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ABSTRACT 

HUMAN INFLUENCES ON ANURAN DISTRIBUTION CHANGES IN THE 

SOUTHEASTERN U.S.A. 

by Michelle Diane Luce, B.S. Florida Institute of Technology 

Chairperson of Advisory Committee: Mark B. Bush, Ph.D. 

 As human populations continue to expand and grow, ecosystems and the 

species that inhabit them face ever-increasing stress. To conserve these 

ecosystems, scientists use indicator species to try to measure the impact of 

human-induced pressures on the environment. Anurans are exceptional indicator 

species because they are often the first vertebrates to respond to the direct and 

indirect effects of land use by humans. Sparse historical data have made it 

difficult to map the ‘natural’ distribution of many species and, therefore, to map 

any changes in distribution range as a result of human expansion.  

This study sought to address the lack of data coverage by using a 

predictive model to map the distribution of anuran species across the southeastern 

U.S.A. based on their response to environmental parameters. Historical (prior to 

1960), transitional (1960-1989), and modern (1990-2013) distributions were 

mapped for each anuran species, and the expansions and contractions of 

distribution ranges were calculated between time blocks. Species life-history traits 
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were analyzed as potential predictor variables to determine whether a species had 

increased or decreased its total range size in recent history. 

 Results suggest that six species (60%) had a large decrease in range size 

from their historical distributions; three species (30%) had a large increase in 

range size, and one species (10%) had almost no change in range size. Most 

species that gained range size, from the historical to the modern block, expanded 

to the interior of the southeastern U.S.A. during the transitional-time block. 

Model results indicate that precipitation, temperature, and elevation are more 

important for determining frog distributions than human population density across 

all time blocks. Trait analysis did not indicate any traits were able to determine 

whether the species had range expansions or contractions. Distribution range 

trends suggest that the Atlantic Multidecadal Oscillation (AMO), a low-frequency 

climatic oscillation, may have a role in distribution expansions and contractions, 

but more long-term data are required to explore this possibility properly. 

 Overall the study shows that historical distributions can be accurately 

mapped, despite the lack of landscape-scale historical surveys of individual 

species. Whether anuran species increase or decrease in range size from their 

historical distribution cannot yet be explained using species traits. Compounded 

effects from a changing climate cannot be ruled out. 
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INTRODUCTION 

 In the eastern USA, fewer than 2% of forests are old growth (Brown et al. 

1998), and more than 50% of all wetlands have been drained (Tiner 1984). Such 

widespread habitat destruction stresses natural communities and decreases 

ecosystem functions (Dahl et al. 1991). Even the natural habitats set aside for 

wildlife are degraded by the indirect effects of human development (Newmark 

1995; Western 2001), such as in St. Marks National Wildlife Refuge where frog 

community richness had decreased from 29 to 24 amphibian species and 36 to 29 

reptile species from the 1970s to the 2000s. 

 Assessing the extent of habitat degradation is challenging, as the baseline 

habitat conditions are generally unknown. Proxy measures of habitat quality are 

often derived from insect data (Fleishman et al. 2005), fishes (Lasne et al. 2007) 

and bird (Fleishman et al. 2005; Johnson 2007) assemblages. The ecologically 

most informative members of those assemblages are termed indicator species. 

Indicator species are highly sensitive to one or more environmental parameters 

that are likely to be degraded by human actions. Anurans are sensitive to water 

quality, hydroperiod (Babbitt and Tanner 2000; Snodgrass et al. 2000; Weyrauch 

and Grubb Jr 2004), and chemical pollutants in both aquatic and terrestrial 

environmental settings (Blaustein et al. 2011; Vitt et al. 1990); hence they form 

an important potential set of indicator species (Vitt et al. 1990; Waddle 2006).  
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 Anurans exhibit striking biogeographic patterning in the eastern U.S.A. 

with a strong north-south gradient in diversity, and local habitat preferences 

(Lannoo 2005). Warm temperatures and an abundance of wetlands in the 

southeastern USA are reflected in high species diversity. The southeastern USA 

supports 27 frog species out of the 91 species found in the United States (Lannoo 

2005). 

 Because the full historical distribution of many anuran species is not 

known, the trajectory of modern population changes cannot be understood 

without first understanding the historical range of a species. Past ranges must be 

estimated before current geographic distributions can be put in the context of how 

they are changing. Maps of past distributions can be based on collection records 

and auditory surveys, but these data are so incomplete that models are also needed 

to reconstruct past distributions.  

Species life-history traits can potentially be used to explain how species 

have responded to human-induced landscape changes in the past. Life-history 

traits can be used to improve predictions of species distribution changes, 

considering the expected increased levels of human population growth and 

urbanization. Improved projections can better inform conservation scientists 

regarding the protection of declining species. 
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GENERATING SPECIES DISTRIBUTION MAPS  

 Before computer systems and modeling techniques developed, species 

distribution maps were generated using species occurrence data and expert 

knowledge to draw boundaries between occupied and unoccupied areas (Graham 

and Hijmans 2006). Species distribution models (SDM) are a way to model the 

suitable habitat of a species based on its relationship with different environmental 

gradients (Elith and Leathwick 2009; Guisan and Zimmerman 2000; Pearson 

2007). Algorithms are used to correlate species records to a set of predictor 

variables (Guisan and Zimmerman 2000). Species data may be available as 

abundance, presence-absence, or presence-only format. Predictor variables 

include climate measurements, soil characteristics, land-use categories, and other 

environmental variables (Elith and Leathwick 2009). 

 Initial SDMs, often based on niche theory, had low power and were 

sensitive to the number or type of environmental variables that were included 

(Guisan and Thuiller 2005). Advances in the past 30 years have resulted in more 

accessible geographic information system (GIS) data and greater global data 

coverage for both species occurrences and environmental metadata. The early 

SDMs provided new ways to produce environmental envelopes (e.g. BIOCLIM) 

(Busby 1986), generalized additive models (Hastie and Tibshirani 1986; Hastie 

and Tibshirani 1990), linear regression (Huntley et al. 2004), and maximum 

entropy (Elith et al. 2006).  Models have advanced to project species distributions 
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under future climatic conditions, or under altered environmental states (Guisan 

and Thuiller 2005). Many models were developed to handle presence-only data 

more effectively, as many large-scale surveys cannot successfully determine 

species absences from a given area (Leathwick and Austin 2001; Weir and 

Mossman 2005).  

 One of the most widely adopted presence-only SDMs is MaxEnt. MaxEnt 

was developed using a maximum entropy algorithm that incorporates presence-

only data with abiotic parameters (Phillips et al. 2006; Phillips et al. 2004). In 

place of absence data, MaxEnt generates pseudo-absences from the background 

(the study area) using randomly selected points (‘random sampling’)(Phillips et 

al. 2006; Phillips and Dudík 2008). MaxEnt models have been shown to be robust 

when using small sample sizes, which are often encountered in poorly-studied 

organisms like anurans (Pearson 2007; Pearson et al. 2007; Wisz et al. 2008), and 

across a variety of taxa (Phillips and Dudík 2008). Criticisms of MaxEnt outputs 

include the observation that they tend to overestimate the probability of presence 

in unsampled (pseudo-absent) areas (Carnaval and Moritz 2008; Fitzpatrick et al. 

2013). Nevertheless, MaxEnt generates more robust models than most of its 

competitors, such as generalized additive models (Elith et al. 2011; Guisan et al. 

2007; Wisz et al. 2008).  

 Most models require presence-absence data, which were not available for 

this study. Museum records and chorus survey data are presence-only and 
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therefore can be used with a limited number of SDMs. The most recent 

competitor for MaxEnt is the SDM MaxLike (Royle et al. 2012), which is a 

likelihood-based model. Although initial comparisons of MaxEnt and MaxLike 

seem promising (Fitzpatrick et al. 2013), MaxLike has not been subjected to any 

sensitivity analyses and MaxLike’s performance with small sample sizes has not 

yet been determined. 

INFLUENCE OF HUMAN ACTIVITIES ON THE ENVIRONMENT 

 DIRECT INFLUENCES OF HUMAN-MODIFIED LANDSCAPES 

In the United States (U.S.), human populations have increased from 92 

million people in 1910 (Pearl and Reed 1920) to almost 309 million people in 

2010 (Bureau 2011). Overall, population growth has slowed since 1950 (Spencer 

1984) , but is still expected to reach over 400 million by 2051 (Bureau 2012). The 

growth of urban centers declined as more people favored suburbs starting in the 

1960s, leading to encroachment on rural lands and urban sprawl since the early 

1970s (Beale 1977; Brown et al. 2005; Heimlich and Anderson 2001). 

For the purpose of this study I define the southeastern U.S.A. (hereafter 

the Southeast) as the twelve states shown in Figure 1. The Southeast had a total 

human population of over 190 million in 2010 (Bureau 2011), up from about 39 

million people in 1960 (Bureau 2013). Since the 1970s, population growth has 

shifted from the expansion of urban cities to the expansion of rural towns, such 
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that rural growth areas covered 15% more area than urban growth areas by 2000 

(Brown et al. 2005). Most land-cover changes between 1950 and 2000 were 

associated with timber practices and urbanization (Brown et al. 2005).  

 

Figure 1 Map of the Southeast, including all twelve states. Black lines indicate 
state boundaries. 

 As human populations continue to expand into previously low-density (i.e. 

rural) towns, the impact of increasing urbanization near unaltered habitats is a 

conservation concern (McKinney and Lockwood 1999). At the regional scale (i.e. 

the Southeast), human activities cause the landscapes to become homogenized as 

ecosystems are modified by human use (Clavel et al. 2011; Dobson 1997). 

Landscape homogenization refers to the increasing similarity of habitats across a 

large area, such as the Southeast, as high levels of urbanization cause gamma-
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diversity to fall (McKinney 2006; 2008). For example, comparisons between 

development and park areas in central-western Florida showed lower species 

richness in the development area than in the park, and both areas had decreased 

frog abundance since previously sampling in 1974 (Delis et al. 1996). Of all the 

landscape transformations, urbanization of previously unaltered habitats results in 

homogeneous settings (McKinney 2006).  

WETLAND DEGRADATION AND LOSS 

Wetland importance has been recognized by the federal government, and 

wetlands are the only habitat protected under federal law (Section 404 of the 

Clean Water Act of 1972). The loss of wetlands due to agriculture or forestry is 

not restricted by law, and represents an estimated loss of about 130,000 acres per 

decade (Dahl 2005; Dobson 1997; Rees and Wackernagel 1996; Tiner 1984). 

Although the steady loss of wetland area in the U.S. from 1956-2000 has been 

stemmed, there has been no demonstrable improvement in habitat quality (Dahl 

2005). Wetlands within new housing developments are often converted to water-

retention areas (Dahl 2005). Although not completely destroyed, these wetlands 

are often dredged, and become permanent ponds (Porej and Hetherington 2005). 

The biota of the formerly ephemeral wetland would be markedly different to that 

of the resulting retention pond (Porej and Hetherington 2005; Zedler 2000). 

Ephemeral wetlands lack fishes, which are predators of both tadpoles and adult 
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frogs, and are therefore important in structuring anuran assemblages (Zedler 

2000).   

INDIRECT INFLUENCES OF HUMAN ACTIVITIES 

 The loss of species or, in some cases the loss of entire populations, 

parallels the loss of habitat area (Lindsay et al. 2002; Radomski and Goeman 

2001; Woodford and Meyer 2003). Amphibian populations in nearly all habitat 

types have been declining since 1980, primarily because of habitat loss (Stuart et 

al. 2004), but also because of other stressors such as chytrid fungus (Daszak et al. 

1999), pathogens (e.g. ranaviral disease) (Daszak et al. 1999), and pesticides 

(Relyea 2005). In the U.S., frog population declines have been noted in 22 listed 

(threatened – critically endangered) species and eight species of least concern 

(IUCN 2013) since the 1960s (Dodd Jr et al. 2007; Houlahan et al. 2000), when 

human expansion accelerated in previously rural areas (Dahl 2000; Dahl et al. 

1991). 

 In addition to decreasing the total habitat available for species, 

agricultural and urbanized landscapes often serve as barriers to dispersal. For 

habitat specialists or species that disperse poorly, metapopulations may become 

isolated (Greenwald et al. 2009a; Greenwald et al. 2009b; Joly et al. 2001). These 

isolated populations may survive in microrefugia, though their chance of local 

extirpation rises as habitat size shrinks and the duration of isolation lengthens 

(Mosblech et al. 2011). Roads are also important barriers to wildlife movement 
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and gene exchange. Roads are the leading cause of mortality for the Florida 

panther (Forman and Alexander 1998) and kill enormous numbers of vertebrates, 

including anurans, each year (Ashley and Robinson 1996). A main indirect effect 

of roads include traffic noise that repels some animals, limiting bird and mammal 

presence (Findlay and Houlahan 1997; Forman and Alexander 1998). The full 

effects on anurans are largely unknown. 

‘Matrix habitats’ are human-modified landscapes that lie between natural 

tracts of land. The type of matrix habitat (e.g. agriculture field versus a town) 

strongly influences which species are isolated (Marzluff and Ewing 2001). Many 

frogs and toads require dense vegetation or forested habitats to disperse from 

breeding sites into foraging habitats (Pope et al. 2000), which makes agricultural 

fields a barrier to dispersal (Greenwald et al. 2009a; Greenwald et al. 2009b). 

Agricultural habitats are deliberately simplified systems of monoculture or 

polyculture. Consequently, overall species richness is low in these settings 

(Winqvist et al. 2011) and evidence of homogenization of  communities (i.e. loss 

of beta-diversity) has been documented in birds (Devictor et al. 2008).  

 Habitat fragmentation induces edge effects that penetrate into the 

remaining natural landscape. Microclimates within c. 100 m of a forest edge are 

drier and warmer than within the protected core habitat (Laurance and Yensen 

1991; Murcia 1995). Increased UV light intensity, because of forest clearing 

(Blaustein and Belden 2005), and chemical pollution (Bridges and Semlitsch 
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2005) contribute to frog population declines because of egg loss and 

malformations during development (Kiesecker 2002). Similarly, populations can 

be impacted by hard surfaces run-off waters, carrying oil residues and heavy 

metals which pollute nearby habitats and waterways (Lee et al. 2006). 

 When humans colonize an area they often bring novel species of plants 

and animals with them. Purposeful introductions of food and recreational species, 

such as cows and crop species, can have cascading effects on the food web (Pope 

et al. 2008). Species that are accidentally introduced can become invasive and 

negatively influence native populations (Smith 2005). There is some evidence that 

invasive tadpoles may negatively influence native tadpole populations through 

competition (Smith 2005). In Florida, many native frog populations have been 

decreasing, but the Cuban Treefrog (Osteopilus septentrionalis) and Greenhouse 

Frog (Eleutherodactylus planirostris), both non-native species from Caribbean 

islands, have increased in population size and distribution (Elliot et al. 2009; 

Lannoo 2005; Pieterson et al. 2006). The Puerto Rican Coqui (Eleutherodactylus 

coqui), which was introduced to Hawaii and Florida, is a known carrier of the 

chytrid fungus (Batrachochytrium dendrobatidis) that has decimated other 

populations of frogs (Beard et al. 2009; Elliot et al. 2009). 

Despite the numerous ways humans negatively influence the landscape, 

there are some human modifications that yield positive effects for some frog 

species. For example, ditches often serve as key reservoirs of diversity and can 
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help increase connectivity between habitats (Mazerolle 2005; Simon and Travis 

2011). In some unique cases, drainage ditches were actually preferred by frogs for 

reproduction, possibly because the hydroperiod of alternative nearby ponds were 

altered by land-use practices (Hartel et al. 2011). 

 RELAXATION TIME AND EXTINCTION DEBT  

Most environmental disturbances, whether human-induced or natural, 

have two phases of measurable damage: the initial extirpation of populations and 

the long-term loss of organisms that results from population isolation, decreased 

carrying-capacity of the system, and other pressures (Brook et al. 2008; Carroll et 

al. 2004). Much of the loss to populations and species assemblages caused by 

habitat degradation or fragmentation occurs as a result of feedback mechanisms 

that take time to be manifested fully (Kuussaari et al. 2009). The long-term, but 

as-yet unfulfilled, species losses are the extinction debt (Tilman et al. 1994) of the 

system. The length of time required to realize the full extent of species (or 

population) extinctions (i.e., the extinction debt) is referred to as the relaxation 

time (Kuussaari et al. 2009).  

The time needed for population relaxation to occur is primarily influenced 

by the magnitude of the disturbance, the traits of the species affected, initial 

population size, the genetic diversity of the species at the time of disturbance, and 

spatial organization (e.g., the size or fragmentation) of the remaining habitat 

(Diamond 1972; Ewers and Didham 2006; Tilman et al. 1994). Relaxation may 
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take decades to complete for example (e.g., >90 years for avifauna on Barro 

Colorado Island Panama) (Karr 1982). As many disturbances and habitat 

alterations of the past few decades have yet to reveal the full extinction debt, it is 

reasonable to assume that most habitats that experienced human encroachment 

since the 1960s are non-equilibrial with regard to species composition. 

EXPLAINING SPECIES RESPONSES TO DISTURBANCES USING LIFE-

HISTORY TRAITS 

 Life-history traits are a specific group of traits that describe different 

ecological strategies, such as reproductive effort, number of young, size at 

maturity, and many other factors, which determine the organism’s relationship to 

its environment (Morrison and Hero 2003; Stearns 1977). Species traits determine 

general species responses to disturbances and environmental modifications 

(Cushman 2006; Kolb and Diekmann 2005; Lavorel and Garnier 2002; McGill et 

al. 2006). Some life-history traits can be difficult to quantify because knowledge 

of species trait values is limited (Murray et al. 2002; Weiher et al. 1999). Life-

history traits can be used to explain why, over the past 60 years of intense habitat 

modification, some species have been positively influenced and other species 

have been negatively influenced by the human-induced changes (Mattila et al. 

2006). The populations of species negatively influenced by human activities will 

fall, and eventually, face extirpation (McKinney and Lockwood 1999). Species 

that are not negatively influenced by human-modified habitats can maintain 
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metapopulation connections, and some may even increase in abundance as others 

fail (Olden 2006). 

 Identifying the type of response (e.g. positive or negative) a species has to 

human-induced environmental changes can help conservation scientists make 

better predictions about the population trajectories in an area (Sutherland et al. 

2004). Homogenized landscapes tend to promote geographic expansion of the 

distribution of some species (‘winners’), while other species (‘losers’) exhibit 

geographic contractions (McKinney and Lockwood 1999). The assumption is that 

winners are able to exploit niches in human-altered landscapes that losers are 

unable to exploit. Losers must either colonize new areas that have not been 

converted or face extirpation from urbanized areas (Lee et al. 2006; McKinney 

and Lockwood 1999). Losing species are also more likely to require conservation 

management to protect the population (Sutherland et al. 2004). If winning and 

losing traits can be identified, predictions can be made regarding responses to 

ongoing and future human disturbances (Morrison and Hero 2003). 

Some frog traits may influence their capacity to succeed alongside humans 

(Lannoo 2005). Most frogs have synchronous breeding where they migrate to a 

wetland and the males call for a female to mate with them (Elliot et al. 2009). The 

duration of the breeding season (DBS) relates to how many months of the year the 

frogs breed; many females will lay multiple clutches in that time (Lannoo 2005). 

Frogs that have longer breeding seasons are more likely to stake out territories 
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around wetlands where they call for females (Elliot et al. 2009). Species with 

short breeding seasons are less likely to claim and defend territory from other 

males in the area (Elliot et al. 2009). A longer breeding season may allow females 

to mate with more males and lay more eggs, thus increasing their fitness. Species 

with shorter breeding seasons are also more likely to be have reduced fitness 

because of climate anomalies like droughts, which can make an entire summer 

breeding season fail (Dodd Jr 1992). 

Female frogs lay their eggs in particular water bodies, often choosing them 

based on the hydroperiod (Rubbo and Kiesecker 2005). Water bodies may be 

classified by their type of hydrology as temporary or permanent, although more 

specific levels of hydroperiod can be described if high-resolution and long-term 

data are available (Nuttle 1997). Some frogs breed exclusively in temporary 

wetlands, most likely because those wetlands lack predatory fish, and other frogs 

breed exclusively in permanent wetlands, possibly because they have long larval 

stages (Babbitt and Tanner 2000; Hartel et al. 2011; Snodgrass et al. 2000). Other 

species have been documented to frequent both temporary and permanent waters 

(Lannoo 2005). Human development promotes the modification or conversion of 

temporary wetlands into permanent wetlands (Dahl 2005; Porej and Hetherington 

2005), so it is reasonable to expect that species which prefer temporary wetlands 

may face greater habitat loss (through the loss of appropriate breeding areas) than 

other species. 
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With regards to adults, frogs with larger body sizes usually lay more eggs 

each season (Ashton et al. 2007; Lannoo 2005) and so may survive human 

disturbances better than species with limited reproductive capabilities. For many 

species, female size at sexual maturity is larger than that of males, and large 

female size generally relates to large clutch sizes (Lannoo 2005).  Having a large 

clutch size increases the probability of young surviving to adulthood, thereby 

increasing the fitness of the parent. Clutch size estimates have high variability 

because females can lay multiple clutches per season and not all clutches are of 

equal size, so the size of the species at sexual maturity is a more reliable measure 

of adult fitness (Dorcas and Gibbons 2008; Lannoo 2005). 

Once laid, eggs require different lengths of time to hatch based on the 

species and the environment (Elliot et al. 2009). Eggs can hatch in less than one 

day (e.g., H. femoralis eggs average just over 20 hours), or take up to a week to 

hatch (e.g., P. ornata eggs average seven days) (Lannoo 2005). Eggs that hatch 

early yield small tadpoles that are more likely to be eaten by predators than eggs 

that hatch late (Sih and Moore 1993).  The duration of the egg stage is often 

directly correlated with the initial size of a tadpole upon hatching (Sih and Moore 

1993). Large tadpoles have a competitive advantage over small tadpoles and may 

grow larger or grow more quickly than the others (Sih and Moore 1993). Because 

humans are transforming more wetlands and ponds to permanent hydroperiods 

(Porej and Hetherington 2005), species with long egg-hatch times may have a 
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competitive advantage. All species in this study are aquatic breeders, but there are 

invasive frogs in the Southeast (Eleutherodactylus coqui and E. planirostris) that 

lay eggs on moist soils and undergo direct development within the egg (Elliot et 

al. 2009; Lannoo 2005). It is unclear whether direct development of young 

confers greater benefits than costs compared with the ‘traditional’ development 

from egg to tadpole. 

Once hatched, the tadpoles grow to a specific size at which they 

metamorphose into froglets (juvenile frogs). The amount of times it takes to reach 

metamorphosis depends on the species and the environment, but can range from a 

few weeks (e.g. H. femoralis) to over a year (e.g. L. heckscheri) (Lannoo 2005). 

Unfavorable conditions, like low food resources, can delay metamorphosis 

(Berven and Chadra 1988; Tejedo et al. 2010), and some species are even able to 

delay metamorphosis until the next breeding season (Lannoo 2005). 

Overwintering in ponds is not usual for most frog species, but may confer 

increased survival relative to other species when metamorphosis is delayed by 

toxicants or other factors (Carey and Bryant 1995). 

Hybridization occurs in some species that have overlapping distributions 

and breeding seasons. Some southeastern U.S. frog species, most notably in the 

Hylidae or Ranidae families, have been known to hybridize with close relatives 

(Anderson and Moler 1986; Lannoo 2005; Parris 2001). Species that can 

hybridize may be more fit than species that cannot hybridize if the offspring are 
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fertile (Anderson and Moler 1986), but hybridizing species may be less fit if the 

offspring are infertile (Schlefer et al. 1986). There is conflicting evidence whether 

frog hybrids are more fit or less fit than their parents (Parris 2000; 2001). 

At both the tadpole stage and the adult stage frogs can have anti-predator 

mechanisms that help protect it from depredation (Lannoo 2005; Stebbins 1997). 

The presence of anti-predator mechanisms at the tadpole stage, the adult stage, or 

both, may greatly influence the success of the population (Laurila et al. 2004; 

Lind and Cresswell 2005). Tadpoles of frogs that breed in permanent wetlands are 

often unpalatable to predators and may release chemicals that warn predators the 

tadpoles are noxious (Laurila et al. 1997; Stebbins 1997). Some frog species 

flaunt their toxicity with bright coloration, which increases predator avoidance 

(Darst et al. 2006), while other species use camouflage (Stebbins 1997).  

The final adult life-history trait considered here is the ability of the species 

to enter the torpor state (also called ‘fossorial behavior’). Torpor states are 

associated with the species burrowing into a substrate and remaining inactive for a 

period of time (Stebbins 1997). This is thought to help with thermoregulation 

during winter months (Lannoo 2005) and water absorption (Parris 1998; Walker 

and Whitford 1970) for many amphibians. Species that exhibit fossorial behavior 

may be more fit than those that do not because they have more defenses against 

desiccation during droughts, which are expected to become more frequent in 

coming decades (Karl and Knight 1998; Karl et al. 1996). 
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ADDRESSING THE INFLUENCE OF CLIMATE CHANGE ON SPECIES 

DISTRIBUTIONS 

 Range shifts as a result of human-induced climate change have been 

recorded globally, especially in temperate regions (Walther et al. 2002). Eighty 

percent of the species reviewed by Parmesan and Yohe (2003) had range shifts 

that were in accordance with expectations from climate change. Most of the data 

available on species range shifts in response to climate are for conspicuous and 

charismatic species, like birds and butterflies (Hill et al. 1999; Parmesan et al. 

1999), and non-motile organisms, e.g. trees (Iverson et al. 1999). Despite much 

research into amphibian population declines and phenology changes, only local-

scale distribution changes have been described in the United States (Lannoo 

2005). 

 Climate changes in the U.S. have manifested in more extreme variations in 

precipitation since 1901, with most of the country experiencing increased 

precipitation between the early 1900s and 1970 (Karl et al. 1996), especially 

during the spring and autumn months (Karl and Knight 1998). Net warming over 

the past century was primarily from temperature increases during winter and 

spring months (Karl et al. 1996). Warming in relation to urban areas (the so-

called ‘urban heat-island effect’) has been consistently increasing since the early 

1900s (Hansen et al. 2001; Karl et al. 1988). In the Southeast, recent decades 
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(1948-2007) have seen highly variable extreme precipitation events (very dry or 

very wet) during summers (Li et al. 2011). 

 Species ranges are expected to shift as the climate continues to change. 

Potential range shift estimates tend to vary depending on the climate model used 

(Lawler et al. 2006), which yields uncertain results (Thuiller 2004). Most climate 

projections measure distribution changes at least half a century into the future 

(Parmesan and Yohe 2003). Species responses to climate change, such as range 

shifts, are less detectable over short (< 50 years) time periods (Parmesan and 

Yohe 2003) compared with species responses to the sudden habitat changes 

resulting from urbanization and landscape modification, especially for species of 

limited dispersal like frogs. Therefore, as this research focuses on geographic 

distribution changes since 1960, range shifts because of climate change are 

expected to be minimal. 
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RESEARCH QUESTIONS AND HYPOTHESES 

Question 1: What expansions or contractions in southeastern United States 

frog distributions have occurred with human-induced landscape homogenization 

since 1960?  

I will address this question using MaxEnt models to generate range maps 

for two time blocks 1960-1989, and from 1990-2013, and using a historical range 

map collected prior to1960. The historical range (area km2) for each species will 

be averaged and the range sizes of different species will be compared. Species 

with occupied area that exceeded the average for all species were classified as 

widespread species, whereas those with occupied areas lower than the 

interspecific average were classified as range-restricted species. This division will 

be used to test the following hypothesis: 

H1: I hypothesize that widespread species will have increased (or 

unchanging) geographic ranges through time, whereas range-restricted frog 

species will have a range contraction after 1960. In general, species with larger 

ranges should have more habitat patches available to sustain populations than 

species with smaller ranges (Hanski 2001). 

Question 2: Which life history traits influence whether the range extent of 

a frog species contracts or expands in response to an increasingly homogenized 

landscape?  
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I will address this question using regression models to determine whether 

certain traits can predict ‘winning’ or ‘losing’ species (sensu (McKinney 2008)). 

In the following hypotheses winners are predicted to exhibit expanded ranges, 

while losers are predicted to show contracted ranges. 

H2: Winners will have longer breeding seasons than losers. 

H3: Winners will breed in permanent wetlands. 

H4: Winners will have longer egg hatch times. 

H5: Winners will have a torpor state. 

H6: Winners will not exhibit hybridizing behavior. 

H7: Winners will have larger body sizes than losers. 

H8: Winners will have anti-predator mechanisms in both adult and tadpole 

stages.
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MATERIALS AND METHODS 

RANGE SHIFTS SINCE THE 1960s 

 Ten frog species (N=10) were selected based on literature accounts of 

distributions (Elliot et al. 2009; Lannoo 2005); criteria were that the distributions 

had to be contained within the Southeast. This study will model range shifts of 

those species using a historical range (pre-1960) and two time blocks from 1960-

1989 and from 1990-2013. The species distribution model chosen required 

presence-only occurrence locations and environmental parameters (Phillips and 

Dudík 2008).  

STUDY AREA 

 The Southeastern United States was chosen as a study area because of its 

heterogeneous landscape, which contains the highest amphibian diversity of 

almost any other region in the U.S. (Dorcas and Gibbons 2008). Having a single 

region in which all species distributions are contained also makes comparing 

modeled distributions more reasonable than comparing distributions modeled over 

different geographic extents with different environmental gradients. Boundary 

data for the study region were downloaded from the U.S. Census Bureau 

(www.census.gov, 17 September 2013). The Atlantic Ocean and Gulf of Mexico 

provide coastline habitats and the Appalachian Mountains cut through part of the 
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Southeast. These features provide a range of unique habitats and climatic 

conditions. 

FROG OCCURRENCE DATA 

Frog occurrence data were downloaded from the Global Biodiversity 

Information Facility (GBIF, www.gbif.org) and from the North American 

Amphibian Monitoring Program (NAAMP, 

https://www.pwrc.usgs.gov/naamp/index.cfm?). The GBIF database is a 

repository for museum and scientific collections, with some specimens collected 

as early as 1700. Museum collected samples are reliable and exceptionally useful 

for species like frogs that have poorly understood historical distributions (Boundy 

2005; Shaffer et al. 1998). GBIF records without georeferenced locations, year of 

collection, or less than two decimal degrees of accuracy (roughly equivalent to 30 

arc-second resolution) were excluded from the analysis. Species with too few data 

points to generate maps (<10 records, e.g. Lithobates capito) were also excluded 

from the analysis. 

NAAMP is a citizen-science program coordinated by the United States 

Geological Survey (USGS) (Weir and Mossman 2005). Data collected by citizen 

scientists have been found to be useful and accurate as long as citizen training and 

review by scientists is included (Bonney et al. 2009; Cohn 2008; Cooper et al. 

2007; Devictor et al. 2010; Dickinson et al. 2010; Silvertown 2009) , as they were 

in the NAAMP program. Citizen science projects have been promisingly 
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informative (Devictor et al. 2010; Wiggins and Crowston 2011), even when 

participants are given little scientific training (Delaney et al. 2008). NAAMP 

methods have been developed to maximize participation and data accuracy (Genet 

and Sargent 2003; Pierce and Gutzwiller 2004; Weir and Mossman 2005). 

NAAMP species records were downloaded by species from the USGS website 

with the same filtering process as with the GBIF data 

(https://www.pwrc.usgs.gov/naamp/index.cfm). Route coordinates were obtained 

from the head coordinator, Dr. Linda Weir, as the locations of protected species 

are not made publicly available. Route coordinates for NAAMP were edited to 

match the resolution of the GBIF and environmental data. All species names were 

standardized according to the Integrated Taxonomic Information System (IT IS, 

www.itis.gov). 

Occurrence records were divided into three different time blocks (Table 

1): historical (pre-1960), transitional (1960-1989), and modern (1990-2013). The 

modern block was kept shorter than the middle time block because there are more 

data available starting in 1990 than in any previous decade. The transitional block 

began in 1960 to account for changing landscape shifts when human population 

expansion was greatest (Brown et al. 2005). Defining time blocks of at least 20 

years allowed each block to contain sufficient data for modeling and made the 

model results less likely to be dependent on temporal fluctuations in frog 

populations (Pechmann et al. 1991). The historical block for P. brimleyi had too 
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few (<10) occurrence records to generate a reliable baseline range map and so the 

historical block was removed for this species. Whether the species has increased 

or decreased in area was calculated using the modern and transitional blocks. 

Table 1 List of ten frog species and the number of occurrence records used in 
each of the three time blocks. Gray cell highlights time block with too few 
(<10) occurrence records to yield a reliable historical map. 

Species Historical Transitional Modern 
A. quercicus  100 23 68 
A. terrestris 169 199 219 
H. femoralis 77 65 126 
H. gratiosa 47 37 155 
L. grylio 108 34 73 
L. heckscheri 22 13 17 
P. brimleyi 9 36 39 
P. nigrita 37 17 92 
P. ocularis 67 30 101 
P. ornata 22 12 47 

  

 BIOCLIMATIC DATA 

 Bioclimatic variables (N=19) were downloaded at 30 arc-second 

resolution from Worldclim.org (Hijmans et al. 2005). These are ‘biologically 

important’ variables, such as precipitation and temperature values, that have been 

averaged from over 20,000 meteorological station measurements from 1950-2000 

and interpolated across the globe (Hijmans et al. 2005). The bioclimatic variables 

(BIOCLIM) are compiled at annual, quarterly, and monthly periods. Cross-

correlation analysis, run in R (v 2.15.1) (Team 2013) with the Psych package (v. 

1.3.10.12) (Revelle 2013) was used to remove highly correlated (r2 > 0.75) 
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variables (Buermann et al. 2008). With this analysis, the 19 variables were 

reduced to 13 (Table 1, sample variables in Figure 2). Values per quarter (e.g. 

BIO 16) were chosen over values per month (e.g. 13) if the two were significantly 

correlated. All selected BIOCLIM variables were included in all model runs. 

Table 2 BIOCLIM variables chosen for inclusion in Maxent models, listed by 
code and name (Hijmans et al. 2005). 

Variable Code Variable Name 

BIO2 Mean diurnal range 

BIO3 Isothermality 

BIO4 Temperature Seasonality 

BIO5 Max Temp warmest month 

BIO7 Temp annual range 

BIO8 Mean Temp of wettest quarter 

BIO9 Mean Temp of driest quarter 

BIO10 Mean Temp of warmest quarter 

BIO11 Mean Temp of coldest quarter 

BIO15 Precip Seasonality 

BIO16 Precip of wettest quarter 

BIO17 Precp of driest quarter 

BIO18 Precip of warmest quarter 
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Figure 2 Gradients of temperature (A), precipitation (B), and elevation (C) across 
the Southeast. BIOCLIM data are from WorldClim.org and elevation data 
are from the University of Maryland’s Global Land Cover Facility’s Earth 
Science Data Interface. 

 ELEVATION DATA 

 Elevation data were downloaded from the University of Maryland Global 

Land Cover Facility’s Earth Science Data Interface 

(http://glcfapp.glcf.umd.edu:8080/esdi/index.jsp) at 30 arc-second resolution, 

which was equivalent to the bioclimatic data. Elevation data were generated 

during the Shuttle Radar Topography Mission (SRTM) in 2000 and were put in 

mosaic form by the University of Maryland. The Appalachian Mountains are the 

only significant region of elevation change in the Southeast (Figure 2, dark red 

areas). 
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 HUMAN POPULATION DENSITY PER COUNTY 

 To compare expansions and contractions of the geographic range of each 

species, models were generated for three time periods mentioned above: historical 

(pre-1960), transitional (1960-1989), and modern (1990-2013). All environmental 

variables were held constant for each species model and in each time block. Only 

the population census data varied between time blocks. Although the numbers of 

counties and their specific boundaries have likely changed to some degree 

throughout the years, this study assumed that no significant boundary changes 

occurred, and the same counties were used for each time block. 

Landscape alteration was estimated using human population density per 

county, as counties with a higher population density have higher amounts of 

urbanization and land conversion than lower density counties (Burgess et al. 

2007; Dobson 1997; McKee et al. 2003). For each time block the census data for 

the most recent decade were used (e.g. the transitional block ended in 1989 and 

the 1990 census data were used). I calculated population density for each time 

block (Figure 3) by dividing the population numbers by the total area of each 

county.  
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Figure 3 Human population density figures for the historical (A; pre-1960), 
transitional (B; 1960-1989), and modern (C; 1990-2013) time blocks. Data 
were converted from U.S. Census Bureau data files (Bureau 2013). 

MODEL SETUP 

 All range models were created using MaxEnt (v 3.3.3), which models the 

distribution of species using maximum entropy algorithms, and is based on 

presence-only data and environmental covariates (Phillips et al. 2004). MaxEnt is 

a machine-learning model that relates occurrence and environmental data, to 

create a continuous habitat suitability map for each input species (Phillips et al. 

2006; Phillips et al. 2004). Model predictive capacity was measured with AUC, 

the area under the receiving operating characteristic curve, which is made by 

plotting the sensitivity (true-positive fraction) by one minus the specificity (the 

false-positive fraction) to minimize false-presence predictions (Fielding and Bell 
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1997; Pearson et al. 2006). AUC measures the ability of a model to correctly 

predict where species are present (sensitivity) and absent (specificity), where 

values close to one indicate a good model (i.e., able to distinguish present areas 

from absent areas) and AUC values of 0.5 indicate a model with no better 

prediction than average (Hernandez et al. 2008). AUC is a threshold-independent 

method (Veloz 2009), which means that it is not dependent on a arbitrarily 

selected threshold value for where species are considered ‘present’ or ‘absent’ 

(Pearson 2007; Pearson et al. 2007). 

K-fold cross-validation (KCV) was used to evaluate the MaxEnt model for 

each species. The results of KCV include average probabilities and standard 

deviations per pixel across the entire study area, which is obtained by multiple 

model runs (Araujo et al. 2005; Fielding and Bell 1997). KVC divided the 

occurrence dataset for each model (three time blocks per species for ten species) 

into K number of folds, where K was equal to 10% of the total number of 

occurrence records. For each model, the occurrence points for K - 1 folds were 

used to train the model, and one fold was used to test the model. This process is 

repeated until each fold had been used for testing (total model runs = K), and is 

advantageous with small datasets as all points are eventually used to test the 

model performance (Phillips et al. 2006). For species with less than 30 occurrence 

records, the number of folds was equal to 20% of the total occurrence records. All 
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other default settings of MaxEnt were used (Phillips et al. 2006; Young et al. 

2011). 

ANALYSIS OF RANGE SIZE EXPANSIONS AND CONTRACTIONS 

 The habitat suitability maps could not be directly compared because each 

species had a different threshold over which the probabilities indicated the species 

is present in the area. Probability models were converted to presence-absence 

maps (Appendix C) to directly compare between species and time blocks. 

Presence-absence (range) maps were created by reclassifying the raster maps of 

suitable habitat probabilities into present (value =1) or absent (value=0) 

categories using the ‘maximum test sensitivity plus specificity logistic threshold,’ 

which was calculated by MaxEnt for each model. This threshold was chosen 

because it is one of the most conservative of all the thresholds calculated by 

MaxEnt. 

The area where the species was expected to be present (its potential 

distribution) was calculated for all species in each time block. All files were 

projected under the USA Contiguous Albers Equal Area Conic USGS projection 

to perform area calculations for each model, and for the calculation of change in 

area between 1) consecutive time blocks, and 2) the modern and historical time 

blocks. Species with unchanging (+/-5% area change) or increased (>5% area 

increase) distribution ranges from their historical range were considered 
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‘winners,’ and species with decreased distribution ranges (>5% area decrease) 

relative to their historical ranges were considered ‘losers’. 

LIFE-HISTORY TRAIT ANALYSIS 

Life-history traits were compiled for each species using previously 

published data (Elliot et al. 2009; Lannoo 2005). Data for all life stages are poorly 

understood, so only traits that could be reliably quantified or categorized for each 

life stage of each species were used (Table 3). Traits that were measured on a 

continuous scale were averaged from all verified measurements, and all other 

traits were defined by mutually exclusive categories. The following traits were 

categorical: torpor state; species associations; breeding site type; anti-predator 

mechanisms; and breeding site type. All other traits were on a continuous scale. 

Breeding site type (BST) refers to the hydroperiod of the water body that 

the frog species tends to prefer for breeding. The preferred breeding site for a 

species may be temporary (0), permanent (1), or both (2). Some frogs breed 

exclusively in temporary wetlands, most likely because they lack predatory fishes, 

and other frogs breed exclusively in permanent wetlands, possibly because they 

have long-larval stages (Babbitt and Tanner 2000; Hartel et al. 2011; Snodgrass et 

al. 2000). Other species have been documented to frequent both temporary and 

permanent waters. The hydroperiod classifications were mutually exclusive but do 

not account for variability in hydroperiod. This means that wetlands or ponds that 

dry every year were grouped with those that dry multiple times each year. Highly 
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ephemeral ponds that dry very frequently (i.e., more than once a year) may not be 

able to sustain tadpoles through to metamorphosis.  

Additional categorical life-history traits included the ability of a species to 

enter a torpor state (e.g., ‘fossorial’ behavior, either present or absent), their 

ability to hybridize with other species (i.e., species associations, either present or 

absent), and the presence of anti-predator mechanisms at different life stages. The 

presence or absence of species associations (SA) did not take into account the 

viability of the hybrid offspring because such data do not exist for nearly all 

species (Lannoo 2005).  

Anti-predator mechanisms (APM) vary by species and have been well-

described in the literature (Lannoo 2005; Laurila et al. 2004; Stebbins 1997). The 

effectiveness of different anti-predator strategies has not been well-studied, so this 

variable was separated by being present in one life stage (1), present in both adult 

and tadpole stages (2), or absent in all stages (0) (Table 3). Diving and hopping 

were not considered APM for the purpose of this study, but cryptic coloration, 

excretions, and foul tastes (i.e., being unpalatable) were all considered APM 

(Stebbins 1997). Only one of the possible APMs needed to be present in the 

species for APM to be considered present. 

Continuous traits included the duration of the breeding season, the length 

of time for eggs to hatch and the size of females at sexual maturity. The duration 

of the breeding season (DBS) is the average number of months during the year 
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that the frog species are known to breed. DBS did not account for differences in 

timing during the year, so winter-breeding species and summer-breeding species 

were not distinguished. The timing of the breeding season (e.g. beginning in 

February) was not included because it can vary by latitude, even within the 

Southeast, because the warm season starts sooner in the year at lower latitudes 

(Gibbs and Breisch 2001; Lannoo 2005).  

Egg hatch time is the average number of days before the eggs hatch into 

tadpoles. Egg hatch time is relatively well-studied, so accurate estimates were 

available for all species (Lannoo 2005). Sizes of adult frogs at sexual maturity 

(mm) were averaged from the literature (Lannoo 2005). The size of females at 

sexual maturity was then divided by the maximum size of the species to yield a 

relative size (RS, Table 3). This made the species more comparable, as species 

that mature sooner may have greater opportunities to produce successful 

offspring. 

Not all life-history traits could be tested in the logistic regression because 

autocorrelation exists between some life-history traits. For instance, it is widely 

known that larger females lay more eggs than smaller females, regardless of 

habitat type or species (Blueweiss et al. 1978). The life-history traits of the larval 

stage, the size of tadpoles at metamorphosis and the length of the larval stage 

were also removed due to correlation with female body size (Blueweiss et al. 
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1978). Cross-correlation analysis was run on the frog traits following the same 

guidelines as with the BIOCLIM data.  

The following variables remained after the cross-correlation analysis 

(Table 3): DBS, BST, RS, time for eggs to hatch (Egg), torpor state (Torpor), SA, 

and APM. Breeding site type was retained despite correlation with female size 

because BST is known to have a strong influence on where frogs breed (Babbitt et 

al. 2006; Baber et al. 2002; Snodgrass et al. 2000). A multiple regression was 

conducted between species traits and the historical area of the species to 

determine if some traits determined the geographic extent of the frogs. If a 

relationship did exist between traits and the baseline distribution, it would indicate 

that the trait(s) in question determined, at least in part, how the species has 

developed to respond to natural changes. Any traits that determine the historical 

range of a species, if retained in the final logistic regression, would therefore 

account for response of the species to both natural and man-made disturbances. 

Finally, all traits were analyzed using a bi-directional step-wise logistic regression 

in R (Team 2013) using Hmisc (Harrell Jr 2014) and car (Fox and Weisberg 

2011) packages. 
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Table 3 The life-history trait values for each species used in the logistic 
regression, sourced from Lannoo (2005) and Elliot et. al (2009) unless 
otherwise indicated. *(Travis 1980) ; +(Babbitt and Tanner 2000); 
^(Gosner and Black 1958);   - (Carpenter 1953) 

Species DBS 
(months) BST Egg hatch 

(days) Torpor SA RS (mm 
SVL) APM 

A. quercicus 7 0 1.25 1 0 0.818 2 
A. terrestris 8 2 3 1 1 0.602 2 
H. femoralis 6 1 0.875* 1 1 0.750 2 
H. gratiosa 4 2 1.25* 1 1 0.814 2 
L. heckscheri 7 1+ 2.75 1 0 0.585 1 
L. grylio 4 2 3 1 0 0.829 0 
P. brimleyi 2 0 5^ 1 1 0.844 1 
P. nigrita 4 0 2.5 1- 0 0.879 0 
P. ocularis 9 0 1.5 0 0 0.725 1 
P. ornata 5 0 7 1 0 0.800 1 
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RESULTS 

ANURAN RANGE SHIFTS SINCE 1960 

MEASURED CHANGES IN FROG RANGE SIZE 

Frog species had historical geographic areas ranging from about 600,000 

km2 to about 72,000 km2, with an average of 402,944 km2 (Table 5). In the 

historical block, H. gratiosa had the largest geographic area and L. heckscheri had 

the smallest area. In the modern block, both species kept their rank of having the 

largest or smallest geographic area, although the total area of H. gratiosa 

decreased and total area of L. heckscheri increased. The average geographic area 

of the historical time block was used to determine which species had widespread 

or range-restricted distributions.  

Species were considered winners if their range size increased by over 5% 

or was within (+/-) 5% of their historical area, and were considered losers if their 

distribution decrease by over 5%. Only P. brimleyi was not classified as a 

widespread or range-restricted species because not enough data was available to 

create a historical range which could be compared to the average of the other 

species. Whether the range of P. brimleyi increased or decreased was determined 

by measuring the change between the modern and transitional time blocks. 
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Table 4 Summary of the total area (km2) in the Southeast where the species was 
modeled to be present. Range-restricted species are highlighted in red. 
Blue indicates <1% difference from the average historical range. 
Difference = Historical - Modern, with exception for P. brimleyi which 
was Difference = Historical - Transitional. NA = Not Applicable. 

Total Area Present Species 
Historical Transitional Modern 

Difference Winner/ 
Loser 

L. heckscheri 71,309 123,414 140,188 68,879 Winner 
P. ornata 242,756 202,844 243,024 268 Winner 
P. nigrita 408,143 329,741 431,455 23,312 Winner 
P. ocularis 416,342 337,766 311,749 -104,593 Loser 
H. femoralis 448,727 592,339 485,468 36,741 Winner 
L. grylio 495,529 503,843 366,887 -128,642 Loser 
A. terrestris 512,518 513,578 420,701 -91,817 Loser 
A. quercicus 601,042 720,111 440,238 -160,804 Loser 
H. gratiosa 748,101 691,783 487,214 -260,887 Loser 
P. brimleyi NA 302,861 252,751 -50,110 Loser 
Average  402,944      

 

Overall there were six losing species and four winning species (Table 5). 

One of the winning species, P. ornata, had a relatively unchanged range size 

across time, increasing by only about 270 km2 (<5% of its historical area). The 

two range-restricted frogs in the historical samples (Table 5, see red highlights) 

did not have decreasing range sizes. Two of the winning species, H. femoralis (by 

~46,000 km2) and P. nigrita (by ~6,000 km2), were widespread and the other two 

winning species were range-restricted. Five of the six losing species were 

categorized as ‘widespread’ and P. brimleyi was uncategorized. Whether species 

were widespread or range-restricted had no relationship with whether the species 

won or lost (X2 = 3.2143, d.f. = 1, p = 0.0730). These results do not support 
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Hypothesis 1, which hypothesized that widespread species would be the winners. 

Instead, the range-restricted species historical distributions were winners, most 

(five of six) frogs with historically widespread ranges were losers, and neither 

widespread species nor range-restricted species were either winners or losers.. 

A. quercicus was the only losing species to gain a large amount of range 

size in the transitional block before decreasing in the modern time block. A. 

terrestris and L. grylio had very small increases (<5% historical area) in range 

size from the historical to the transitional time block, and then decreased greatly 

(>25% historical area) by the modern time block. Both H. gratiosa and P. 

ocularis had moderate (>5% historical area) range size losses that continued to 

decrease from the transitional to the modern time block.  

Of the six winning species, H. femoralis and L. heckscheri had large 

increases (>30% historical area) in distribution from the historical to the 

transitional blocks. P. nigrita and P. ornata were the only winning species to lose 

range size by the transitional block (>15% historical area) but again have a net 

gain in range size by the modern block. H. femoralis was the only winning species 

to have a change >10% of its historical (widespread) range. P. nigrita had a 

historical distribution slightly above (<5% larger) the average historical 

distribution. 
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STANDARD DEVIATIONS OF PROJECTED DISTRIBUTIONS 

MaxEnt models were evaluated using the AUC values calculated by the 

program (AUC ≥ 0.75 is ideal). Low (<0.75) AUC values indicate that the model 

cannot distinguish between sites where the species is present and where it is 

absent (i.e., high rates of commission or omission error). AUC values for all 

species and time blocks were high enough (≥0.75) to be useful for analysis. All 

but two distribution models had high (>0.800) AUC values (Table 4). The two 

species, A. quercicus and H. gratiosa, had AUC values between 0.75 and 0.80 for 

the modern time block. Within each species, the highest AUC value was either for 

the historical or middle model; the modern block did not have the best AUC value 

for any species.  

Standard deviations were analyzed to determine if the model outputs were 

more uncertain for losing species, which were expected to lose range area despite 

the climatic variables being appropriate for habitation. Seven of the ten lowest 

and three of the ten highest standard deviations belonged to the losing species. 

One loser, A. terrestris, had three of the ten lowest standard deviations, and 

another loser, P. brimleyi, had two of the ten highest standard deviations. Overall, 

neither higher nor lower standard deviations were associated with either winners 

or losers.
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Table 5 AUC scores, maximum probability values, standard deviations, and 
threshold values for K-fold cross validated MaxEnt models for each 
species in each time block. All species had a minimum probability of 
almost zero. 

Species Block AUC Max 
Prob 

Standard 
Deviation (+/-) Threshold 

A. quercicus Historical 0.939 0.9366 0.1585 0.1921 
 Middle 0.814 0.7905 0.3915 0.1326 
 Modern 0.793 0.8727 0.2642 0.2862 

A. terrestris Historical 0.904 0.9287 0.1622 0.2516 
 Middle 0.905 0.9410 0.1151 0.2510 
 Modern 0.826 0.9088 0.1658 0.3144 

H. femoralis Historical 0.935 0.9180 0.2019 0.2336 
 Middle 0.924 0.9657 0.1808 0.1354 
 Modern 0.826 0.9061 0.2265 0.2030 

H. gratiosa Historical 0.912 0.8965 0.3400 0.1341 
 Middle 0.911 0.9715 0.3105 0.1683 
 Modern 0.768 0.8567 0.1555 0.3297 

L. grylio Historical 0.951 0.8680 0.2704 0.1268 
 Middle 0.919 0.8750 0.3358 0.1216 
 Modern 0.861 0.8615 0.2608 0.2367 

L. heckscheri Historical 0.906 0.8729 0.2594 0.4907 
 Middle 0.943 0.7947 0.2397 0.3509 
 Modern 0.932 0.9090 0.2420 0.3184 

P. brimleyi Historical - - - - 
 Middle 0.990 0.8928 0.3360 0.1584 
 Modern 0.887 0.8159 0.2982 0.2364 

P. nigrita Historical 0.910 0.9458 0.3660 0.2573 
 Middle 0.856 0.8508 0.2431 0.3334 
 Modern 0.843 0.8722 0.2411 0.2347 

P. ocularis Historical 0.949 0.8883 0.1931 0.1350 
 Middle 0.953 0.9661 0.2818 0.2164 
 Modern 0.876 0.8928 0.2100 0.2481 

P. ornata Historical 0.906 0.9442 0.2225 0.3366 
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 Middle 0.864 0.7129 0.2872 0.3933 
 Modern 0.872 0.9131 0.2275 0.3362 

 

 Regardless of whether the species won or lost, almost all of the 

distribution maps all had similar standard deviation patterns (Figure 4). The 

maximum standard deviation value varied by both species and by time block, but 

usually the historical and transitional maps had the highest standard deviations in 

Florida and along the coastline of the Southeast. In the modern maps, most 

species had the highest standard deviations in south Florida and along the 

boundary of the area predicted to be present. 

 

Figure 4 Graphs of the standard deviations for the probability values for H. 
gratiosa in each time block. High deviation areas move from peninsular 
Florida and the Atlantic coast (historical) to the edges of the ‘present’ 
region (modern). 
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 One species, P. brimleyi, did not mirror the standard deviation patterns of 

the other species (Figure 5). The transitional map had high standard deviations in 

Virginia and North Carolina. The modern map had high standard deviations 

within the area predicted as present but not along the edge of the area where the 

species is predicted to be present. 

 

Figure 5 Graphs of the standard deviations for the probability values for P. 
brimleyi in each time block. High deviation areas move from a coastal 
pocket within the ‘present’ area (transitional) and then to patches within 
the ‘present’ area (modern). 

 

Standard deviation maps did not mirror any patterns in the distribution of 

occurrence points (Appendices B and D). Some standard deviation maps (e.g. L. 

grylio historical block) had higher standard deviations where there were 

occurrence records, but other maps (e.g. L. grylio transitional block) had lower 

standard deviations where there were occurrence records; no clear trend was 

visible. Both the highest and the lowest standard deviations were split between the 

historical and transitional time blocks. Standard deviations were more variable 
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between models with few (<30) occurrence points than between models with 

many (>50) occurrence points. The influence of occurrence points appears to 

slightly influence standard deviation values, but not AUC values, only when 

occurrence points are very low (<30). This conforms to expectations of the robust 

nature of MaxEnt to small sample sizes (Pearson 2007; Pearson et al. 2007). 

VARIABLE CONTRIBUTION 

MaxEnt generates analyses of the permutation importance of each variable 

included in the model. The permutation importance (percentage) indicates which 

variables contribute the most information to the model. Higher permutation values 

indicate that the variable contains more information regarding species presence or 

absence. For this study, the top contributing (≥60%, or top five) variables were 

analyzed for patterns. 

Elevation was important for all species in at least one time block, except 

for L. heckscheri and P. ornata, which never had elevation as an important 

variable (Appendix B, Tables B-1 and B-2). Other key contributing variables 

across all time blocks included BIO 18, BIO 8, BIO 7, and BIO 17. The 

temperature of the wettest quarter (BIO 8, all species except A. terrestris, H. 

femoralis, H. gratiosa, and L. grylio) and the precipitation in the warmest quarter 

(BIO 18, all species at least once) were the most common variables with high 

permutation importance (Figure 6). All frog species, except P. brimelyi in the 

transitional block, had high probability of presence where BIO 8 and BIO 18 were 
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high (i.e. in Florida and along the coasts). Both BIO8 and BIO18 are variables 

that relate to the wet and warm season in which most frogs breed, and many frogs 

are triggered by rainfall events (e.g. BIO18) to breed (Krakauer 1968; Lannoo 

2005; Rieger et al. 2004).  

 

Figure 6 Maps showing the geographic variability of BIO 8 (left) and BIO 18 
(right). Coastal areas and the Florida peninsula have high variability (red) 
in both variables compared to the rest of the Southeast. 

 

Human population density was almost never included as one of the most 

important variables (highest variables with permutation importance sum >60, or 

up to five variables). Although population density was only an important variable 

for two species in a single time block each (L. grylio modern and P. nigrita 

historical), there is some evidence that high population density areas may still 

influence frog distributions. Three species (Figure 8) have occurrence records that 

show possible extirpation from southeast Florida near Miami-Dade and Broward 

counties (Figure 7). For each species, occurrence records indicate the species was 
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present in the southeast tip of Florida in the historical block, but absent by the 

transitional block. These species remained absent through the modern block as 

well, so there were no records of the species present in the southeast region of 

Florida for five decades. 

 

Figure 7 County divisions within the Southeast. The insert shows Miami-Dade 
and Broward counties (yellow). Three species have been locally extirpated 
from these counties since 1960. 
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Figure 8 Range maps with occurrence points (white points) for H. femoralis (top), 
H. gratiosa (middle), and P. nigrita (bottom). With the exception of the 
modern model of H. gratiosa, the ‘present’ areas contain most presence 
records. 

PATTERNS IN DISTRIBUTION RANGE SHIFTS 

The six losing species lost range size from the interior of the Southeast 

and maintained most of their range size along the coasts in the modern time block 

compared with their historical ranges. Most losing species lost area in a similar 

fashion to A. quercicus (Figure 9), where the distributions along the coast 

remained intact and the range size in the interior contracted (especially near 
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central Mississippi, Alabama, and Georgia). Another losing species, L. grylio, had 

a distinct decrease in distribution when its northern range boundary contracted 

southward in the modern time block (Figure 10). L. grylio lost area across all state 

interiors about equally, with the exception of Florida, which had no range 

contractions. 

 

Figure 9 Graphs of the decreasing range size for A. quercicus across all time 
blocks. There is a slight increase from the historical to transitional block, 
but an obvious net decrease by the modern block. 
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Figure 10 Graphs of the decreasing range size for L. grylio across all time blocks. 
There is no noticeable difference between the historical and transitional 
models, but a clear latitudinal contraction in the modern model. 

 

 The four winning species had two main types of distribution shifts. One 

species, L. heckscheri, expanded its distribution along the coasts of Georgia, 

South Carolina and Louisiana (Figure 11). The other species, e.g. H. femoralis 

(Figure12), expanded their distribution towards the interior of the Southeast, 

primarily in Mississippi, Alabama, and Georgia. 
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Figure 11 Graphs for the expanding distribution of L. heckscheri for all time 
blocks. The range increases in small increments along the Atlantic coast 
through each time block. 
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Figure 12 Graphs for the expanding distributions for Hyla femoralis for all time 
blocks. H. femoralis shows a range expansion into the interior of 
Mississippi and Alabama after the historical block.  

 

Of the winning species, only P. ornata (Figure 13) had a relatively 

unchanged distribution range (i.e. no contractions or expansions). As seen in 

Figure 13, P. ornata had a stable range size and its range did not shift towards the 

coast, like the losing species (Figures 9 and 10), or towards the interior like the 

winning species (Figures 11 and 12). 
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Figure 13 Graphs for the range size of P. ornata across all three time blocks. No 
visible change in range size occurs in any time block, nor has the range 
shifted from its original area. 

ROLE OF TRAITS IN PREDICTING WINNERS AND LOSERS 

The multiple regression indicated that none of the life-history traits 

explained the historical fundamental range size of the species. This indicates that 

none of the traits influence whether species are widespread or range-restricted.   

The logistic regression results indicated that, of the seven predictor 

variables retained for analysis, none were useful for predicting whether a species 

was a winner or a loser. Only the anti-predator mechanism variable was retained, 

but was non-significant. Because none of the trait variables were retained by the 

model, all trait hypotheses (H2-H8) were rejected. 
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DISCUSSION 

DOES HISTORICAL RANGE SIZE PREDICT DISTRIBUTIONAL CHANGES 

THROUGH TIME? 

 Ecological theories suggest that widespread species (those with above-

average historical range sizes) are often common where they are located and are 

more likely to have a large set of metapopulations across their range (Hanski 

2001). Although the populations of widespread species may be isolated by 

urbanization, they also may have a large number of microrefugia available to 

sustain their range size (Mosblech et al. 2011). Microrefugia may provide small 

habitats amidst urbanized landscapes, but continued isolation of the population 

increases the probability of the populations going extinct (Mosblech et al. 2011). 

Furthermore, widespread species inhabit a larger gradient of environmental 

conditions than range-restricted species (those with below-average historical 

range sizes) and may therefore have the variability required to survive 

environmental change (McKinney and Lockwood 1999). 

It was expected that range-restricted species would be losers and 

widespread species would be winners (H1). Instead, the two range-restricted 

species were winners. There were also two winners that were widespread species, 

but most (five of seven) of the widespread species were losers. Hypothesis 1 was 

rejected when widespread and range-restricted species were not found to have 

significantly more winners or losers. Because historical distributions of frogs are 
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poorly understood, estimations of whether distribution areas have increased or 

decreased in the past century are based on current distributions and expert 

opinions (Lannoo 2005). Of the species that do have estimates of range changes, 

two were suspected to have increased (A. quercicus and L. grylio) and two were 

suspected to have decreased (H. femoralis and H. gratiosa). The Hyla species 

were assumed to have decreased range size because both have isolated 

populations in the interior of the Southeast (Lannoo 2005). L. grylio has invaded 

novel habitats on Caribbean islands (supposedly introduced as a food source) 

(Knapp et al. 2011; Powell et al. 2011), which were not modeled in this study.  

The local extirpation of H. gratiosa from Miami-Dade and Broward 

Counties in the past five decades is likely a result of urbanization and human 

landscape modification. Recent work in Brevard County has found that H. 

gratiosa to be significantly negatively affected by urbanization factors (Zahner 

2014). The other species extirpated from those counties, H. femoralis and P. 

nigrita, are likely responding to similar pressures. 

The results of this study contradict the expert estimations for A. quercicus, 

L. grylio, and H. femoralis. Only H. gratiosa, a loser, met prior expectations 

(Lannoo 2005). Including areas outside the U.S. may account for the difference 

between the range sizes of L. grylio in this study and in other estimates (Lannoo 

2005). The discrepancy between A. quercicus results may be a result of this study 

having approximately ten more years of data than Lannoo (2005). A. quercicus 
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had a larger range in the transitional block than the historical block, but this range 

size greatly decreased in the modern block (1990-2013), during which time period 

Lannoo’s work was already published. A. quercicus is also a small frog (27 mm 

SVL) that is well-camouflaged, which makes it difficult to sample in non-auditory 

studies (Elliot et al. 2009).  

The idea that species with larger historical geographic ranges would be 

less susceptible to human-modified landscapes was not supported by the results. 

Because rural sprawl (i.e., encroachment of rural towns on previously 

undeveloped land) has increased since the 1970s (Beale 1977; Brown et al. 2005; 

Heimlich and Anderson 2001), the loss of previously widespread species may 

represent the loss of populations in recently-urbanized areas (Woodford and 

Meyer 2003). The amount of habitable landscape may have decreased such that 

all losing frogs were forced to contract towards the coast, whereas the winning 

species were able to expand into newly converted areas. It is also possible that, 

because urbanization has been increasing for many decades by the time 

represented by the transitional time block, species already had restricted ranges. 

Continued isolation and further decreased habitat quality over the past few 

decades may have facilitated their extirpation from human-modified landscapes in 

the interior of the Southeast.  

Species were classified as winners or losers in an effort to distinguish 

between species that were likely to be in need of protection in coming decades as 
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human-induced landscape change continues. Original definitions of winners and 

losers lacked quantification methods (Baskin 1998), only suggesting that winners 

would expand their range and losers would contract their range (McKinney and 

Lockwood 1999). This study took a somewhat conservative approach to these 

classifications and included unchanging species (+/- 5% of their historical range 

size, i.e. P. ornata) with winners. Because of the large rate of landscape 

modification in recent decades (Dahl 2000; 2005; Dahl et al. 1991), it was 

expected than most (>50%) of the species would have lost range size and a few 

(<50%) species would have increased range size. This study found a nearly equal 

number of winners and losers, unlike the description of McKinney and Lockwood 

(1999), but my finding may be a result of the restricted geographic area and 

species selection criteria. Expanding the number of species in the analysis may 

change the proportion of winners to losers. 

INTERPRETATION OF DISTRIBUTION MODEL RESULTS 

 Frog occurrence records were modeled with precipitation, temperature, 

elevation, and human population density values to determine historical ranges and 

ranges in a transitional (1960-1989) and modern (1990-2013) time blocks. The 

key variables contributing to the final distribution models (Appendix B, TablesB-

1 and B-2) can offer insights to the most important factors influencing current 

frog distributions. 
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 VARIABLE CONTRIBUTIONS TO MODEL RESULTS 

 Only two species had human population density as an influential variable, 

and even then only in a single time block, indicating that human population 

density is not a key driver of frog distributions. However, three species (H. 

femoralis, H. gratiosa, and P. nigrita) did show possible extirpation from 

southern Florida in both the occurrence record distributions and in the model 

outputs (Figure 5, pg 43). At least one of these species, H. gratiosa, has been 

found to be significantly negatively affected by urbanization (Zahner 2014), 

which has greatly increased throughout Florida in recent decades (Figure 3, pg 

29). The extirpation of these three species in Broward and Miami-Dade counties 

should be confirmed or refuted with a field study. 

 The exclusion of human population density from the key variables for 

habitat suitability is surprising because many other studies have found that its 

inclusion has improved results for models over using only bioclimatic variables 

(Cardillo et al. 2004; Gilbert et al. 2004; Stallings 2009). High levels of human 

population density have been linked to large-scale habitat degradation and 

decreased species richness (Cincotta et al. 2000; McKinney 2002). Why this 

study found no influence of population density on distribution model outputs is 

unclear. Although human population density has been correlated with landscape 

homogenization at broad scales, e.g. the southeastern USA (McKinney 2002), it 

may be confounded at the scale of single species responses to county population 
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data (Cincotta et al. 2000). It may be necessary to find a measure of landscape 

homogenization that is of a higher resolution, or a more direct measure, e.g. land 

use, than human population density per county. 

Precipitation (BIO 17 and 18) and temperature (BIO 7 and 8) are known to 

influence frog distributions (Stebbins 1997), so it is expected that each model 

would have at least one of each variable with high permutation importance. 

Elevation is also a key variable, probably because elevation is correlated with 

temperature. For four species, i.e. L. heckscheri, P. brimleyi, P. nigrita, and P. 

ornata, the middle time block had only temperature bioclimatic variables (with or 

without elevation) as key contributors. Precipitation was not always an important 

predictor variable. Whereas many frogs vocalize after rain events, the true 

significance of precipitation is in contributing to the hydroperiod of their site. As 

topography, soil type, and drainage factors also contribute to hydroperiod it is not 

going to have a linear relationship to hydroperiod. Because so many BIOCLIM 

variables (n=13) were retained for the model, it may be beneficial to further 

reduce variables before generating distributions. Many of the BIOCLIM variables 

are significantly correlated (with r2<0.75), which may reduce the individual 

contribution of any individual precipitation or temperature measure. Reducing the 

number of variables by adjusting the cross-correlation criteria may help improve 

the permutation importance analysis by yielding more realistic variable 

combinations. 
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THE ABILITY OF LIFE-HISTORY TRAITS TO PREDICT WINNING OR 

LOSING SPECIES 

Most trait-based studies have focused on a single group of organisms and 

their response to a particular disturbance or management practice. Claudet et al. 

(2010) found that larger fish that were not obligate schoolers responded best to 

marine protection areas. Plant traits relating to nutrient uptake, size, and leaf 

nutrient composition influenced how well different species responded to increased 

nitrogen,  e.g. from fertilizer run-off (Diekmann and Falkengren-‐Grerup 2002). 

Traits are known to modify how species respond to habitat fragmentation 

(Ockinger et al. 2010). In their review of winners and losers on global and local 

scales, McKinney and Lockwood (1999) described traits that generally coincided 

with winning and losing species. A few winning traits were identified, including 

high fecundity and small size, but it is difficult to identify a list of traits that apply 

across all taxa.  

So far, no studies have found any amphibians to be global winners, 

although temporary breeders in the Amazon were considered ‘local’ winners 

(McKinney and Lockwood 1999). Based on limited knowledge of temperate frog 

species distributions and general expectations (McKinney and Lockwood 1999), it 

was expected that winning frogs would have longer breeding seasons (Hypothesis 

2), breed in permanent habitats (Hypothesis 3), have longer egg hatch-times 

(Hypothesis 4), exhibit fossorial behavior (Hypothesis 5), lack hybridizing 
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behavior (Hypothesis 6), have larger relative body sizes (Hypothesis 7), and have 

anti-predator mechanisms in all life stages (Hypothesis 8). In my analysis of 

southeastern frog data, no life-history traits were found to significantly predict 

winning and losing species.  

Species that breed for most of the year (>7 months) in permanent ponds 

were expected to win (Hypothesis 2 and Hypothesis 3) since human landscape 

modification usually includes conversion of temporary wetlands and ponds to 

permanent water bodies (Porej and Hetherington 2005), but the hypotheses were 

rejected by the regression analysis. Species of each hydroperiod group were split 

between winners and losers, which indicated that the breeding site categories 

needed to be reclassified to be of further use. Losers were also split between 

species with the longest breeding season (i.e. P. ocularis, 9 months) and the 

shortest breeding season (i.e. P. brimleyi, 2 months). Simple assessments of 

hydroperiod have been complicated by potential intermittent connectivity 

provided by ditches and drains. At times of peak flow, fish and predatory insects 

can disperse into what were previously temporary wetlands isolated from 

predators (Babbitt and Tanner 2000; Baber et al. 2002). The net effect of such 

connectivity can be to reduce anuran diversity, without the categorization of the 

wetland being altered. 

The time for eggs to hatch was also not predictive of winners and losers, 

thus rejecting Hypothesis 4. Eggs with longer hatch times were expected to win 
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because the tadpoles hatch larger and with higher survival rates (Sih and Moore 

1993). There were four species with egg hatch times below two days, three of 

which were losers and one was a winner. One of the longest egg hatch times, (P. 

ornata, seven days) belonged to winners and the second longest (P. brimleyi, five 

days) belonged to the losers, so egg hatch time is not a useful predictor trait. More 

information on the relationship between egg hatch time and tadpole maturation 

time and survival should be obtained.  

Only one species, P. ocularis, lacked a torpor state, and so fossorial 

behavior is unlikely to be a trait that influences winners and losers in the 

Southeast (Hypothesis 5 rejected). It may be a useful trait for species with harsher 

winters, such as at higher latitudes, but overall there is no evidence that fossorial 

behavior predicts winners and losers. To be a useful trait for prediction, the trait 

must have some level of variability within the species being studied (Suding et al. 

2008).  

Of the four species known to hybridize, three were losers (A. terrestris, H. 

gratiosa and P. brimleyi) and one was a winner (H. femoralis). Species 

associations, as it is categorized in this study, are not useful for predicting winners 

or losers (H6 rejected), probably because it is unclear if all species with 

hybridizing behavior have decreased fitness. Viability and fitness of hybrid 

offspring (Parris 2000; 2001) should be considered in addition to whether 

hybridizing behavior is present. The extent of hybridizing behavior in the species 
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(i.e. across populations) and the size of hybrid zones throughout its range should 

also be better studied, as it is possible that some species engage in hybridization 

more than others (Gartside 1980; Schlefer et al. 1986).  

Because larger females lay more eggs than smaller females (Ashton et al. 

2007; Lannoo 2005), female size was expected to correlate positively with 

winning species (H7). The size of females at sexual maturity had a wide gradient 

of sizes (14.5 mm SVL to 128.5 mm SVL) but no significant relationship with 

winning or losing species was detected in this analysis. Both winning and losing 

species included some of the smallest (e.g. Pseudacris sp.) and the largest (e.g. 

Lithobates sp.) species in the study. Therefore Hypothesis 7 was rejected. The 

exclusion of female size is unexpected because it is well-documented that larger 

females lay more eggs than smaller females (Ashton et al. 2007; Gibbons and 

McCarthy 1986; Lannoo 2005). 

Contrary to expectations (Stebbins 1997), the two species (L. heckscheri 

and P. ocularis) without anti-predator mechanisms in any stage were winners. 

This indicates that anti-predator mechanisms are not adequate for predicting 

winners and losers or that the anti-predator mechanisms themselves are more 

costly than they are beneficial (Laurila et al. 2004). If anti-predator mechanisms 

are to be considered in future studies, it may be useful to consider different types 

of mechanisms and use different classifications.  
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The fact that only no traits were retained by the logistic regression may 

indicate that life-history traits are not useful for predicting winning and losing 

species or, more likely, that the life-history traits included in the analysis were not 

ideal for predicting winners and losers. It may be beneficial to include the 

variability (plasticity) of certain life-history traits, such as variability in clutch 

size, to make the analysis more predictable (Berven and Gill 1983). It may be the 

most flexible species that win, rather than the species with a particular set of 

traits. For example, some tadpoles are known to have predator-induced defenses 

(e.g., chemical secretions) that may have been missed during studies on tadpoles 

if done in the absence of predators (Van Buskirk and McCollum 1999). Tadpole 

growth and development can also be plastic depending on the presence of 

predators or a lack of food resources (Berven and Chadra 1988; Tejedo et al. 

2010; Van Buskirk and McCollum 1999). Body size is a fairly plastic trait that 

can vary across the geographic range of a species (Berven and Gill 1983). 

Dispersal ability, both during the adult and tadpole stages, needs to be quantified 

to address multiple studies that suggest mobile species are more resilient in the 

face of natural and human-induced disturbances (McKinney 2008; Scheffers and 

Paszkowski 2012). Additional analyses and more precise knowledge of frog life-

history traits, both their quantification and their influence on a species’ fitness, are 

necessary to further explore the possibility of predictive traits. 



64 
 

 
 

Because human population density was not considered an important 

variable for most species and most time blocks, it is impossible to consider the 

effects of any indirect human influences, such as the creation of dispersal barriers 

through the formation of agricultural fields and roads. The type of breeding site 

(temporary, permanent, or both) was not able to predict winners or losers, so the 

relationship between human conversions of wetlands to permanent systems and 

frog distribution changes cannot be determined (Porej and Hetherington 2005). 

Four species did expand, however, so there is probably some amount of habitat 

connectivity remaining that facilitates dispersal. Losers will probably continue to 

lose because realization of extinction debt often requires many years (Diamond 

1972; Karr 1982; Kuussaari et al. 2009). Only within the last decade have wetland 

losses, in terms of area, been reversed (Dahl 2005), there has, however, been no 

equivalent reversal in loss of habitat quality, or in the loss of adjacent upland 

habits.  

INVASIVE FROG SPECIES IN THE SOUTHEAST 

There are four invasive frogs in the Southeast: the Greenhouse Frog 

(Eleutherodactylus planirostris), the Puerto Rican Coqui (Eleutherodactylus 

coqui), the Cane Toad (Rhinella marina), and the Cuban Treefrog (Osteopilus 

septentrionalis). Because each of these species was introduced to a novel habitat 

(southern Florida) and subsequently expanded, they represent the ultimate 
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winners in a human-modified world. The location of their introduction and their 

traits facilitate further explanation of the results of this study. 

Foremost, each of these invasive frog species was introduced into Florida, 

in Miami-Dade and Broward counties, between the late 1800s (E. planirostris) 

and the 1990s (E. coqui). These two counties are the same counties from which H. 

femoralis, H. gratiosa, and P. nigrita became extirpated by the modern time 

block. This is likely not a coincidence, as O. septentrionalis is a known predator 

of other frogs and a competitor of native tadpoles (Smith 2005; Wyatt and Forys 

2004). The other invasive species have similar diets to native species (Krakauer 

1968) and may compete for food where their local ranges overlap (Punzo and 

Lindstrom 2001). It is probable that the introduction of these invasive frogs was a 

contributing factor to the decline of the three native frogs, although few studies 

have confirmed the relationship (Smith 2005; Wyatt and Forys 2004). 

Regardless of the role of invasive frogs in the decline of some native 

frogs, the life-history traits of invasive species are of the greatest interest if life-

history traits are to be used for predicting winners and losers of native species 

(Table 7). Similar to the model results, the size of females of the invasive frogs is 

variable but within the overall range (22.3 – 143 mm) of the native species used in 

this study. The relative size of each species is approximately within the range of 

the native species as well. Two invasive species, Eleutherodactylus sp., have 

direct development and therefore do not have a comparable breeding site type or 
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egg hatch time. The other two species prefer temporary habitats, contrary to the 

expectations of H3. None of the invasive frogs are known to hybridize, although 

two winning native species (e.g. H. femoralis) do hybridize. Finally, in contrast to 

the resulting model of this study, all invasive species have long (>6 months) 

breeding seasons.  

Table 6 Traits of invasive species in the Southeast. NA = Not Applicable. 
Eleutherodactylus species are terrestrial breeders and therefore do not 
have a breeding site type as classified by this study. 

Species DBS 
(months) BST RS  

(mm SVL) APM 

Eleutherodactylus 
coqui 12 NA 0.755 1 

Eleutherodactylus 
planirostris 7 NA 0.743 Unknown 

Osteopilus 
septentrionalis 8 0 0.354 1 

Rhinella marina 12 0 0.817 2 
 

There are additional traits of these invasive frog species that were not 

taken into account for the native species. All the native frogs of the Southeast 

have external fertilization and aquatic breeding. Both Eleutherodactylus sp., 

however, have internal fertilization, terrestrial breeding, and direct development. 

This means that the Eleutherodactylus sp. lay eggs in moist pockets of soil or 

other materials and the eggs hatch directly into juvenile frogs (Elliot et al. 2009; 

Lannoo 2005). E. coqui also has parental care in the form of paternal defense of 

the eggs, a trait that is absent in all native species of the Southeast (Lannoo 2005). 
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The two invasive species without direct development are much larger frogs than 

most of the native species. R. marina has been known to reach 220 mm and O. 

septentrionalis females can reach 130 mm (Lannoo 2005). For future tests it may 

be useful to consider the average adult size rather than the size of females at 

sexual maturity. 

POSSIBLE RELATIONSHIP BETWEEN MODEL RESULTS AND THE 

ATLANTIC MULTIDECADAL OSCILLATION 

 The Atlantic Multidecadal Oscillation (AMO) is the leading mode of low 

frequency North Atlantic sea surface temperature variability. Its cycle is estimated 

to be 65-80 years and encompasses a warm phase, a transition phase (5-10 years), 

and a cool phase (Gray et al. 2004). Over the time period of this study, the AMO 

(Figure 14) has had two cool phases (1900s-1930s and 1960s-late 1980s) and two 

warm phases (1930s-1960s and 1990s-present) (Enfield et al. 2001; Gray et al. 

2004; Knight et al. 2006). During a warm (cool) phase, the Southeast has 

significantly lower (higher) rainfall than average, excluding Florida which tends 

to have high rainfall relative to the Southeast regardless of the AMO phase 

(Enfield et al. 2001). Cool, or negative, AMO phases also tend to reduce 

hurricane formation in the Atlantic and high river flows throughout the U.S. 

(Knight et al. 2006). 
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Figure 14 Graph of sea surface temperature anomalies (SSTA) since modern 
equipment was used for monitoring. Positive (negative) anomalies are 
associated with warm (cool) AMO phases. Image sourced from 
www.climate.gov. 

Most winners expanded into the interior of the Southeast (Appendix C, 

Figures C- 1, 2, 4, 5, and 9) and also had shorter breeding seasons, whereas most 

losers contracted from the interior to the coastlines and had longer breeding 

seasons (Appendix C, Figures 3, 6-8, and 10). This pattern may reflect potential 

expansion of losing species into the interior during the cool, wet AMO phase 

(transitional time block) and subsequent contraction as the interior of the 

Southeast returned to a drier (positive) AMO phase.  

 Because the transitional period was primarily during a cool AMO phase, 

most of the Southeast received higher than average rainfall (Figure 15), which 

may explain why some frog species expanded into the interior of the southeastern 

U.S. states. Once the warm phase began again in the 1990s, the precipitation 

anomalies shifted negative (i.e. below-average) and the losing species contracted 

back towards the coastlines. Losing frogs may have unchanging ranges in Florida 
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because it did not experience decreased precipitation in the most recent warm 

AMO phase. The remainder of the Southeast, however, did have reduced 

precipitation and therefore may explain range contractions in other areas of the 

Southeast. 

 

Figure 15 Graph of the influence of AMO index on U.S. mean precipitation. Red 
(blue) highlights indicate areas that receive significantly more 
precipitation during warm (cool) phases (Curtis 2008). 

ROLE OF SAMPLING INTENSITY IN MODEL OUTPUT 

When data are collected heterogeneously over a study area, the data may 

be spatially autocorrelated (Dormann et al. 2007). Spatial autocorrelation occurs 

when occurrence records are not independent of each other (Dormann et al. 

2007). In the case of citizen science projects like NAAMP, data are often 

concentrated near urban areas and roads (Weir and Mossman 2005), which may 

influence results if habitats near survey roads are dissimilar from the remaining 
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habitat area (Bart et al. 1995). MaxEnt has an optional method for decreasing bias 

from uneven geographic sampling by changing the method of selection of pseudo-

absences (Phillips et al. 2009), but some studies have shown the method to be 

inadequate for reducing the effects of sampling bias (Fitzpatrick et al. 2013).  

The influence of human population density on species distributions was 

much lower than expected. Only two species in single time block each had 

distributions that were significantly influenced by human population density 

(Tables B-1 and B-2). A possible explanation for the low influence of human 

population density is that the sampling intensity in urban areas is much higher 

than in more rural and protected areas (Freitag et al. 1998; Kadmon et al. 2004), 

particularly in the NAAMP data. Extensive data collection, especially in modern 

surveys, is done by volunteers at pre-designated locations set by scientific 

coordinators (Weir and Mossman 2005). This sampling design biases data 

collection near roads and urban areas because these areas are convenient and easy 

for non-scientists to survey.  

When sample design biases data collection near developed areas, any 

negative influence the human-modified landscape has on the species may be 

masked. In other words, the small pockets of isolated frog populations that exist 

in developed areas are being thoroughly surveyed while the larger and more 

connected populations away from populous areas are infrequently surveyed. The 

unequal survey effort may make it appear as though the species are equally 
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distributed throughout the region, when in reality the species may be patchily 

distributed near developed areas and consistently distributed in less-developed 

areas. This pattern may explain why most species, especially those that are losing, 

are not more strongly influenced by increasing human population density.  

A standard method for handling autocorrelation of data may be necessary 

as more projects with designs like NAAMP gather most of the data available for 

modeling. Accounting for the density of occurrence records may ameliorate some 

survey bias and deserves further investigation (Freitag et al. 1998). Incorporating 

more model-friendly sampling techniques, such as those discussed by Hirzel and 

Guisan (2002), into citizen science projects may also be beneficial. 
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CONCLUSIONS 

 The hypothesis that widespread species would be the winners in recent 

history was not supported by the results. Range changes indicate that widespread 

contractions have occurred for half of the frog species in the Southeast. Although 

distribution range changes, whether positive or negative, do not inform science 

about the health of local populations, they suggest that some frog species can 

survive further human population growth if proper conservation measures are 

made to maintain habitat and connectivity. Frog species that have already lost 

range size should be considered for conservation management plans in the areas 

of the Southeast in which their distribution range is contracting. 

 None of the traits hypothesized to influence whether species win or lose 

were supported by the logistic regression. The results indicate that none of the 

traits in this study predicted winners and losers. More precise knowledge of frog 

traits and inclusion of trait variability may improve the ability of life-history traits 

to explain frog responses to increasing human population density. 

 More data collection will be necessary to measure lag in species responses 

to landscape homogenization and potential extinction debt in current systems 

(Kuussaari et al. 2009). Scientists should aim to collect data that is spatially 

dispersed to avoid spatial clustering of data that may skew distribution results 

(Dormann et al. 2007). Citizen science projects are necessarily biased towards 

collecting data in areas near roads and developments (Weir and Mossman 2005), 
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so it would be beneficial to determine a way to reduce this bias before analyzing 

the data with distribution modeling software. Further consideration should be 

made for the effects of AMO phases on frog distributions, particularly with 

respect to increases or decreases in precipitation across the Southeast. 
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APPENDICES 

APPENDIX A 

This appendix contains graphs for each of the BIOCLIM variables used in 

the model analyses, the elevation gradient of the Southeast, and the population 

density of all counties in the Southeast. BIOCLIM variables removed during the 

cross-correlation analysis are not included. Permutation importance values are 

also included. 

  
Figure A- 1 Graph showing the variability of BIO 2 (left) and BIO 3 (right) across 

the Southeast. 

 
Figure A- 2 Graph showing the variability of BIO 4 (left) and BIO 5 (right) across 

the Southeast. 
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Figure A- 3 Graph showing the variability of BIO 9 (left) and BIO 10 (right) 

across the Southeast. 

 
Figure A- 4 Graph showing the variability of BIO 11 (left) and BIO 15 (right) 

across the Southeast. 

 
Figure A- 5 Graph showing the variability of BIO 16 (left) and BIO 19 (right) 

across the Southeast. 
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Table A- 1 Permutation values of each BIOCLIM variable for all losing species. 
Variables were included if they were one of the top five more important, 
or accounted for up to 60% of the information. HIST = historical; TRAN 
= transitional; MOD = modern. 
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Table A- 2 Permutation values of each BIOCLIM variable for all winning species. 
Variables were included if they were one of the top five more important, 
or accounted for up to 60% of the information. HIST = historical; TRAN 
= transitional; MOD = modern. 
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APPENDIX B 

The distribution of points is sometimes very different from that of the 

present maps, e.g. Figure B-2 Transitional block, there are occurrence points 

outside the predicted presence area. This may be a result of poor sampling 

intensity in some areas of the Southeast compared to others. Of all states in the 

Southeast, Florida generally has the highest density of data points for most 

species. 

 

Figure B- 1 Modeled present area (red) and occurrence points for A. quercicus in 
each time block. 
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Figure B- 2Modeled present area (red) and occurrence points for A. terrestris in 
each time block. 

 
Figure B- 3 Modeled present area (red) and occurrence points for L. grylio in each 

time block. 
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Figure B- 4 Modeled present area (red) and occurrence points for L. heckscheri in 

each time block. 
 

 

Figure B- 5 Modeled present area (red) and occurrence points for P. brimleyi in 
each time block. 
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Figure B- 6 Modeled present area (red) and occurrence points for P. ocularis in 
each time block. 

 

Figure B- 7 Modeled present area (red) and occurrence points for P. ornata in 
each time block. 

 



101 
 

 
 

APPENDIX C 

 

Figure C- 1 Modeled present area (red) for A. terrestris with historical area 
(hatched) for reference in each time block. 

 

Figure C- 2 Modeled present area (red) for H. gratiosa with historical area 
(hatched) for reference in each time block. 
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Figure C- 3 Modeled present area (red) for P. brimleyi with historical area 
(hatched) for reference in each time block. 

 

Figure C- 4 Modeled present area (red) for P. nigrita with historical area 
(hatched) for reference in each time block. 
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Figure C- 5 Modeled present area (red) for P. ocularis with historical area 
(hatched) for reference in each time block. 
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APPENDIX D 

 

Figure D- 1 Standard deviations for probability of presence values for A. 
quercicus. Threshold values from historical to modern: 01921; 0.1326; 
0.2862. 

 

Figure D- 2 Standard deviations for probability of presence values for A. 
terrestris. Threshold values from historical to modern: 0.2516; 0.251; 
0.3144. 
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Figure D- 3 Standard deviations for probability of presence values for H. 
femoralis. Threshold values from historical to modern: 0.2336; 0.1354; 
0.203. 

 

Figure D- 4 Standard deviations for probability of presence values for L. grylio. 
Threshold values from historical to modern: 0.1268; 0.1216; 0.2367. 
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Figure D- 5 Standard deviations for probability of presence values for L. 
heckscheri. Threshold values from historical to modern: 0.4907; 0.3509; 
0.3184. 

 

Figure D- 6 Standard deviations for probability of presence values for P. nigrita. 
Threshold values from historical to modern: 0.2573; 0.3334; 0.2347. 
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Figure D- 7 Standard deviations for probability of presence values for P.ocularis. 
Threshold values from historical to modern: 0.135; 0.2164; 0.2481. 

 

Figure D- 8 Standard deviations for probability of presence values for Pseudacris 
ornata. Threshold values from historical to modern: 0.3366; 0.3933; 
0.3362. 
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APPENDIX E 

 

Figure E- 1 Left: Anaxryrus quercicus (Oak Toad) sourced from 
fl.biology.usgs.gov; Right: Anaxyrus terrestris (Southern Toad). 

 

Figure E- 2 Left: Hyla femoralis (Pine Woods Treefrog); Right: Hyla gratiosa 
(Barking Treefrog). 

 

Figure E- 3 Left: Lithobates grylio (Pig Frog); Right: Lithobates heckscheri 
(River Frog). 
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Figure E- 4 Left: Pseudacris brimleyi (Brimleyi’s Chorus Frog); Right: 
Pseudacris nigrita (Southern Chorus Frog). 

 

Figure E- 5 Left: Pseudacris ocularis (Little Grass Frog); Right: Pseudacris 
ornata (Ornate Chorus Frog). 


