is present; Ospina 

et al., 2013). Humidity was indeed a factor that positively influenced initial local occupancy, 

but not in subsequent sampling periods (seasons). Humidity decreased seasonally, but not 

differently among habitat classes, and I surmise the range of values were within the tolerance 

levels of all focal species. Another mechanism mediating colonization is the possibility that 

forest cover facilitates movement from surrounding habitat to vacant locations (e.g., sampled 

location) across a space that shares suitable habitat and environmental conditions (Kearney et 

al., 2009; Huang et al., 2014). Interestingly, local probability of colonization was also the 

parameter exerting stronger influence on the occupancy of E. brittoni, and competing models 

highlighted the negative influence of low vegetation cover at the station-context level. The 

influence of this covariate needs to be viewed through the interplay between low vegetation 

cover and the other two covariates at the station-context level. As low vegetation cover 
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increased, so did “other” cover (e.g., intercrop space, grassy cover). Conversely, increasing 

low vegetation cover correlated with decreasing forest cover, a covariate with a negative 

influence on E. brittoni colonization rates. 

The aforementioned species-habitat relationships gain additional importance as they 

had a bearing on abundance. My findings indicated that the probability of detecting ≥ 2 

individuals of E. wightmanae was negatively related to low vegetation cover. As noted 

above, increasing low vegetation cover corresponded to lower forest cover. For E. brittoni, 

competing models consistently highlighted site-level ground cover as a factor favoring higher 

probability detecting ≥ 2 individuals, a pattern consistent with their occurrence in more open 

habitats and need for ground floor refuge (Rivero, 1978). The estimation of a proxy of 

abundance provides a stronger basis to assess habitat value because, in some cases, 

occupancy understates conservation value (Johnston, 2015). Data on abundance also provides 

insights on expected levels of local colonization and extinction probabilities (Hanski, 1998). 

For example, portions of the range of species with higher abundance (e.g., center of range, 

preferred habitat) tend to have higher probabilities of colonization as neighboring unoccupied 

habitat are more likely to be occupied over time (Yackulic et al., 2015). It follows that local 

extinction rates are correspondingly lower. Lower abundance regions away from core areas 

are expected to have higher extinction rates. Such settings could be the fringes of a species 

range, environmental gradients or modified habitats where conditions might differ 

sufficiently from “baseline habitats” (Radeloff et al., 2015). 

The value of shaded coffee plantations is attributed to its ability to retain many of the 

ecological services provided by forests (Perfecto & Armbrecht 2003). This phenomenon 
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could be viewed as habitat surrogacy (sensu Caro, 2010). As such, shaded plantations 

represent an opportunity to foster amphibian conservation just as it has been for other taxa 

(Gleffe et al., 2006; Borkhataria et al., 2012 a&b; Perfecto & Vandermeer 2015). Both E. 

brittoni and E. wightmanae exhibited intermediate levels of average occupancy probability in 

shade plantations. It was also noteworthy that shaded plantations, unlike sun plantations, 

paralleled forested sites in terms of loss of forest cover (i.e., increasing low vegetation cover) 

before the predicted probability of detecting ≥2 individuals of E. wightmanae decreased. 

Clearly, responses were species-specific, but it would not be unreasonable to suggest that 

other forest- or open-dependent Eleutherodactylus species could occur in shaded plantations, 

an argument raising the prospect of multi-species conservation in shaded plantations. 

The larger question, one scrutinizing the functional role of shade coffee cultivation, is 

whether these habitats can serve as refugia or help sustain populations. Ideally, this implies 

knowledge about fitness parameters, that is, survival and reproduction (Martin, 1987). This is 

the most appropriate means for valuing the role of coffee plantations in conservation, and to 

assess responses to management actions (Martin, 1987; Nichols & Williams 2006). However, 

this kind of information is virtually non-existent for most Eleutherodactylus species in Puerto 

Rico. In this context, my findings begin to fill in the information void by identifying factors 

that influenced occurrence and abundance. Because attention was given to structural 

components, it provides a means to bridge habitat management actions and demographic 

consequences. Clearly, increasing forest cover will benefit species like E. wightmanae. 

Indeed, the low occurrence of E. wightmanae in shaded coffee relative to E. brittoni 

highlighted its sensitivity to departures from forested landscapes. Therefore, expectations 
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about habitat surrogacy need to be tempered with the realities of land management. For 

example, in the central mountains of Puerto Rico, coffee cultivation is better categorized as 

polycultures, a cultivation type interspersing coffee trees, cash crops (e.g., citrus fruits), and a 

shade layer. It should also be kept in mind that incentives aimed at restoring a shade layer in 

sun plantations aims at 30% cover (e.g., Coastal Program, Southeast Regional Office, US 

Fish and Wildlife Service). In light of current practices, shaded coffee plantations represent 

an intermediate habitat “state” that harbors species with different habitat affinities. Therefore, 

the potential benefits for Eleutherodactylus species will depend on conservation objectives 

and target species. 

This work laid a foundation towards quantifying responses of tree frogs to land uses. 

Attention was given to the estimation of colonization and extinction rates, parameters that 

underlie the dynamics of species distribution, and the estimation of a proxy of abundance. 

These parameters provide means to quantify the response to management actions (Nichols & 

Williams 2006; Irizarry et al., 2016). A dynamic modeling framework is appropriate for 

landscapes in the Caribbean as they are expected to continue to be in a state of transitions in 

the advent of climate change and continued population growth. Innovative techniques, like 

acoustic recording devices (Ospina et al., 2013), allow surveying at local and landscape 

levels in an efficient fashion. However, other data (e.g., land use and cover, climate 

projections), while essential to understand demographic responses, continue to require more 

effort and cost to produce. Therefore, articulating clear objectives (e.g., pre-listing 

conservation, recovery) is a pathway for efficient use of limited resources for conservation 

(Nichols & Williams 2006; Runge, 2011). 
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Figure 1. Map of Puerto Rico depicting the study region (black rectangle, lower panel). The 

study region spans along the Cordillera Central Mountain range, including a variety of 

habitats such as montane and wet secondary forest, sun grown coffee plantations and shade 

grown coffee plantations. Forty-four acoustic survey stations were allocated between two 

sampling areas, and in each of three habitat classes—sun and shade coffee cultivation, and 

secondary forest (top panel). 
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Figure 2. Graphic representation of the robust design, multi-season occupancy design. Each 

triangle represents a primary period or season with three nested secondary sampling 

occasions or surveys. Sites are open to changes in occupancy (local extinction or 

colonization) between primary seasons, but not within secondary seasons (closed to change).  
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Figure 3. Spectrogram created by ARBiMON used to distinguish instances when 1 individual 

or ≥2 of the three focal Eleutherodactylus species in this study were calling.  Acoustic data 

for each species were analyzed in this fashion and coded as state 1 (one individual present 

and calling) or state 2 (≥2 individuals present and calling at a site) for use in the multi-

season, multi-state occupancy models.  Acoustic data were collected between the towns of 

Adjuntas and Maricao in March, April-May, and June-July 2015. 
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Figure 4. Average (SE) local initial probability of occupancy for E. wightmanae and E. 

Brittoni among three land uses in the mountainous region of west-central Puerto Rico. 

Acoustic surveys were conducted between the towns of Adjuntas and Maricao in March, 

April-May, and June-July 2015. 
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Figure 5. Local colonization probability (SE) for E. wightmanae as a function of percent 

forest cover within a 100m radius of the center of the sampling station. Acoustic surveys 

were conducted between the towns of Adjuntas and Maricao in March, April-May, and June-

July 2015. 
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Figure 6. Predicted probability of detecting ≥2 individuals of E. wightmanae as a function of 

percent low vegetation cover (shrubs/coffee trees) within a 100 m radius from the center of 

the sampling station in sun and shade coffee plantations, and secondary forest.  Acoustic 

surveys were conducted between the towns of Adjuntas and Maricao in March, April-May, 

and June-July 2015. 
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Table 1. Hypotheses and a priori predictions about the influence of environmental and habitat 

covariates on local initial occupancy (init), colonization () and extinction (ε) probabilities of 

E. wightmanae, E. brittoni, and E. antillensis in sun and shaded coffee plantations, and 

secondary forest in the mountainous region of west-central Puerto Rico, 2015. Environmental 

covariates were temperature and humidity, and habitat covariates at the station-level (5 m) 

were ground and canopy cover, and at the station-context level (100 m) forest, shrub (e.g., 

coffee trees), and other (bare, grassy, impervious surfaces) cover. Detailed description of 

covariates available in the text. 

Hypothesis Covariate 
(abbreviation) 

Predicted direction of slope () parameter(s) 

  E. wightmanae E. brittoni E. antillensis 

Forest-dependent 
species will occur less 
frequently as habitat 
opens up (e.g., human 
modified); conversely, 
open-dependent will 
exhibit the opposite 
pattern (Joglar 1998; 
Rios-Lopez &Aide 2007) 

Sun (S) 
Shaded (SH) 
Secondary 
Forest (F) 

initial 
occupancy 

 
S (-); 

SH (-); 
F (+) 

initial 
occupancy 

 
S (+); 

SH (+); 
F (-) 

initial 
occupancy 

 
S (+) 

SH (+) 
F (-) 

Microclimatic facilitate 
hydration and 
thermoregulation 
(Burrowes et al. 2004; 
Huang et al. 2014). 
Forest-dependent 
species are least 
tolerance to wide 
fluctuations. 

Temperature 
(T) 

Humidity (H) 

colonization 
T (-); H (+) 

 
extinction 
T (+); H (-) 

 

colonization 
T (-); H (-) 

 
extinction 
T (+); H (+) 

 

colonization 
T (-); H (-) 

 
extinction 
T (+); H (+) 
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Survey site quality 
(cover) will influence 
local site colonization 
and extinction 
probability (Hanski 
1998; Tews et al 2004; 
Huang et al. 2014, 
Whitfield et al. 2014).  

Ground (GC) 
Canopy (CC) 
Forest (FC) 
Shrub (SC) 
Other (O) 

colonization 
GC (+); CC (+); 
FC (+); SC (-); 

Other (-) 
 

extinction 
GC (-); CC (-); 
FC (-); SC (+); 

Other (+) 

colonization 
GC (+); CC (+); 
FC (+); SC (-); 

Other (-) 
 

extinction 
GC (-); CC (-); 
FC (+); SC (-); 

Other (-) 

colonization 
GC (+); CC (+); 

FC (+); SC (-
);Other (-) 

 
extinction 

GC (-); CC (-); 
FC (+); SC (-); 

Other (-) 

Table 2.  Average ( SE) of environmental and structural covariates measured at survey 

stations in west-central mountains of Puerto Rico in March (season 1), April-May (season 2), 

and June-July (season 3) 2015.  Environmental covariates were temperature (T) and humidity 

(H).  At the station level (5 m) covariates were percent ground (GC) and canopy (CC) cover. 

At the station-context level (100 m), covariates were percent forest (FC), shrub (LC; e.g., 

coffee trees), and other (OC; e.g., bare or grassy ground, impervious surfaces). Detailed 

description of covariates available in the text.  Sample sizes for structural covariates were 12 

(sun and shade) and 20 (forest), and 11 (sun), 8 (shade) and 13 (forest) for temperature and 

humidity. 

Covariate Sun Shade Forest 

_________________________________________________________________________ 

Elevation (m) 663.25 (41.57) 643.41 (41.57) 551.30 (32.20) 

Ground Cover 1.83 (0.29) 2.37 (0.29) 3.02 (0.22) 

Canopy Cover 1.91 (5.62) 73.5 (5.62) 84.5 (4.36) 

Forest Cover 42.72 (6.14) 50.23 (6.14) 88.73 (4.75) 

Low Veg Cover 40.02 (5.54) 33.95 (5.54) 5.48 (4.29) 

Other Cover 17.24 (2.06) 15.80 (2.06) 5.78 (1.59) 

T1 18.37 (0.29) 19.09 (0.33) 18.23 (0.26) 
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T2 20.39 (0.32) 20.95 (0.35) 20.38 (0.29) 

T3 22.08 (0.29) 22.52 (0.34) 21.99 (0.27) 

H1 94.78 (0.67) 94.49 (0.79) 97.22 (0.62) 

H2 90.64 (1.22) 89.82 (1.35) 92.58 (1.12) 

H3 91.74 (1.12) 90.64 (1.32) 93.46 (1.03) 

___________________________________________________________________________ 
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Table 3.  Model selection table for land use multi-season occupancy models for E. wightmanae 

surveyed in the mountainous region of west-central Puerto Rico. Acoustic surveys were 

conducted between the towns of Adjuntas and Maricao in March, April-May, and June-July 

2015. Model parameters were initial local occupancy (init), colonization (), extinction () and 

detection probability (p). Land use classes (LU) were sun (S) and shaded (SH) coffee 

plantations, and secondary forest (F). Environmental covariates were temperature (T) and 

humidity (H). Habitat covariates at the station level (5 m) were ground (GC) and canopy (CC) 

cover. At the station-context level (100 m), cover was expressed as forest (FC), shrub (LC; 

e.g., coffee trees), and other (OC; e.g., bare or grassy ground, impervious surfaces). Detailed 

description of covariates available in the text. 

 
Model AIC deltaAIC AIC wgt no.Par. -2*LogLink 

ψ (H1+LU), γ (FC), ε FC+LU),p(S+H) 380.3 0 0.5511 14 352.3 

ψ (H1+LU), γ (Other+LU), ε Other+LU),p(S+H) 381.63 1.33 0.2834 16 349.63 

ψ (H1+LU), γ (CC+LU), ε CC+LU),p(S+H) 383.19 2.89 0.1299 16 351.19 

ψ (H1+LU), γ (LU), ε LU),p(S+H) 386.17 5.87 0.0293 14 358.17 

ψ (H1+LU), γ (GC+LU), ε GC+LU),p(S+H) 389.86 9.56 0.0046 16 357.86 

ψ (H1+LU), γ (), ε ),p(S+H) 393.6 13.3 0.0007 10 373.6 

ψ (H1+LU), γ (EW), ε EW),p(S+H) 395.38 15.08 0.0003 12 371.38 

ψ (T1+LU), γ (), ε ),p(S+H) 395.74 15.44 0.0002 10 375.74 

ψ (H1+LU), γ (H2*H3), ε H2*H3),p(S+H) 396.32 16.02 0.0002 14 368.32 

ψ (H1+LU), γ (H1*H2), ε H1*H2),p(S+H) 396.98 16.68 0.0001 14 368.98 

ψ (LU), γ (), ε ),p(S+H) 399.8 19.5 0 9 381.8 

ψ, γ (), ε ),p(S+H) 403.78 23.48 0 7 389.78 

ψ, γ (), ε ),p(S+T) 404.87 24.57 0 7 390.87 

ψ, γ (), ε t),p(S+H) 405.41 25.11 0 8 389.41 

ψ, γ (), ε ),p(S) 406.4 26.1 0 6 394.4 

ψ, γ (), ε ),p() 416.39 36.09 0 4 408.39 
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Table 4.  Model selection table for multi-season, multi-state occupancy models for E. 

wightmanae surveyed in the mountainous region of west-central Puerto Rico. Acoustic surveys 

were conducted between the towns of Adjuntas and Maricao in March, April-May, and June-

July 2015. Model parameters were local occupancy (ψ), probability of detecting ≥2 individuals 

(R), probability of correctly classifying a survey site as harboring ≥2 individuals (), and 

detection probability (p). Other land use classes were sun (S) and shaded (SH) coffee 

plantations, and secondary forest (F). Environmental covariates were temperature (T) and 

humidity (H). Habitat covariates at the station level (5 m) were ground (GC) and canopy (CC) 

cover. At the station-context level (100 m), cover was expressed as forest (FC), shrub (LC; 

e.g., coffee trees), and other (OC; e.g., bare or grassy ground, impervious surfaces). Detailed 

description of covariates available in the text. 

 
Model AIC deltaAIC AIC wgt no.Par. -2*LogLink 

ψ (LU+H1+LC)R(LU+H1+LC)(H),p(H) 310.35 0 0.548 15 280.35 

ψ (LU+H1+FC)R(LU+H1+FC)(H),p(H) 312.51 2.16 0.1861 15 282.51 

ψ (LU+H1+EW)R(LU+H1+EW)(H),p(H) 313.19 2.84 0.1325 15 283.19 

ψ (LU+H1+Other)R(LU+H1+Other)(H),p(H) 313.88 3.53 0.0938 15 283.88 

ψ (LU+H1)R(LU+H1+FC)(H),p(H) 316.87 6.52 0.021 14 288.87 

ψ (LU+H1+CC)R(LU+H1+CC)(H),p(H) 317.8 7.45 0.0132 15 287.8 

ψ (LU+H1+GC)R(LU+H1+GC)(H),p(H) 319.75 9.4 0.005 15 289.75 

ψ (LU+H1)R(.)(H),p(H) 326.82 16.47 0.0001 10 306.82 

ψ (LU)R(.)(H),p(H) 327.12 16.77 0.0001 9 309.12 

ψ (Season+LU+H1)R(.)(H),p(H) 330.48 20.13 0 12 306.48 

ψ (Season+LU)R(.)(H),p(H) 330.8 20.45 0 11 308.8 

ψ (Season*LU+H1)R(.)(H),p(H) 333.25 22.9 0 18 297.25 

ψ (Season*LU)R(.)(H),p(H) 336.18 25.83 0 15 306.18 

ψ (Season+LU)R(Season+LU)(H),p(H) 336.94 26.59 0 15 306.94 

ψ (.)R(.)(H),p(H) 346.91 36.56 0 8 330.91 

ψ (Season*LU)R(Season*LU)(H),p(H) 347.6 37.25 0 23 301.6 

ψ (.)R(.)(T),p(T) 353.59 43.24 0 8 337.59 

ψ (.)R(.)(.),p(.,.) 354.23 43.88 0 6 342.23 

ψ (t)R(t)(.),p(.,.) 357.86 47.51 0 9 339.86 

ψ (.)R(.)(S),p(S) 367.9 57.55 0 6 355.9 
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Table 5. Beta (±SE) estimates for factors affecting local colonization () and extinction () probability, and the probability of 

detecting ≥2 individuals (R) obtained from the top multi-season and multi-season/multi-state occupancy models for E. wightmanae, 

E. brittoni, and E. antillensis surveyed in the mountainous region of west-central Puerto Rico (March-July 2015). Habitat classes 

were sun (S) and shaded (SH) coffee plantations, and secondary forest (F). Environmental covariates were temperature (T) and 

humidity (H). Habitat covariates at the station level (5 m) were ground (GC) and canopy (CC) cover. At the station-context level 

(100 m), cover was expressed as forest (FC), shrub (LC; e.g., coffee trees), and other (OC; e.g., bare or grassy ground, impervious 

surfaces). Detailed description of covariates available in the text. 

Species 

Colonization 

() 

Extinction 

 () 

Abundance 

(R) 
Beta 

Estimate Std. Error Influence 

E. wightmanae FC - - 1.87 0.76 Strong 

 - S - 2.74 1.75 Weak 

 - SH - 2.59 1.78 Weak 

 - FC - -0.23 0.66 Weak 

 - - LC -3.00 1.19 Strong 

       

E. brittoni LC - - -7.98 4.33 Weak 

 - LC - 1.38 1.37 Weak 

 - - GC 0.59 0.42 Weak 

       

E. antillensis GC -  1.75 0.94 Weak 

 - GC  0.55 0.56 Weak 

 - - FC -2.18 1.76 Weak 
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Table 6. Model selection table for land use multi-season occupancy models for E. brittoni 

surveyed in the mountainous region of west-central Puerto Rico. Acoustic surveys were 

conducted between the towns of Adjuntas and Maricao in March, April-May, and June-July 

2015. Model parameters were initial local occupancy (), colonization (), extinction () and 

detection probability (p). Land use classes (LU) were sun (S) and shaded (SH) coffee 

plantations, and secondary forest (F). The alternate parameterization for land use was forest 

(F). Environmental covariates were temperature (T) and humidity (H). Habitat covariates at 

the station level (5 m) were ground (GC) and canopy (CC) cover. At the station-context level 

(100 m), cover was expressed as forest (FC), shrub (LC; e.g., coffee trees), and other (OC; e.g., 

bare or grassy ground, impervious surfaces). Detailed description of covariates available in the 

text. 

 

Model AIC deltaAIC AIC wgt no.Par. -2*LogLink 

ψ (F+H1), γ (LC), ε (LC),p(S) 432.96 0 0.6995 10 412.96 

ψ (F+H1), γ (FC), ε (FC),p(S) 434.9 1.94 0.2652 10 414.9 

ψ (F+H1), γ (.), ε (.),p(S) 441.5 8.54 0.0098 8 425.5 

ψ (F+H1), γ (GC), ε (GC),p(S) 441.92 8.96 0.0079 10 421.92 

ψ (F+H1), γ (F), ε (.),p(S) 443.14 10.18 0.0043 9 425.14 

ψ (F+H1), γ (Other), ε (Other),p(S) 443.56 10.6 0.0035 10 423.56 

ψ (F+H1), γ (CC), ε (CC),p(S) 444.03 11.07 0.0028 10 424.03 

ψ (F+H1), γ (EW), ε (EW),p(S) 444.72 11.76 0.002 10 424.72 

ψ (F), γ (.), ε (.),p(S) 445.62 12.66 0.0012 7 431.62 

ψ, γ (.), ε (.),p(S) 445.96 13 0.0011 6 433.96 

ψ (LU), γ (.), ε (.),p(S) 446.78 13.82 0.0007 8 430.78 

ψ, γ (.), ε (.),p(S+T) 447.25 14.29 0.0006 7 433.25 

ψ (F+H1), γ (t*H1+H2), ε (t*H1+H2),p(S) 447.51 14.55 0.0005 14 419.51 

ψ, γ (.), ε (.),p(S+H) 447.93 14.97 0.0004 7 433.93 

ψ, γ (), ε (),p() 448.11 15.15 0.0004 4 440.11 

ψ, γ (t), ε (t),p(S) 448.54 15.58 0.0003 8 432.54 

ψ (F+H1), γ (t*H2+H3), ε (t*H2+H3),p(S) 450.65 17.69 0.0001 14 422.65 
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Table 7. Model selection table for multi-season, multi-state occupancy models for E. brittoni 

surveyed in the mountainous region of west-central Puerto Rico. Acoustic surveys were 

conducted between the towns of Adjuntas and Maricao in March, April-May, and June-July 

2015. Model parameters were local occupancy (ψ), probability of detecting ≥2 individuals (R), 

probability of correctly classifying a survey site as harboring ≥2 individuals (), and detection 

probability (p). Land use classes (LU) were sun (S) and shaded (SH) coffee plantations, and 

secondary forest (F). Environmental covariates were temperature (T) and humidity (H). Habitat 

covariates at the station level (5 m) were ground (GC) and canopy (CC) cover. At the station-

context level (100 m), cover was expressed as forest (FC), shrub (LC; e.g., coffee trees), and 

other (OC; e.g., bare or grassy ground, impervious surfaces). Detailed description of covariates 

available in the text. 

 
Model AIC deltaAIC AIC wgt no.Par. -2*LogLink 

ψ (Season+LU+GC)R(GC)(H),p(H) 427.39 0 0.2456 12 403.39 

ψ (.)R(.)(H),p(H)2 427.5 0.11 0.2325 8 411.5 

ψ (Season+LU)R(GC)(H),p(H) 428.64 1.25 0.1315 11 406.64 

ψ (Season+LU+GC+Low)R(GC+Low)(H),p(H) 429.67 2.28 0.0786 14 401.67 

ψ (Season+LU)R(.)(H),p(H) 429.85 2.46 0.0718 10 409.85 

ψ (Season+LU+Other)R(Other)(H),p(H) 430.14 2.75 0.0621 12 406.14 

ψ (LU)R(.)(H),p(H) 430.79 3.4 0.0449 9 412.79 

ψ (Season+LU+H1)R(.)(H),p(H) 430.93 3.54 0.0418 11 408.93 

ψ (Season+LU)R(Season)(H),p(H) 431.8 4.41 0.0271 11 409.8 

ψ (Season+LU+CC)R(CC)(H),p(H) 432.46 5.07 0.0195 12 408.46 

ψ (Season+LU+FC)R(FC)(H),p(H) 432.57 5.18 0.0184 12 408.57 

ψ (Season+LU+Low)R(Low)(H),p(H) 433.26 5.87 0.013 12 409.26 

ψ (.)R(.)(T),p(T) 433.77 6.38 0.0101 8 417.77 

ψ (.)R(.)(.),p(.,.) 437.53 10.14 0.0015 6 425.53 

ψ (Season*LU)R(.)(H),p(H) 438.05 10.66 0.0012 15 408.05 

ψ (.)R(S)(.),p(.) 441.44 14.05 0.0002 8 425.44 

ψ (.)R(.)(S+H),p(S+H) 442.99 15.6 0.0001 8 426.99 

ψ (Season*LU*H123)R(.)(H),p(H) 443.29 15.9 0.0001 18 407.29 

ψ (.)R(.)(S),p(S) 453.01 25.62 0 6 441.01 
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Table 8. Model selection table for land use multi-season occupancy models for E. antillensis 

surveyed in the mountainous region of west-central Puerto Rico. Acoustic surveys were 

conducted between the towns of Adjuntas and Maricao in March, April-May, and June-July 

2015. Model parameters were initial local occupancy (), colonization (), extinction () and 

detection probability (p). Land use classes (LU) were sun (S) and shaded (SH) coffee 

plantations, and secondary forest (F). The alternate parameterization for land use was forest 

(F). Environmental covariates were temperature (T) and humidity (H). Habitat covariates at 

the station level (5 m) were ground (GC) and canopy (CC) cover. At the station-context level 

(100 m), cover was expressed as forest (FC), shrub (LC; e.g., coffee trees), and other (OC; e.g., 

bare or grassy ground, impervious surfaces). Detailed description of covariates available in the 

text. 

 
Model AIC deltaAIC AIC wgt no.Par. -2*LogLink 

ψ (.), γ (GC), ε (GC),p() 461.1 0 0.2494 6 449.1 

ψ (F), γ (GC), ε (GC),p() 462.38 1.28 0.1315 7 448.38 

ψ, γ (), ε (),p() 462.57 1.47 0.1196 4 454.57 

ψ (F), γ (), ε (),p() 463.87 2.77 0.0624 5 453.87 

ψ, γ (t), ε (.),p() 464.49 3.39 0.0458 5 454.49 

ψ (), γ (FC), ε (FC),p() 464.69 3.59 0.0414 6 452.69 

ψ (.), γ (CC), ε (CC),p() 464.74 3.64 0.0404 6 452.74 

ψ (F), γ (F), ε (F),p() 464.74 3.64 0.0404 7 450.74 

ψ (), γ (Low), ε (Low),p() 464.99 3.89 0.0357 6 452.99 

ψ, γ (), ε (),p(S) 465.12 4.02 0.0334 6 453.12 

ψ (LU), γ (), ε (),p() 465.79 4.69 0.0239 6 453.79 

ψ (F), γ (CC), ε (CC),p() 465.86 4.76 0.0231 7 451.86 

ψ (F), γ (FC), ε (FC),p() 465.93 4.83 0.0223 7 451.93 

ψ (F), γ (Low), ε (Low),p() 466.28 5.18 0.0187 7 452.28 

ψ, γ (), ε (),p(S+H) 466.52 5.42 0.0166 7 452.52 

ψ, γ (t*H2+H3), ε (.),p() 466.6 5.5 0.0159 7 452.6 

ψ, γ (), ε (),p(S+T) 467.03 5.93 0.0129 7 453.03 

ψ (LU+T1), γ (), ε (),p() 467.22 6.12 0.0117 7 453.22 

ψ, γ (t*H1+H2), ε (.),p() 467.59 6.49 0.0097 7 453.59 

ψ (LU+H1), γ (), ε (),p() 467.67 6.57 0.0093 7 453.67 

ψ (LU), γ (t), ε (.),p() 467.71 6.61 0.0092 7 453.71 

ψ (LU), γ (CC), ε (CC),p() 467.85 6.75 0.0085 8 451.85 

ψ (LU), γ (FC), ε (FC),p() 467.88 6.78 0.0084 8 451.88 

ψ (LU), γ (Low), ε (Low),p() 468.21 7.11 0.0071 8 452.21 
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ψ (LU), γ (LU), ε (LU),p() 470.27 9.17 0.0025 10 450.27 
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Table 9.  Model selection table for multi-season, multi-state occupancy models for E. 

antillensis surveyed in the mountainous region of west-central Puerto Rico. Acoustic surveys 

were conducted between the towns of Adjuntas and Maricao in March, April-May, and June-

July 2015. Model parameters were local occupancy (ψ), probability of detecting ≥2 

individuals (R), probability of correctly classifying a survey site as harboring ≥2 individuals 

(), and detection probability (p). Land use classes (LU) were sun (S) and shaded (SH) coffee 

plantations, and secondary forest (F). The alternate parameterization for land use was forest 

(F). Environmental covariates were temperature (T) and humidity (H). Habitat covariates at 

the station level (5 m) were ground (GC) and canopy (CC) cover. At the station-context level 

(100 m), cover was expressed as forest (FC), shrub (LC; e.g., coffee trees), and other (OC; 

e.g., bare or grassy ground, impervious surfaces). Detailed description of covariates available 

in the text. 

 
Model     AIC deltaAIC AIC wgt no.Par. -2*LogLink 

ψ (F)R(FC)(H),p(H) 591.27 0 0.8513 9 573.27 

ψ (F)R(GC)(H),p(H) 595.05 3.78 0.1286 9 577.05 

ψ (F)R(.)(H),p(H) 599.39 8.12 0.0147 8 583.39 

ψ (Season+Forest)R(.)(H),p(H) 602.36 11.09 0.0033 10 582.36 

ψ (Season+LU)R(.)(H),p(H) 603.82 12.55 0.0016 10 583.82 

ψ (.)R(.)(H),p(H) 606.42 15.15 0.0004 8 590.42 

ψ (.)R(.)(.),p(.,.) 610.76 19.49 0 6 598.76 

ψ (.)R(.)(T),p(T) 614.06 22.79 0 8 598.06 

ψ (.)R(.)(S),p(S,S) 630.54 39.27 0 6 618.54 
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CHAPTER 2 

Factors Influencing Occurrence and Abundance of Elutherodactylus wightmanae and E. 

brittoni Along an Elevational Gradient in Southwestern Puerto Rico 

 

ABSTRACT 

Populations of Eleutherodactylus species have declined in recent decades in Puerto 

Rico. Habitat loss is a known contributor, but long-term climatic changes are also believed 

to have played a role through suppressed reproduction and disease-induced mortality. Much 

remains to be learned about species responses to varying climatic conditions, and sharp 

contrasts found along elevational gradients provide a setting to gain insights about those 

relationships. In this work, I build and expand upon previous work by quantifying two 

demographic parameters, presence and abundance, for Eleutherodactylus wightmanae and 

E. brittoni along an elevational gradient in central and southwestern Puerto Rico. The 

gradient was situated on the leeward side of the island to sample sharp, contrasting 

environmental conditions. Elevation reflects long-term climatic conditions, and its strong, 

positive influence on occupancy likely reflects species environmental preferences for lower 

temperatures and higher humidity at higher elevations. My results showed that patterns of 

occupancy and abundance aligned with known species-habitat preferences. Occupancy of 

forest-dependent E. wightmane gradually increased with elevation and abundance with 

surrounding forest cover. In contrast, occupancy for E. brittoni sharply increased >400-

500m and abundance with increasing ground cover. Habitat covariates likely mediate micro-

climatic conditions, important for rehydration. Approaches that examine relationships 

between contrasting land use and weather conditions, backed by information on thermal 
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tolerance limits, is a suitable path forward to better understand and predict responses to 

climate change, and identify climate refugia and inform conservation design initiatives 

using climate projections. 
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INTRODUCTION 

Amphibians are particularly vulnerable to changes in micro-habitat conditions, 

largely due to their permeable skin (Lips et al., 2005; McCallum, 2007; Wake & Vredenburg 

2008). These changes may come about as a result of land use and land cover changes, climate 

change or a combination (Watling & Donnelly 2008; Watling et al., 2011; Stuart et al., 

2004). Human-modified landscapes will create novel habitats, some delimited by sharp 

boundaries that might impede movements, or adversely affect food and shelter, and micro-

climatic conditions (Watling et al., 2009 & 2011; Frishkoff et al., 2015). Climate change is 

also considered a major threat to amphibians (Burrowes et al., 2004; Pounds et al., 1999), 

particularly because global temperatures are projected to increase between 2°C and 4°C 

(Pachauri et al., 2014). Increasing temperature and drier conditions have resulted in a 

negative response for amphibian populations (Ospina et al., 2013), especially those with a 

narrow environmental tolerance range. For example, Pounds and Crump (1994) found that 

amphibian populations experienced declines with temperature increases of only 0.5°C. These 

conditions may increase the number of amphibians listed as “critically endangered” (Pounds 

et al., 2006; Burrowes et al., 2008; Stuart et al., 2004). 

Puerto Rico harbors 20 species of amphibians, 17 in the genus Eleutherodactylus. 

Two of these species are federally listed (E. jasperi, E. juanriveroi), and the remaining are 

considered species at risk (i.e., potential for endangerment) due to habitat loss and threats 

mediated by climatic changes (Joglar, 1998; Burrowes et al., 2004). Of these two factors, 

climate change has garnered most of the attention by researchers to date (but see Rios-Lopez 

& Aide 2007). As terrestrial anurans, Eleutherodactylus species must balance desiccation 
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with evaporative cooling. If the environment is temperature or water stressed the frog would 

face the conflict cooling itself while risking desiccation through increased water loss (Pounds 

& Crump 1994). Moreover, Eleutherodactylus spp. depend upon moist refuges to lay eggs to 

avoid egg desiccation (Guerra & Aráoz 2015). These life history traits suggest that 

Eleutherodactylus species may not cope with the projected warmer and drier climate on the 

island. Burrowes et al. (2004) and Pounds and Crump (1994) have posited that some 

Eleutherodactylus species may have exhibited range contraction during the extensive dry 

periods between 1970 and 2000, exacerbating the vulnerability of small populations to 

disease. 

If climate projections hold true, it is reasonable to hypothesize that negative tracking 

will be more easily discernable along the leeward side of mountains, strongest towards the 

drier, warmer lowlands. Previously, work has been conducted along elevational gradients in 

eastern and east-central Puerto Rico (Christian et al., 1988; Burrowes et al., 2004), but 

contrasts are less sharp (e.g., wet and moist tropical life zones; Pares-Ramos, Gould & Aide, 

2008) and responses by amphibians to climatic change could require more time to detect 

(Burrowes et al., 2004; Hannah, 2011). Thus, there is value in investigating factors that 

influence occurrence and abundance along gradients with sharper contrasts of environmental 

conditions. Insights gained from these efforts could help generate predictions about species 

range dynamics induced by direct or indirect (mediated) factors, and ultimately, aide in 

framing conservation actions. 

In this work, I report occupancy rates and the probability of detecting 0, 1 and ≥2 

individuals of Eleutherodactylus wightmanae and E. brittoni along an elevational gradient 
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that span dry-lowland to wet-highland secondary forests in central and southwestern Puerto 

Rico. I evaluated competing models designed to determine if patterns of occurrence and 

abundance were influenced by weather covariates (temperature and humidity), structural 

covariates (vegetation cover at two spatial scales), and elevation (m). We expected that 

occurrence and abundance of E. wightmanae, a forest-dependent species, would be more 

sensitive to weather covariates than the more generalist E. brittoni. Both species, however, 

would be expected to occur at higher elevations where long-term temperature and humidity 

are higher and less variable (Burrowes et al., 2004; Hijmans et al., 2005). Categories of 

abundance would be expected to vary as a function of habitat affinities, higher for E. 

wightmanae at sites with higher forest cover, and for E. brittoni at sites of more open habitat. 

We obtained estimates of both parameters using multi-season, multi-state occupancy models 

based on data collected over three sampling periods in 2015 (Nichols et al., 2007). 
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STUDY AREA 

Acoustic surveys were conducted at two study areas within moist and wet subtropical 

forest life zones on the leeward side of the central and southwestern mountains of Puerto 

Rico (Holdridge et al., 1971; Pares-Ramos, Gould & Aide 2008; Fig. 1). The townships of 

Adjuntas and Maricao provide the high elevation eastern and western location reference, 

respectively. Study areas were separated by 27 km along an east-west axis whose elevation 

ranged from 77 to 865 m. Average elevation was 470.5 m (SE=44.0). Survey sites comprised 

a combination of forest structures from developed forest with high canopies and mid-level 

canopy, to sites with low lying trees and a complex system of ground cover (Hijmans et al., 

2005; Murphy & Lugo 2014). 

  



 

63 

 

METHODS 

Survey Stations 

Twenty six (26) survey stations were allocated along an elevational gradient 

(Appendix 1). Seven survey stations were arbitrarily established between 77 – 265 m (low, 

dry forest), 12 stations between 350- 600 m (intermediate elevation forest), and 7 stations 

between 650 – 865 m (wet forest). Survey stations were 50 m from major roads to minimize 

edge effects, and 100 m from the nearest survey station in order to reduce spatial 

autocorrelation (occurred in only two coffee farms). Otherwise, stations were >500 m apart. 

Presence/non-presence surveys 

Acoustic surveys were conducted during three primary periods and three sampling 

occasions within each primary period, a scheme that follows Pollock’s Robust Design 

(Pollock, 1982). Primary sampling periods (henceforth seasons) were February-March (low 

rainfall), April-May (high rainfall), and June-July (low rainfall) (Fig. 2; Calvesbert, 1970). 

Surveys were conducted using acoustic recording devices (Aide et al., 2013) for one minute 

every hour from 1800 h to 0600 h. Once the audio files for each station were collected, data 

were stored in a project server and analyzed using Arbimon (Aide et al., 2013). The program 

creates a spectrogram for each recording, providing a visual representation of the sounds 

recorded on each sampling occasion. With the assistance of a local expert, Dr. Alberto 

Puente (Interamerican University, Arecibo, Puerto Rico), I manually added model training 

data by selecting species specific calls within the visualization framework. To do this, I 

highlighted the area in the spectrogram where the specific call was located, noting its 

duration, frequency and bandwidth. The process is repeated multiple times for each species. 
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The information is then added to the database and applied using the Baum-Welch algorithm 

to optimize the model (Aide et al., 2013; Baum et al., 2011). At the same time, I created 

validation data by collecting a subset of recordings where presence/non-presence of a species 

was known. The program then applies Hidden Markov chain approaches to create a model 

that identifies species presence/non-presence from the audio filed data based training data 

and validations (Aide et al., 2013). Within Arbimon, I ran each species-specific model 

through 54,485 recordings to create binary encounter histories for analyses. Recordings were 

coded as: presence (1), non-presence (0) and missing data (-) when circumstance precluded 

collecting data (e.g., acoustic device loss). 

Covariates 

I used three types of measurements of vegetation cover to represent habitat quality. 

Vegetation cover is assumed to provide conditions that promote food, shelter, and help 

maintain microclimatic conditions that enable species to thermo- and hydro-regulate 

(Kearney et al., 2009; Whitfield et al., 2014; Huang et al., 2014). At the survey station level, 

I measured canopy and horizontal cover. Both covariates were measured within 5 m of the 

survey station. Canopy cover was measured using a densitometer and expressed as a percent 

cover. Horizontal cover was measured using a density pole 0.3 m wide, segmented into 5 

sections 0.5m tall each (ground level to 2.5 m above ground; Nudds, 1977). Measures of 

horizontal cover were made from 5 m away from the pole, and represent the average of four 

readings (i.e., cardinal directions) using an ordinal scale: 1= 1-20%, 2= 21-40%, 3= 41-60%, 

4= 61=80%, 5= 81-100%. I also quantified the vegetation cover within a 100 m radius of the 

survey station. This covariate represents the extent over which Eleutherodactylus spp. could 
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potentially move based on translocation experiments of E. coqui (Gonser & Woolbright 

1995). It also provides a measure of the habitat context within which surveys stations were 

embedded using three cover classifications. These were forest cover (trees), low vegetation 

cover (e.g., shrubs, low growing trees) and other cover (impervious surfaces, bare soil, 

grass). Percent cover for each covariate was extrapolated by creating polygons around the 

land cover types within a 100m radius of the survey station using satellite imagery from 

Google Earth (2015). In this work, I used forest cover (FC) at the covariate of interest 

because the sampling design focused on forested sites. I recorded two environmental 

covariates, relative humidity (H) and temperature (T). Data were obtained using HOBO data 

loggers at 18 of 28 sites on every sampling occasion (i.e., sampling covariates). Estimates for 

the remaining 10 sites were interpolated using regression analyses and data on humidity and 

temperature collected on 288 occasions and pertinent site covariates (e.g. elevation, east-west 

location). Although temperature and humidity thresholds were not available for the focal 

species, I still modeled the aforementioned environmental covariates to gain insights on the 

functional relationships of environmental covariates and rate parameters and abundance. 
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DATA ANALYSIS 

A multi-season, multi-state occupancy modeling framework (Nichols et al., 2007) 

was used to obtain estimates of occupancy (𝜓) and abundance (R) using using program 

PRESENCE (Hines, 2006). Parameter “R” is the probability that ≥2 frogs were present, 

given the survey site was occupied. Parameter delta (𝛿) is defined as the probability that state 

2 (≥2 frogs calling) was correctly identified. Encounter histories for this model were created 

by randomly selecting three recordings from each secondary sampling period, and visually 

inspecting the spectrogram created by Arbimon. Encounter histories were coded as 0 (non-

detection), 1 (single individual calling), and 2 (≥2 individuals calling). 

I developed a suite of candidate models to test our a priori hypotheses using program 

PRESENCE (MacKenzie, 2006; Table 1). I first modelled the detection process, determining 

whether detection was constant (.), varied by season (S), and whether detection probability 

was influenced temperature (T) and humidity (H) over time (sampling covariate). The latter 

environmental covariates may influence availability ( i.e., calling activity; Ospina et al. 

2013). The model with highest support was used to determine if occupancy (Ψ) and 

abundance (R) were constant (.), varied by the initial season as compared to the other two, or 

was season-specific. I then modeled the model with the highest support by elevation (Elev), 

humidity (H), temperature (T), and habitat. Habitat covariates were ground cover (GC), 

canopy cover (CC) and forest cover (FC). Elevation and temperature or humidity was not 

modeled together because these covariates were correlated (P < 0.01). When modeling 

occupancy as a function of humidity and temperature, we did not use interpolated data. 

Rather, we filled missing values with the average of available data, standardizing the 
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covariate to retain the same mean and variance (Cooch & White 2010). All continuous 

covariates were normalized. 

Akaike’s Information Criterion (AIC) was used to evaluate the support in the data for 

models in the candidate sets and the strength of each covariates effect on anuran species 

occupancy (Burnham & Anderson 2002). Models with a ∆AIC  2 were considered to have 

substantial support in the data. The relationship between the probability of occupancy and the 

effect of covariates (i.e. covariate ̂  coefficient) was considered to have strong support if the 

95% confidence interval (CI) did not overlap zero, and weak support if the 95% CI did. 

Parameter estimates  SE are reported with occupancy model results. 

Careful consideration of model assumptions was important for the interpretation of 

model results. Multi-season, multi-state occupancy models assume that: 1) sites are “closed” 

to changes in occupancy within primary sampling periods; 2) there are multiple site visits 

within secondary periods; 3) that there are no false detections; and 4) detection across sites 

are independent (MacKenzie et al., 2002). Surveys made within primary periods were 

conducted over a short period of time (21 days) relative to life history events (e.g., 

reproduction; assumption 1). Each survey site was acoustically sampled twelve times a night 

within secondary periods (assumption 2). Encounter histories were derived from acoustic 

recording devices, using training data created with the assistance of local experts (i.e., Dr. 

Alberto Puente, Interamerican University), which provide a means to detect false positives 

(assumption 3). Survey stations were separated by > 500 m which is believed to be far 

beyond the limit for when these animals are relocated (Gonser & Woodbright 1995; 

assumption 4). The model defines parameter delta (𝛿) as the probability of correctly 
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identifying state 2, given it is in state 2 (MacKenzie et al., 2006). I assumed that was the case 

because call patterns could be visually identified as distinct individuals using the ARBiMON 

spectrogram (Fig. 3) 
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RESULTS 

Gradient Attributes 

Temperature and humidity among survey stations over the period of study ranged 

from 17.16 °C to 27.40 °C and 78.42% to 99.95%, respectively (Table 2). Temperature 

decreased with elevation (F = 17.70; df = 1, 76; P<0.001), whereas humidity increased (F = 

15.71; df = 1, 76; P<0.001). On average, temperature increased from February through July 

by nearly 3 degrees (°C), and humidity decreased by about 4% (Table 2). The range of 

temperatures recorded at survey stations throughout the study was within minimum and 

maximum long-term averages (50 years; Hijmans et al., 2005). Figure 2 depicts total monthly 

precipitation (mm), average temperature (C°) and relative humidity (%) at Maricao from 

January through July 2015 (Weather Station Metadata: Lat 18° 09” 42”; Long 67° 01’ 34”; 

493 m). Habitat covariates were similar between intermediate and high elevation sites, with 

canopy and forest cover nearly 20% lower in the lowland portions of the gradient. 

E. wightmanae 

 Variation in occupancy and levels of abundance were best explained by a model 

whose occupancy was positively influenced by elevation, and abundance by canopy cover 

and forest cover (station-context) (AICwgt= 0.64; Table 3). Abundance was negatively 

influenced by percent canopy cover (�̂� = −1.57 ± 0.75), and positively influenced by 

percent of surrounding forest cover (�̂� = 1.76 ± 1.00). Occupancy probability increased 

with elevation (Fig. 4). The positive influence of surrounding forest cover on the probability 

of detecting ≥2 individuals was illustrated by predicting probability values (R) after 

controlling for canopy cover and elevation (Fig. 5). Conversely, the negative influence of 
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canopy cover on abundance is depicted in Figure 4. The probability of correctly identifying a 

station as state 2 (≥2 individuals) at any survey station in the study was 0.96  0.04. 

E. brittoni 

 Variation in occupancy and levels of abundance was best explained by a model 

whose occupancy was influenced by a contrast between occupancy on the first season as 

compared to the other two seasons, and elevation, and abundance by ground cover and forest 

cover (station-context) (AICwgt= 0.71; Table 4). The influence of elevation on occupancy was 

strong and positive (�̂� = 1.72 ± 0.75; Fig. 6). The influence of ground cover on abundance 

was positive and strong (�̂� = 1.34 ± 0.68), whereas the influence of forest cover was 

negative and strong (�̂� = −2.55 ± 1.42). The influence of ground cover and forest cover 

was illustrated by predicting probability values (R) after keeping ground cover or forest 

cover constant (Fig. 7). On average, the probability of correctly identifying a station as state 

2 (≥2 individuals) was 0.89 ± 0.06, and varied as a function of humidity levels per sampling 

occasion (�̂� = 1.71 ± 0.79). 
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DISCUSSION 

 I quantified two demographic parameters, occurrence and abundance, of two 

Eleutherodactylus species along distinct climatic conditions in forested habitats on the 

leeward slopes of the central mountains of Puerto Rico. Knowledge about demographic rates 

in such conditions is of interest because Eleutherodactylus species are largely stenoclimatic, 

and at present, the most plausible explanation for declining populations is the climate-linked 

epidemic hypothesis (Pounds & Crumps 1994; Burrowes et al. 2004). Occurrence probability 

is germane to our understanding of distribution and range dynamics (Yackulic et al., 2015), 

and abundance essential to assess the status of species and response to conservation actions 

(Nichols & Williams 2006). I found that E. wightmanae, a forest-dependent species, 

gradually increased in occupancy probability with elevation, and its abundance influenced by 

habitat characteristics at the survey site and its surroundings (station-context). E. brittoni 

occupancy was also influenced by elevation, but the increase in occupancy was sharper, 

particularly after 400-500 m. Its abundance was influenced by the amount of ground cover 

and negatively by the contextual forest cover around the survey station. In both instances, 

factors influencing occupancy and abundance aligned with a priori hypotheses based on 

known species habitat preferences (Rivero, 1978; Joglar, 1998). 

 It was noteworthy that neither occupancy nor abundance was influenced by weather 

covariates. Sampling during this study was conducted over dry-wet-dry sequential periods, as 

illustrated by monthly rainfall at the Maricao weather station, and temperature and humidity 

differed among periods. An explanation for the lack of strong effects is the short-term nature 

of the study, preventing considering stronger weather patterns that could emerge between 
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years. Another explanation, perhaps more plausible, is that temperature was within the 

minima and maxima of known tolerance levels for Eleutherodactylus (Christian et al., 1988). 

In this vein, Burrowes et al. (2004) suggested that the length of time temperature and 

precipitation were outside the long-term 95% confidence intervals was indicative of stressful 

conditions for Eleutherodactylus (e.g., high temperatures, extended drought periods). In this 

study, observed values of temperature were within the long-term minima and maxima based 

on bioclimatic data for each station (50 years; Hijmans et al., 2005). 

 Models that featured habitat covariates received higher support than those with only 

temperature and humidity covariates, although clearly elevation accounted for the highest 

variation in the data for occupancy. The former results were consistent with previous work 

that indicated that habitat mediates micro-climatic conditions, as well as provide food and 

shelter for survival and reproduction (P. A. Burrowes et al., 2004). Its discernable benefit for 

conservation was identifying habitat features that foster higher levels of abundance. This is a 

finding with clear conservation implications for habitat restoration and fostering higher 

abundance in human-modified landscapes, prevalent in Puerto Rico and the Caribbean 

(Helmer, 2004; Rios-Lopez & Aide 2007; Watling et al., 2011; Frishkoff et al., 2015; 

Dowdy, 2016). As noted above, elevation emerged as the strongest determinant of 

occupancy. I view this covariate as a proxy for long-term climatic patterns on the island. The 

diverse climatic conditions, and associated biotic communities, in Puerto Rico are the result 

of its topography and long-term processes providing opportunities for native fauna to 

specialize (Calvesbert, 1970; Burrowes et al., 2004). Thus, it is reasonable to suggest that the 

occupancy profile documented in this study also reflects long-term adaptations and affinities 
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to those geographic differences. This possibility highlights the value of investigating 

mechanisms influencing population dynamics of local populations under different conditions, 

particularly if such conditions were to match some climatic projections. 

Long-term changes in climatic conditions have been documented for Puerto Rico, and 

available evidence suggests that they have contributed to population declines and restricted 

distributions of Eleutherodactylus species (Pounds & Crump 1994; Pounds et al., 2006; 

Burrowes et al., 2004, 2007 & 2008). This body of work posits that stressful periods (e.g., 

droughts) suppresses successful reproduction and increases vulnerability to disease, 

increasing mortality. The challenge for conservation is how to gain additional knowledge to 

respond proactively in the advent of climate change. Hannah (2011) states that climate 

change may be affecting species at such a gradual rate that loss might not be mitigated once 

the trend is visible. Thus, there is need for effective forecasting of species occurrence and 

abundance given nonstationary environmental conditions (MacKenzie et al., 2011; Yackulic 

et al., 2015). Frishkoff et al., (2015) suggested the use of a species niche approach coupled 

with laboratory experiments (e.g., terraria) to identify critical thermal limits, and then 

generalize to a broader community. Approaches like this one is of interest because it blends 

habitat conditions, species affinities and thermal tolerance information, suited for human-

modified landscapes as those in Puerto Rico and the Caribbean (Helmer, 2004). The range of 

contrasting conditions and presence of multiple species occurring along mountain slopes in 

Puerto Rico provide a natural setting to investigate these relationships. Lessons from these 

efforts, in combination with climate projections, could help identify climate refugia for 

translocations and inform conservation design initiatives to determine where and why habitat 
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conservation should occur (Watling & Donnelly 2008; Watling et al., 2009; McDonald-

Madden et al., 2011). 

Table 1. Hypotheses and a priori predictions about the influence of environmental and 

habitat covariates on local occupancy (init), categorical abundance (R) of E. wightmanae 

and E. brittoni in secondary forest in the mountainous region of west-central Puerto Rico, 

2015. Environmental covariates were temperature and humidity, and habitat covariates at the 

station-level (5 m) were ground and canopy cover, and forest cover at the station-context 

level (100 m). Detailed description of covariates available in the text. 

Hypothesis Covariate 
(abbreviation) 

Species 

  E. wightmanae E. brittoni 

Terrestrial anurans will 
occur more frequently 
and abundantly where 
structural and 
environmental 
conditions are most 
favorable (Joglar 1998) 

Elevation 

Occupancy (+) 
 

Abundance (+) 
 

Occupancy (+) 
 

Abundance (+) 
 

Microclimatic conditions 
facilitate re-hydration 
and thermoregulation 
(Burrowes et al. 2004; 
Huang et al. 2014). 
Occupancy and 
abundance will be 
adversely affected by 
humidity and 
temperature in June-
July as compared to 
February-March. 

Temperature (T) 
Humidity (H) 

Occupancy 
T (-); H (-) 

 
Abundance 
T (-); H (-) 

 

Occupancy 
T (-); H (-) 

 
Abundance 
T (-); H (-) 
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Survey site quality 
(cover) will influence 
shelter, food, and 
microclimatic conditions 
(Tews et al 2004; Huang 
et al. 2014, Whitfield et 
al. 2014).  

Ground (GC) 
Canopy (CC) 
Forest (FC) 

Occupancy 
GC (-); CC (+); FC (+) 

 
Abundance 

GC (-); CC (+); FC (+) 

Occupancy 
GC (+); CC (-); FC (-) 

 
Abundance 

GC (+); CC (-); FC (-) 
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Table 2. Average ( SE) and range of covariates measured at 26 stations in secondary forest along an elevational gradient in 

central and southwestern Puerto Rico. Temperature and humidity are seasonal averages (N = 3). Elevation bands were: 77–265 m 

(N=7), 350-600 m (N=12), and 650–865 m (N=7). Also listed are the minimum and maximum long-term temperatures for the 

period of study obtained from Bioclimatic data (50 years). Period of study was February-March, April-May, June-July, 2015. 

Ground cover was scaled as: 1-5 (1 = 0-20%, 2 = 21-40%, 3 = 41-60%, 4 = 61-80, 5 = 81–100%). 

Covariate Average Range Low Intermediate High BioClim 

      Min - Max 

_________________________________________________________________________________________________________ 

Ground Cover 2.89 (0.24) 1–5 2.28 (0.46) 3.29 (0.37) 2.82 (0.41) 

Canopy Cover (%) 76.65 (4.85) 23–98 64.00 (10.21) 84.75 (6.18) 82.85 (9.55) 

Forest Cover (%) 85.38 (3.50) 29–100 74.90 (9.65) 89.38 (3.56) 89.01 (5.62) 

T1 (°C) 20.02 (0.22) 17.76–23.18 21.10 (0.45) 20.06 (0.16) 18.88 (0.27) 13.0 – 30.5 

T2 (°C) 22.76 (0.28) 20.34–25.95 24.12 (0.54) 22.71 (0.25) 21.48 (0.36) 13.9 – 31.4 

T3 (°C) 23.81 (0.28) 21.61–27.39 25.12 (0.56) 23.66 (0.30) 22.77 (0.41) 16.3 – 32.5 

H1 (%) 95.59 (0.54) 86.49–99.94 93.21 (1.19) 95.94 (0.64) 97.37 (0.52) 

H2 (%) 90.37 (0.92) 80.52–97.56 86.84 (1.69) 91.62 (1.10) 91.76 (1.96) 

H3 (%) 91.10 (0.89) 78.41–98.55 87.36 (1.89) 91.88 (0.98) 93.51 (1.54) 

_______________________________________________________________________________________________________
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Table 3: Model selection table for multi-season, multi-state occupancy models for E. 

wightmanae surveyed in the mountainous region of west-central Puerto Rico. Acoustic 

surveys were conducted between in two study areas in January-March, April-May, and June-

July 2015. Model parameters were local occupancy (ψ), probability of detecting ≥2 

individuals (R), probability of correctly classifying a survey site as harboring ≥2 individuals 

( = ), and detection probability (p). Parameters were modeled as constant over time (.), 

season-specific (S), and initial season (vs remaining). Covariate were elevation (m, Elev), 

temperature (T), humidity (H), and three habitat covariates (ground cover (GC), canopy 

cover (CC), and forest cover (FC). Detailed description of covariates is available in the text. 

Model AIC deltaAIC AIC wgt no.Par. -2*LogLike 

ψ (Elev),R (CC+FC),(.),p(.,.) 201.48 0 0.6419 8 185.48 

ψ (Elev),R (CC),(.),p(.,.) 205.59 4.11 0.0822 7 191.59 

ψ (Elev),R (FC),(.),p(.,.) 206.67 5.19 0.0479 7 192.67 

ψ (Elev),R (GC),(.),p(.,.) 206.86 5.38 0.0436 7 192.86 

ψ (Elev),R (CC+GC),(.),p(.,.) 207.36 5.88 0.0339 8 191.36 

ψ (Elev),R (.),(.),p(.,.) 207.56 6.08 0.0307 6 195.56 

ψ (CC),R (CC),(.),p(.,.) 207.84 6.36 0.0267 7 193.84 

ψ (FC),R (FC),(.),p(.,.) 208.32 6.84 0.021 7 194.32 

ψ (GC),R (GC),(.),p(.,.) 208.35 6.87 0.0207 7 194.35 

ψ (Elev),R (Elev),(.),p(.,.) 208.91 7.43 0.0156 7 194.91 

ψ (InitSeason+Elev),R (InitSeason),(.),p(.,.) 209.8 8.32 0.01 8 193.8 

ψ (.),R (.),(.),p(.,.) 209.95 8.47 0.0093 6 197.95 

ψ (InitSeason),R (InitSeason),(.),p(.,.) 210.73 9.25 0.0063 7 196.73 

ψ (InitSeason+Elev),R (InitSeason+Elev),(.),p(.,.) 211.38 9.9 0.0045 9 193.38 

ψ (Season+Elev),R (Season),(.),p(.,.) 213.2 11.72 0.0018 10 193.2 

ψ (Elev),R (ISeason*H),(.),p(.,.) 213.85 12.37 0.0013 11 191.85 

ψ (Season*T),R (Season),(.),p(.,.) 214.7 13.22 0.0009 12 190.7 

ψ (Season+Elev),R (Season+Elev),(.),p(.,.) 214.84 13.36 0.0008 11 192.84 

ψ (Season*H),R (ISeason),(.),p(.,.) 216.95 15.47 0.0003 12 192.95 

ψ (Season),R (ISeason*H),(.),p(.,.) 218.13 16.65 0.0002 12 194.13 

ψ (Season*T),R (Season*T),(.),p(.,.) 218.54 17.06 0.0001 15 188.54 

ψ (Season),R (Season*T),(.),p(.,.) 218.97 17.49 0.0001 12 194.97 

ψ (Season*H),R (ISeason*H),(.),p(.,.) 219.49 18.01 0.0001 15 189.49 

ψ (.),R (.),(H),p(H) 220.93 19.45 0 7 206.93 

ψ (Season*Elev),R (Season*Elev),(.),p(.,.) 221.28 19.8 0 15 191.28 

ψ (.),R (.),(T),p(T) 223.46 21.98 0 7 209.46 

ψ (.),R (.),(S),p(S) 226.66 25.18 0 6 214.66 
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Table 4: Model selection table for multi-season, multi-state occupancy models for E. brittoni 

surveyed in the mountainous region of west-central Puerto Rico. Acoustic surveys were 

conducted between in two study areas in January-March, April-May, and June-July 2015. 

Model parameters were local occupancy (ψ), probability of detecting ≥2 individuals (R), 

probability of correctly classifying a survey site as harboring ≥2 individuals (), and 

detection probability (p). Parameters were modeled as constant over time (.), season-specific 

(S), and initial season (vs remaining). Covariate were elevation (m, Elev), temperature (T), 

humidity (H), and three habitat covariates (ground cover (GC), canopy cover (CC), and forest 

cover (FC). Detailed description of covariates is available in the text. 

Model AIC deltaAIC 
AIC 
wgt no.Par. -2*LogLike 

ψ (initSeason+Elev),R (FC+GC),(H),p(H) 234.44 0 0.7148 11 212.44 

ψ (initSeason+Elev),R (FC),(H),p(H) 238.28 3.84 0.1048 10 218.28 

ψ (initSeason+Elev),R (GC),(H),p(H) 238.59 4.15 0.0898 10 218.59 

ψ (initSeason+Elev),R (CC),(H),p(H) 240.23 5.79 0.0395 10 220.23 

ψ (initSeason+Elev),R (.),(H),p(H) 242.72 8.28 0.0114 9 224.72 

ψ (initSeason+Elev+GC),R (.),(H),p(H) 242.77 8.33 0.0111 10 222.77 

ψ (Const+Elev),R (Const),(H),p(H) 243.15 8.71 0.0092 8 227.15 

ψ (initSeason+Elev+FC),R (.),(H),p(H) 244.33 9.89 0.0051 10 224.33 

ψ (initSeason+Elev),R (Elev),(H),p(H) 244.64 10.2 0.0044 10 224.64 

ψ (initSeason+Elev+CC),R (.),(H),p(H) 244.68 10.24 0.0043 10 224.68 

ψ (initSeason),R (.),(H),p(H) 247.43 12.99 0.0011 8 231.43 

ψ (initSeason+Elev),R (Season*H),(H),p(H) 247.85 13.41 0.0009 14 219.85 

ψ (InitSeason),R (InitSeason),(H),p(H) 247.92 13.48 0.0008 9 229.92 

ψ (Const),R (Const),(H),p(H) 248.21 13.77 0.0007 7 234.21 

ψ (initSeason+Elev),R (Season*T),(H),p(H) 248.88 14.44 0.0005 14 220.88 

ψ (initSeason+T1),R (.),(H),p(H) 249.21 14.77 0.0004 9 231.21 

ψ (initSeason+H1),R (.),(H),p(H) 249.31 14.87 0.0004 9 231.31 

ψ (initSeason),R (.),(.),p(.,.) 249.54 15.1 0.0004 6 237.54 

ψ (InitSeason),R (.),(T),p(T) 251.13 16.69 0.0002 8 235.13 

ψ (Season),R (Season),(H),p(H) 251.48 17.04 0.0001 11 229.48 

ψ (Season*H),R (Season),(H),p(H) 253.92 19.48 0 14 225.92 

ψ (Season),R (Season*H),(H),p(H) 255.2 20.76 0 14 227.2 

ψ (Season),R (Season*T),(H),p(H) 255.3 20.86 0 14 227.3 

ψ (Season*T),R (Season),(H),p(H) 255.91 21.47 0 14 227.91 

ψ (InitSeason),R (.),(S),p(S) 260.15 25.71 0 6 248.15 
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Figure 1. Map of Puerto Rico depicting the location of acoustic survey stations along 

altitudinal gradients in two study areas in central and southwestern Puerto Rico.  Panel A 

depicts the temperature gradient, and panel B the precipitation gradient encompassed by the 

survey stations. 
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Figure 2. Total monthly precipitation (mm), average temperature (C°) and relative humidity 

(%) at Maricao from January through July 2015, Puerto Rico (Weather Station Metadata: Lat 

18° 09” 42”; Long 67° 01’ 34”; 493 m). Flat line is the mean across all data; diamonds depict 

sample mean and 95% confidence intervals per month. Data were obtained from the Western 

Regional Climate Center data archives. 
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Figure 3. Spectrogram created by ARBiMON used to distinguish instances when 1 individual 

or ≥2 of the three focal Eleutherodactylus species in this study were calling.  Acoustic data 

for each species were analyzed in this fashion and coded as state 1 (one individual present 

and calling) or state 2 (≥2 individuals present and calling at a site) for use in the multi-

season, multi-state occupancy models.  Acoustic data were collected along an altitudinal 

gradient in February-March, April-May, and June-July 2015.  

One individual 
calling  

One individual 
calling  A second individual 
calling  
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Figure 4. Occupancy probability ( SE) for E. wightmanae as a function of elevation (m) in 

forested habitats in two study areas central and southwestern Puerto Rico. Acoustic surveys 

were conducted in two sampling areas (near towns of Adjuntas and Maricao) in February-

March, April-May, and June-July 2015. 
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Figure 5. Predicted probability of detecting ≥2 individuals of E. wightmanae as a function of 

canopy cover (%; station level), and forest cover within a 100 m radius from the center of the 

sampling station in secondary forest.  Acoustic surveys were conducted in two sampling 

areas (near towns of Adjuntas and Maricao) in February-March, April-May, and June-July 

2015. 
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Figure 6. Occupancy probability ( SE) for E. brittoni as a function of elevation (m) in 

forested habitats in two study areas central and southwestern Puerto Rico. Acoustic surveys 

were conducted in two sampling areas (near towns of Adjuntas and Maricao) in February-

March, April-May, and June-July 2015. 
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Figure 7. Predicted probability of detecting ≥2 individuals of E. brittoni as a function of 

ground cover (scale 1-5); station level), and forest cover (%) within a 100 m radius from the 

center of the sampling station in secondary forest.  Acoustic surveys were conducted in two 

sampling areas (near towns of Adjuntas and Maricao) in February-March, April-May, and 

June-July 2015. 
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