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 Invasive species have detrimentally impacted ecosystems worldwide. Amphibian 

invaders have affected ecological, environmental, and human health by establishing 

populations in non-native ecosystems. Understanding the physiological barriers to 

species expansion is essential to predicting the ultimate range distribution of invasive 

species. The Cuban treefrog (Osteopilus septentrionalis) is an invasive amphibian in 

Florida with established populations throughout the Peninsula. Their size and predatory 

nature coupled with high fecundity elicits a competitive advantage over some native 

treefrogs. In order to inform management decisions that alleviate the impacts of CTFs, 

more accurate predictions of their potential range expansion are needed. Temperature 

niche, driven by the thermal tolerance of a species, is an important factor that affects an 

animal’s ability to extend its current distribution. Understanding the thermal limits of 

CTFs will aid in forecasting their range limit when the effects of climate change are 

considered. I used critical thermal minimum (CTMin) tests with and without an 

acclimation period to determine the temperature at which CTFs lost vital locomotor 

abilities, thus rendering them vulnerable to predators and environmental stress. Cuban 
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treefrogs withstood much cooler temperatures than previously reported, and frogs from 

North Florida had consistently lower CTMins than frogs from Central and South Florida 

in both the presence and absence of acclimation. These results possibly indicate an 

ability of CTFs to adjust to the cooler temperatures in North Florida and continue their 

expansion northward and westward. 
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CHAPTER 1 
BACKGROUND ON SPECIES INVASIONS, CLIMATE CHANGE, AND THE CUBAN 

TREEFROG 

General Species Invasions and Impacts 

Species invasions are a worldwide problem with broad economic and ecological 

impacts (Kalin Arroyo et al. 2000). Species introduced to foreign ecosystems by human 

activity are considered invasive if they are able to establish a population that causes 

ecological or environmental harm or harm to human health (Clinton 1999). Not all non-

native or exotic species are considered invasive; many do not become established or 

remain localized with little ecological impact (Colautti & MacIsaac 2004). Invasive 

species are diverse and include plant, animal, fungus, and virus taxa (Lowe et al. 2000). 

Predicting the likelihood of a species becoming invasive remains a stumbling block for 

ecologists (Kolar & Lodge 2001), but fecundity, niche specialization, and generation 

time are all thought to factor into invasive potential (Sakai et al. 2010).  

Invasive species have had considerable ecological, economic, and human health 

consequences. They can catalyze an increase in biomass, alter growth and survivorship 

of native species, incur significant economic costs, and disrupt human quality of life 

(Sakai et al. 2010; Ehrenfeld 2010). For example, plant invasions in Florida have 

affected ecosystems’ geomorphology, hydrology, biogeochemistry, and disturbance 

regimes (Gordon 1998; Platt & Gottschalk 2001), while black spiny-tailed iguanas 

(Ctenosaura similis) have become a nuisance to South Florida homeowners by preying 

on native plants and damaging landscape vegetation (Krysko et al. 2003). The invasive 

mosquito Aedes aegypti served as a disease vector responsible for the introduction of 

yellow and dengue fever in the Americas and Asia (Juliano & Lounibos 2005), and feral 

pigs (Sus scrofa) have damaged native landscapes worldwide, posing a serious 
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management challenge to landowners and policy-makers (Lowe et al. 2000; Campbell & 

Long 2009). The estimated annual cost incurred by invasive species is nearly $120 

billion in the United States alone (Pimentel et al. 2005).  

Several species of amphibians are known to be invasive in their introduced 

ranges. Some of those were intentionally introduced, like the cane toad (Rhinella marina 

[Bufo marinus]), whereas others, like the African clawed frog (Xenopus laevis), were 

released through the pet trade or human-mediated transport (Lobos & Jaksic 2005; 

Phillips et al. 2007). Controlling and understanding species invasions is a complex but 

necessary endeavor to preserve the integrity of ecosystems and protect economic and 

human interests. 

Amphibian Invasions 

Invasive amphibians have had significant detrimental impacts worldwide. The cane 

toad (R. marina), originally introduced to control insects in sugar cane fields, has 

become so damaging to the ecosystems and native fauna of Australia that the 

International Union for Conservation of Nature (IUCN) has listed it as one of the 100 

worst alien species in the world (Lowe et al. 2000). Cane toads have led to 

morphological changes in native fauna (Phillips 2004; Shine 2011) and continue to 

persistently establish populations with increasing severity (Phillips et al. 2006). The 

North American bullfrog (Lithobates catesbaianus) is also listed as one of the 100 worst 

invaders by IUCN and has invaded regions ranging from South America to China 

(Laufer et al. 2008; Li et al. 2011). Likewise, the coqui frog (Eleutherodactylus coqui), 

native to Puerto Rico, has affected Hawaiian floriculture and tourism (Beard & Pitt 2005) 

and are also known to alter nutrient cycles (Sin et al. 2007). Coqui frogs emit a 

disruptive call at night that lowers property values in invaded areas (Kaiser & Burnett 
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2006). The African clawed frog (X. laevis), introduced via exotic pet trade, has spread at 

an alarming rate through regions of Chile, raising concerns about their ability to 

outcompete native fauna (Lobos & Jaksic 2005). 

In order to inform decisions about mitigating the impacts of invasive amphibian 

species, limits to the range expansion of ectotherms must be explored. Ectotherms 

depend on their environment for their heat source, so their thermal physiology should be 

understood to provide insight of the effect of temperature on their distribution. 

Temperature as a Limitation on Amphibian Distribution 

Biotic and abiotic factors both play a role in determining the range limits of 

species (Mott 2010). Geographic barriers, such as mountain ranges and rivers, can 

preclude a population from establishing beyond a certain border, whereas soil quality 

and rainfall can restrict suitable breeding sites (Wyman 1988; Walther et al. 2002). 

Habitat fragmentation and climate gaps, or areas of suitable climate interrupted by 

regions of unsuitable climate, present additional barriers for dispersal. Competition, 

predation, and other species interactions can limit invasions and also work 

synergistically with abiotic factors (Stanton-Geddes et al. 2012). Because ectotherms 

rely on ambient sources for heat rather than internal physiology, thermal gradients are 

among the most important abiotic influences in their distribution (Bomford et al. 2008; 

van Wilgen et al. 2009). Amphibians cannot thrive in environments that exceed their 

temperature tolerance without access to microclimates that alleviate the effects of 

excessive heat or cold. However, global climate change is expected to alter thermal 

isoclines and could affect the distribution limits of ectotherms (Davis 2001).  
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The Effect Of Climate Change On Species’ Ecology 

Climate change has been implicated in contributing to increased extinction rates 

(Davis 2001; Thomas et al. 2004), as well as catalyzing the range expansion of invasive 

species (Carroll & Taylor 2003; Walther et al. 2009; Wilson 2010). The ultimate 

ramifications of climate change are still debated among conservation biologists as 

improved climate modeling techniques are explored (Davis 2001; Leuzinger et al. 2011). 

However, even the most conservative estimates predict that climate change will 

potentially increase the extinction rate of species by 18% (Thomas et al. 2004). 

Ecologists remain gravely concerned about the ability of organisms to adapt at a rate 

consistent with historical temperature swings (Davis 2001; Walther et al. 2002; Thomas 

et al. 2004; Sinervo et al. 2010). Anthropogenic climate modification has already 

affected the ranges of native species and could increase the effects of invasive 

populations on indigenous fauna (Carroll & Taylor 2003; Thomas et al. 2004; Walther et 

al. 2009). For example, climate change enabled the mountain pine beetle 

(Dendroctonus ponderosae) to significantly expand its breeding range from 1970-2000 

(Carroll & Taylor 2003). D. ponderosae populations are at epidemic levels in British 

Columbia and will have more opportunity to expand with an increase in amiable climate.  

Invasive species that originate in tropical regions gain a particular advantage from 

the ramifications of climate warming. As the average temperatures increase, tropical 

ectotherms may expand their range northward and establish populations in previously 

inhospitable environments (Tewksbury et al. 2008). This expansive potential lends 

urgency to the task of understanding the thermal limits of invasive reptiles and 

amphibians. 
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Testing Thermal Limits of Ectotherms 

To make predictions about the possible range expansion of a population, its 

thermal limits must be explored. Critical thermal minimum (CTMin) is a widely used 

method for determining physiological temperature tolerance in ectotherms (Layne & 

Romano 1985; John-Alder et al. 1988; Doughty 1994; Wilson 2010). Critical thermal 

minimum is defined as the temperature at which an organism cannot “right” itself, or turn 

over when placed on its back. An animal’s CTMin indicates when locomotor abilities 

become significantly impaired and prevent it from escaping predators, lethal 

environmental conditions, or performing basic motor tasks, such as perching (Layne & 

Romano 1985; Doughty 1994). Several biological or geographical characteristics can 

affect thermal limits. Previous studies suggest that body size and latitudinal gradient 

impact ectotherms’ ability to tolerate cold (John-Alder et al. 1988; Doughty 1994; Huang 

et al. 2006; 2007; McGarrity & Johnson 2008; Wilson 2010; Johnson & McGarrity 2011, 

unpublished data). While habitat fragmentation and climate gaps can also dictate a 

species’ distribution, many invasive amphibians, including the Cuban treefrog 

(Osteopilus septentrionalis), spread by jump dispersal as stowaways on vehicles and 

cargo shipments, thus diminishing the impact of other range restrictors (Johnson 2007; 

Johnson & McGarrity 2011, unpublished data). 

Cuban Treefrog Life History 

The Cuban treefrog (O. septentrionalis; CTF) is an invasive amphibian that has 

detrimentally impacted its non-native habitat. Cuban treefrogs are native to Cuba, the 

Cayman islands, and the Bahamas, but have established their range throughout much 

of Florida, excluding only the western Panhandle, via jump dispersal (Fig. 1; Meshaka 

2001; Johnson 2007). They are the largest treefrog in Florida with females known to 
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exceed 6 inches. Cuban treefrogs can be distinguished from native frogs by their larger 

toepads, “bug-eyed” appearance, and rough skin (Fig. 2; Meshaka 2001). Their diet 

includes an array of insects, smaller anurans (including other CTFs), lizards, and small 

snakes (Glorioso et al. 2012). Cuban treefrogs have an irritating skin secretion that can 

adversely affect mucosal membranes and exacerbate asthma or allergies (Johnson 

2007). Snakes are their primary predator, but predator pressure has never limited their 

range expansion in Florida (Meshaka 2001). 

 Cuban treefrogs impact native anuran populations through predation and 

competition (Smith 2005). Their large size and vagility enable them to prey upon native 

species including the green treefrog (Hyla cinerea) and squirrel treefrog (Hyla squirella) 

(Waddle et al. 2010). O. septentrionalis tadpoles also reduce growth rates and delay 

metamorphosis in green treefrog and southern toad (Bufo terrestris) larvae (Smith 

2005). They are highly fecund; large females may lay more than 15,000 eggs in one 

breeding season (Meshaka 2001). 

 Although the ultimate CTF range limit is unknown, preliminary research indicates 

future expansion may extend northward to the Florida Panhandle and westward along 

the Gulf Coast (Rödder & Weinsheimer 2009). However, predicted climatic variation 

makes it difficult to understand exactly where they will disperse and what climates will 

be suitable to establish populations. My study focuses on temperature tolerance, one of 

the key limits to range expansion, and the future directions that must be considered to 

gain a firm grasp on the limits of the CTF invasion.
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CHAPTER 2 
ASSESSING THERMAL LIMITS TO DETERMINE THE RANGE EXPANSION 

POTENTIAL OF AN INVASIVE VERTEBRATE 

Introduction 

 Quantifying a species’ thermal tolerance is essential to understanding its range 

limits and potentially informing management decisions. These data are especially useful 

for understanding the temperature tolerances of invasive species. The Cuban treefrog 

(Osteopilus septentrionalis) is an invasive amphibian in Florida with established 

populations throughout the Peninsula. Their size and predatory nature coupled with high 

fecundity gives them a competitive advantage over some native treefrogs and can 

reduce native populations. In order to inform management decisions to alleviate the 

impacts of CTFs, more accurate predictions of their potential range expansion are 

needed. Temperature niche, driven by the thermal tolerance of a species, is one 

important factor that affects an animal’s ability to extend its current distribution. 

Understanding the thermal limits of CTFs will aid in predicting their range limit when the 

effects of climate change are considered. I used critical thermal minimum (CTMin) to 

determine the temperature at which CTFs lose vital locomotor abilities, thus rendering 

them vulnerable to predators and environmental stress. Frogs from North Florida had 

consistently lower CTMins than frogs from Central and South Florida in both the 

presence and absence of acclimation, indicating an ability to adjust to the cooler 

temperatures in North Florida and continue their expansion northward and westward. 

The knowledge gained by testing the CTMin of CTFs will help predict the extent of their 

impacts on U.S. ecosystems.  
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The Cuban Treefrog: An Invasive Amphibian 

Cuban treefrogs are native to Cuba, the Bahamas, and the Cayman Islands, but 

have established invasive populations throughout much of Florida (Johnson 2007). 

Cuban treefrogs were likely introduced as stowaways in Caribbean shipping crates. The 

first published record of CTF presence in Florida was in 1931 in the Florida Keys 

(Barbour 1931). By the mid-1970s, CTFs had established populations in most of 

southern Florida and continued their expansion northward into Jacksonville by the early 

2010s. Frogs have been observed traveling on vehicles, which has likely aided in their 

expansion northward (Johnson, pers. comm.). This invasive amphibian is highly 

predacious and extremely fecund, enabling it to negatively impact native anuran 

populations (Rice et al. 2011).  Its ability to adjust to new climates might suggest an 

evolutionary adaptation to its new environment, or the presence of phenotypic plasticity, 

which differentially expresses a genotype in response to varying environmental 

conditions. 

Evolution and Adaptation of Invasive Species 

 There are numerous examples of invasive species successfully evolving and 

adapting to their new environments. A broad ecological niche and an ability to adjust to 

variation are two recurring characteristics of many effective invaders (Crowl et al. 2008). 

The cane toad invasion in Australia has been studied extensively and provides an 

excellent example of invasive adaptation. The rate of cane toad dispersal has increased 

since the early 2000s (Phillips et al. 2007; Urban & Phillips 2008) and has been 

facilitated by the evolution of longer legs in newer populations (Phillips et al. 2006). 

Cane toads have also induced evolutionary adaptations in native species. Populations 

of red-bellied black snakes (Pseudechis porphyriacus) inhabiting areas affected by the 
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cane toad invasion have displayed a higher toxin tolerance and decreased preference 

for cane toads as prey (Phillips & Shine 2006). This behavior likely has a genetic 

component since it could not be learned in naïve snakes. 

Cuban treefrog populations could conceivably undergo physiological and genetic 

adaptations in their introduced range in Florida similar to cane toads in Australia. As 

CTF dispersal progresses northward and westward, frogs are experiencing cooler 

temperatures than those in their native range. In order for expansion to continue, CTFs 

will have to quickly adapt to this new environment. Adaptations in introduced 

herpetofauna have been observed in as little as 10 generations (Losos et al. 1997), so 

the CTF population in Gainesville, FL that has successfully bred since 2002 (Krysko et 

al. 2005) could exhibit physiological adjustments to cooler temperatures. However, 

thermal adaptations could be counteracted by gene flow from CTFs inhabiting the 

southern parts of Florida. Since CTFs are primarily distributed through jump dispersal, 

frogs from South Florida could frequently migrate to northern populations. If robustness 

to cold is heritable, then mating between these geographically isolated populations of 

treefrogs could dilute the efficacy of a genetic adaptation. Additionally, CTFs may 

alleviate the effects cold weather by seeking refuge in the warmer microclimates of their 

habitat. I tested for a physiological tolerance to cold that may exist in CTF populations. 

To account for the different weather patterns throughout CTF range, I used 3 different 

field sites that each represented a different type of thermal isocline.  

Acclimation Presence as an Experimental Treatment 

The ability of animals to withstand extreme temperatures is affected by their 

previous experience with warm or cold weather (Brattstrom & Lawrence 1962; Wilson & 

Franklin 1999; Wilson 2010). Brief or long-term exposures to abnormally low or high 
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temperatures can induce a compensatory reaction in an organism that affects locomotor 

skills, metabolism, and minimum or maximum temperature thresholds. Acclimation 

ability can vary along longitudinal gradients, like the northern versus southern range of a 

species, as well as altitudinal gradients, such as mountain versus lowland populations 

(Brattstrom 1968; Navas 1997; Huang et al. 2006). I used acclimation as a treatment to 

determine if previous exposure to cold induced a physiological response in CTFs. If an 

acclimation period removes latitudinal differences between CTMins, then a CTF’s 

response to cold is more likely a result of phenotypic plasticity, rather than adaptation. If 

differences between locations still exist in the presence of acclimation, then there is 

evidence for an evolutionary adaptation to cold temperatures in CTFs.  

Thermal Isoclines of Florida 

 The state of Florida is home to great biological and environmental diversity 

(Whitney et al. 2004). The warm subtropical climate of South Florida is contrasted with 

the cooler, slightly drier climate of North Florida and the Panhandle (Southeast Regional 

Climate Center 2012). Florida’s climate can be categorized by the mean number of days 

between freeze events (Fig. 2-1). Freezes are rare in southern Florida and increasingly 

more common in North Florida and the Panhandle. The distribution of established CTF 

populations in Fig. 2-1 coincides with warmer isoclines where freezes are less frequent. 

Frogs have continued to progress northward and westward but have not yet established 

steady populations where freezes are most common in Florida. This could be due to a 

factor of time, or because CTFs cannot withstand yearly freezes. A greater 

understanding of CTF thermal tolerance will elucidate whether North Florida 

temperatures are a constraint on their population expansion.  
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Objective, Hypotheses, and Predictions 

Objective 

The objective of my research was to determine if CTFs could withstand cooler 

temperatures than previously reported, and to detect if from North Florida have a 

significantly lower CTMin than those from Central and South Florida in the presence 

and absence of an acclimation period. 

Hypotheses 

 Cuban treefrogs can tolerate cooler temperatures than previously assumed. 

 Cuban treefrogs in North and Central Florida can tolerate colder temperatures in 
their new environments. 

 A previous exposure to cold will enable a frog to withstand cooler temperatures. 

Predictions 

 The overall CTMin of Cuban treefrogs will be lower than described in prior studies. 

 Cuban treefrogs in North Florida will have a lower average CTMin than CTFs in 
Central and South Florida in the presence and absence of an acclimation period. 

 Cuban treefrogs in Central Florida will have a lower average CTMin than CTFs in 
South Florida in the presence and absence of an acclimation period. 

 Frogs in the acclimation treatment group will have a lower average CTMin than 
those not acclimated. 

Methods 

Specimen Collection and Husbandry 

I chose field sites near the cities of Gainesville, Tampa, and Miami to represent 

each thermal isocline where CTFs are established (Fig. 2-2). All of these cities are 

surrounded by I-75, a major highway in Florida, so they are more vulnerable to CTF 

invasions via jump dispersal. Gainesville represented the northernmost breeding 

population of CTFs and Miami the southernmost. Tampa served as a central location. 
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Collection from these sites provided me with CTMin data from key locations of the CTF 

invasion and afforded significant insight to the progression of cold tolerance in this 

species. I collected frogs by hand from PVC pipe refugia (Boughton et al. 2000). I 

captured CTFs on three different occasions, referred to as Rounds. Gainesville 

specimens were taken from pipes at ponds around Santa Fe College and the Natural 

Area Teaching Laboratory (NATL) on the University of Florida campus. Tampa frogs 

were collected at English Creek, located about six kilometers southeast of Plant City, 

and Miami frogs were taken from pipes placed in Bill Baggs State Park on Key 

Biscayne. Collections occurred on 12 September and 2 and 27 October 2012. The 

majority of captures occurred in Rounds 1 and 2. Round 1 had 65 specimens, Round 2 

had 90, and Round 3 had 25. After capture, I transferred the frogs to a plastic zipped 

bag and transported them in a cooler to the USGS Southeast Ecological Science Center 

in Gainesville, where I measured their SVL. Frogs were kept individually in 32 oz. 

mason jars covered with mesh netting at ambient room temperature with a photoperiod 

of 12 hours of light and 12 hours of dark. They were given a moist paper towel and fed 

small to medium sized crickets twice a week. Towels were watered and changed as 

needed.  

Sampling Design 

I tested 180 frogs, approximately 60 from each location and 90 for each 

treatment (acclimated vs. not acclimated). Acclimation took place over a period of 48-72 

hours at 13°C. This sampling design allowed 30 replicates of each treatment by location 

(Gainesville, Tampa, Miami) and exceeded the minimum sample size recommended by 

an a priori power analysis (Table 2-1). Frogs from each region were randomly assigned 

to testing group CTMin without acclimation or CTMin with acclimation. I used stratified 
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random sampling to ensure that each testing group contained an equal representation 

of specimens from each collection site (Gainesville, Tampa, and Miami). Within each 

treatment, frogs were also randomly assigned to an environmental chamber (A or B) 

and a level in the testing compartment (1, 2, or 3; Fig. 2-3). All randomizations were 

done using Microsoft Excel or www.random.org (RANDOM.ORG, ©1998-2012). The 

two environmental chambers were the same make and model, but they were included in 

the analysis to account for any variations in cooling rate between them. 

Testing Critical Thermal Minimum 

I used a common garden experiment to test critical thermal minima in naïve frogs 

in the presence or absence of an acclimation period. Testing occurred at the United 

States Geological Survey – Southeast Ecological Science Center (USGS-SESC) about 

a week after capture. To lend greater assurance that frogs were naïve (no previous 

exposure to cold temperatures), specimens greater than 50 mm SVL were rarely used 

in the experiment. Since adult CTFs can measure in excess of 100 mm, frogs less than 

50 mm SVL are likely young-of-year (YOY; Johnson 2007). Frogs less than 25mm SVL 

were eliminated from testing to prevent potential fatalities in very young juveniles as a 

result of overexposure to cold. Testing occurred in a Weiss Gallenkamp Fitotron Plant 

Growth Chamber SGC-120 and followed the methods established in Wilson (2010) and 

John-Alder et al. (1988), but the environmental chamber was used in place of an ice 

bath. The chamber had a digital thermometer that indicated the set temperature and the 

actual temperature inside the chamber. The actual temperature, labeled as CTMdis, 

was recorded for the critical thermal minima (see Appendix A for raw data).  

Food was withheld from individuals for 72 hours prior to trials to remove effects of 

feeding (Wilson 2010). Frogs were weighed in a zipped bag with a Pesola balance to 

http://www.random.org/
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the nearest 0.25 g immediately before testing. All specimens were kept at room 

temperature (23-25C) when not undergoing acclimation or experimental tests. Room 

temperature was equivalent to the average springtime temperatures (April-May) in 

Miami, Tampa, and Gainesville (FAWN; http://fawn.ifas.ufl.edu/data/reports/). Frogs 

were tested in a plastic testing compartment that held 3 frogs and placed on a moist 

paper towel as seen in Figure 2-3c.  

Critical thermal minimum tests an animal’s ability to “right” itself, or turn itself over 

after being placed on its backside, in extreme temperatures. To test righting behavior, 

specimens were briefly removed from the environmental chamber and flipped on their 

back in the testing compartment. They were stroked twice on their ventral side with a 

small brush to stimulate movement. The CTMin was defined as the temperature at 

which a frog could not right itself after thirty seconds, indicating a loss of viable 

locomotor abilities (Brattstrom 1968; Layne & Romano 1985). Individuals were only 

tested once and monitored for 24 hours after trials to check for survival. They were then 

euthanized by applying a small amount of tricaine mesylate (MS-222) solution to their 

ventral side and placed in a freezer. 

Critical Thermal Minimum Without Acclimation 

Frogs in the testing compartment were transferred to the environmental chamber, 

where they were exposed to a temperature of 13°C for 10 minutes to gain familiarity 

with their surroundings. This temperature represents a common winter temperature at 

my sample sites (FAWN; http://fawn.ifas.ufl.edu/data/reports/). The temperature was 

then lowered slowly at approximately 0.17°C per minute. Previous studies verify that an 

amphibian’s internal temperature changes will mirror those of the ambient temperature 
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when the rate of change is less than 1°C per minute (Layne & Claussen 1987; John-

Alder et al. 1988). Righting behavior was tested in increments of 2°C beginning when 

the first signs of thermal distress appeared, indicated by slower movements and 

decreased ability to right themselves. This usually began around 7-9°C. The testing 

increments decreased to every 1°C when thermal distress became profound. Frogs 

were returned to their mason jars in the secondary containment area post-test. 

Critical Thermal Mimimum With Acclimation 

Frogs were placed in an environmental chamber held at 13°C for 48-72 hours, 

since previous studies have shown the effects of acclimation do not change after one 

day (Brattstrom & Lawrence 1962; Wilson 2010). Acclimation has significantly affected 

CTMin in CTFs at both 15°C and 20°C, so an acclimation temperature of 13°C ensured 

that the subjects could elicit a response to the acclimation period (Wilson 2010). The 

frogs’ CTMins were then tested using the previously described methods, and they were 

returned to their mason jars in the secondary containment area post-test. 

Data Analysis 

The minimum temperature threshold of the thermal chambers used in this 

experiment was -3°C. In less than 4% of trials (7 instances), the frog had not yet 

reached its CTMin when the temperature was set at -3°C. These values were recorded 

as -4°C for use in the analysis with the understanding that the CTMin averages may be 

conservative given that some thermal minimums had not yet been reached. 

Correlation between snout-vent length, mass, and critical thermal minimum 

To ensure that any relationships between CTMin and location were not due to 

size bias, a body condition index (BCI) was created using methods established by van 

Berkum, et. al (1989) and employed in Howard and Young (1998). BCI, defined as 
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mass1/3/SVL, was plotted against CTMin values to determine if there was a significant 

relationship between the two variables (Fig. 2-4; JMP 8.0.2, ©2009). A correlation 

analysis for BCI and CTMin was also run in SAS software (SAS 9.3 ©1989-2007). The 

results in Figure 2-4 and Table 2-2 indicate that BCI was not significantly correlated to 

CTMin. This was an expected result because only a limited size range of frogs was 

used in the tests. Therefore, body size was not used as a covariate in subsequent 

analyses. 

Split-plot analysis of variance 

Boxplots of CTMin means were made using JMP software (8.0.2, ©2009; Fig. 2-5 

and 2-6; Tables 2-3, 2-4, and 2-5). Before analyzing the data, normality was confirmed 

using a residual vs. predicted values plot. Fig. 2-7 illustrates that the residuals are 

randomly distributed around 0, verifying normality of the data. Critical thermal minima 

data were analyzed using a split-plot design with the Chamber (A or B) as a block and 

the time of testing, or Round (1, 2, or 3), as the whole plot (Fig. 2-8). The two 

treatments, acclimated vs. not acclimated, and the three locations (GNV, TPA, and MIA) 

were combined to form six treatment levels comprising a composite treatment variable, 

labeled TRT. The creation of a composite treatment variable enabled pairwise 

comparisons between treatments and locations and facilitated the data analysis. An 

analysis of variance (ANOVA) test was run with SAS software (SAS 9.3, © 2012). The 

blocking variable, Chamber, was treated as a fixed effect and had no significant effect 

on the CTMin of frogs, so it was not included in pairwise comparisons. 

Accounting for weather differences 

To investigate the significance of the Round variable, I examined daily minimum 

temperatures from weather stations near my field sites for 30 days prior to each 
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specimen collection. Data were collected from the Florida Automated Weather Network 

(FAWN). The Alachua station was near Gainesville (23 km), the Dover station near 

Tampa (40 km) and the Homestead station near Miami (55 km). I calculated the means 

and medians for each Round and conducted pairwise comparisons using t-tests 

between Rounds within each station using a Bonferroni adjustment.  

Pairwise comparisons of critical thermal minimum values 

Though TRT was not significant overall, I conducted pairwise comparisons for 

key TRT and Round variables to uncover any significant differences between 

treatments by location. P-values were adjusted with a SAS simulated adjustment for 

multiple comparisons to avoid rejecting a correct null hypothesis (SAS 9.3, 2012). The 

SAS simulated adjustment was used to prevent over-adjusting p-values, as might occur 

with the Scheffe and Bonferroni adjustment, since only some comparisons are 

considered, rather than all (Edwards & Berry 1987). Since Round exhibited high 

significance, I also made comparisons within Round 2, eliminating any variance that 

would be a result of comparing between Rounds. Round 2 was chosen because it had 

the highest overall sample size (n = 90) of any Round. 

Results 

CTMin Trends 

Frogs from Gainesville had the lowest overall CTMin mean/median (-1.01°C/-

1.40°C), indicating the highest tolerance for cold, followed by Tampa (-0.86°C/-1.35°C) 

and Miami (-0.14°C/-0.4°C; Table 2-3; Figure 2-5). Gainesville had the lowest mean and 

median non-acclimated CTMin values (-0.87°C/-1.25°C; Table 2-4), whereas Tampa 

had the lowest mean and median acclimated CTMin (-1.18°C/-1.80°C; Table 2-5; Figure 

2-6).  
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Table 2-6 displays the ANOVA table of the split-plot design. Round was 

significant at α =0.05, but TRT (treatment | location) was not. TRT*Round*Chamber was 

also statistically significant but was not an interesting interaction for this experiment. 

Round was not expected to be an important factor, but its significance indicates that the 

time of testing (September, October, or November) was a key variable in predicting a 

frog’s response to cold temperatures. To investigate this factor, the temperature 

minimums 30 days before each specimen collection were explored. 

Comparisons between acclimated and non-acclimated treatments within and 

between locations were not statistically significant (Table 2-9). While the comparisons in 

Round 2 between GNV/acc vs. MIA/acc and GNV/non vs. MIA/non initially have 

significant p-values (p = 0.0507 and p = 0.1075), neither was significant after the SAS 

simulated adjustment (p = 0.2290 and p = 0.4241).  

Weather Differences Between Rounds 

Significant differences were found in Alachua between Rounds 2 & 3 and 

Rounds 1 & 3, as well as in Dover between Rounds 2 & 3 and Rounds 1 & 3 (Tables 2-

7 and 2-8). There were no differences between any Rounds in Homestead nor were 

differences found comparing Rounds 1 & 2 in Alachua and Dover. Even in the 

significant comparisons, the difference in minimum temperature means was never more 

than 7°C.  

Discussion 

Thermal minima were considerably lower from those of Wilson (2010). Wilson’s 

Gainesville frogs acclimated at 15°C had an average CTMin of 7.8 ± 0.8°C, and the 

Tampa frogs averaged a CTMin of 7.7 ± 0.6°C. My acclimation temperature of 13°C 

was slightly lower, but even non-acclimated frogs in my trials had a decrease in CTMin 
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from those reported just a few years ago. Wilson (2010)’s methods varied from mine in 

that an ice bath and not a thermal chamber was used for testing, and my sample size 

was much larger. The results of this study indicate that CTFs have a lower thermal 

tolerance than was previously reported. 

Even though treatment/location did not have a statistically significant effect on 

CTMin, some consistent patterns were evident. Frogs in the acclimation treatment 

elicited a lower CTMin than non-acclimated specimens, with the exception of Tampa in 

Round 3. Though the differences in CTMin between treatments were not statistically 

significant, the results are consistent with studies that show that previous exposure to 

cold facilitates an animal’s ability to tolerate cooler temperatures (Brattstrom & 

Lawrence 1962; Brattstrom 1968; Feder 1985; Layne & Claussen 1987; Wilson & 

Franklin 1999; Wilson 2010). Another trend in the data was that the overall CTMin 

means and medians decreased as northward latitude increased, which is consistent 

with my predictions. This indicates that frogs in northern areas of Florida are becoming 

more adept at resisting cooler temperatures than their southern counterparts. However, 

even frogs from Miami populations that have never experienced a freeze were able to 

consistently withstand freezing temperatures in CTMin tests. These results suggest that 

CTFs are much more resistant to cold than previously thought. This increased 

resistance has substantial ramificiations for the management of CTF invasion.  

Significance of Acclimation and Location 

 The lack of significance for the TRT variable can be attributed to a number of 

factors. The data had high variance and several outliers that had to be included in order 

to yield p-value estimates. A fair portion of these outliers were from Gainesville in 

Round 3, suggesting a high amount of variability in cold tolerance from that location. 
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This may be because Gainesville is the most recently populated area out of any of my 

sample sites and is less likely to have a population with stable and consistent traits. 

Some of the frogs I tested could have recently dispersed to Gainesville, whereas others 

may have been the offspring of frogs that had inhabited the area for several 

generations. The Alachua FAWN weather station also experienced the highest degree 

of variation before Round 3 frogs were collected, which could have affected their 

expression of cold tolerance (Fig. 2-9). Additionally, adaptations to temperature in CTFs 

may include a degree of plasticity that allows the trait to be profoundly expressed in one 

animal and less expressed in another. However, despite these variations, Gainesville 

still had the lowest CTMin mean and median, indicating the possibility of an evolutionary 

adaptation. Comparisons within the Round with the largest sample size, Round 2, 

revealed a stronger tendency for Gainesville frogs to have a more substantial tolerance 

for cold than frogs from other locations, particularly after acclimation. This may be the 

“tip of the iceberg” in terms of physiological adaptations in CTFs since the Gainesville 

population has only reproduced for about 10 generations (Krysko et al. 2005). 

Repeating this experiment in about 5-10 more years may yield more stark contrasts 

between locations. 

 Latitude does not appear to have a biologically significant effect on the tolerance 

of CTFs to cold weather. However, this may be a premature conclusion based on the 

consistent ability of Gainesville frogs to tolerate cold better than Tampa or Miami frogs 

in Rounds 1 and 2, where sample sizes were greatest (n = 155).  

Significance of Round 

 Round proved to be the most significant predictor of CTMin in my experiment, 

which was an unexpected result. This reveals that the time of year Cuban treefrogs are 
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tested can significantly alter the values of their temperature tolerance. The pairwise 

comparisons between the FAWN data revealed sigificant differences in Gainesville and 

Tampa temperatures during Rounds 2 & 3 and 1 & 3. However, the difference in mean 

minimum temperature between Rounds 2 & 3 in Gainesville was only 4.75°C and 

4.16°C in Tampa. The difference in mean between Rounds 1 & 3 was less than 7°C in 

both stations. These small temperature decreases might indicate that CTFs are very 

sensitive to changes in their ambient environment and compensate by making swift 

adjustments to counteract ecological variations; however, the acclimation and control 

treatments in the experiment were not significantly different, so this explanation is 

doubtful. It is more likely that physiological adaptations to cold temperatures become 

more apparent in CTFs as winter approaches. This pattern is similar to hibernation or 

brumation behaviors observed in animals such as bears and reptiles.  

Biological Significance of CTMin 

Another factor of the CTMin test that must be explored is its biological significance. 

While there was a consistent, yet non-significant, geographic trend in the data, it is 

unclear whether this trend will actually have ecological impacts. The difference in CTMin 

means between Gainesville and Miami is less than 1°C. Although the CTMin values are 

a bit conservative because some frogs never reached their thermal minimum, there 

were frogs from each location that displayed this extreme resistance to cold 

temperatures, so one location is not underestimated more than another. However, 

behavioral adaptations to cold must also be considered, and this experiment does not 

account for them. It could be that, along with a slightly more robust physiological 

tolerance to cooler temperatures, CTFs in North Florida are also able to circumvent the 

effects of winter by taking advantage of warmer microclimates in their environment. 
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Populations in disturbed areas hide around homes and buildings and seek artificial heat 

sources. 

The purpose of the CTMin test is not to mimic a frog’s natural environment, but to 

test its absolute thermal limits until it is unable to retain vital locomotor skills. Even 

though the temperature was lowered very gradually during the experiment (<1°C/min), it 

is unlikely that a CTF would actually experience a temperature drop from 13°C to below 

freezing in a matter of hours. The extra time allotted to reach a freezing temperature 

could allow frogs to gradually acclimate to the colder environment and enable them to 

withstand winter temperatures for a longer period of time than in a CTMin test. 

Conversely, the weather could elicit freezing temperatures for days, though this is 

uncommon in Florida. Under these extreme circumstances, CTFs may not be able to 

survive, and populations could experience die-offs (Johnson and McGarrity 2011, 

unpublished data). However, even after successive cold winters in Gainesville, CTFs 

rebounded and continue to thrive in the area (Johnson, pers. comm.). 

Implications For Cuban Treefrog Invasive Potential 

The presence of an adaptation to cold weather will have serious impacts on CTF 

invasive potential. Rodder and Weinsheimer (2009) predicted that CTFs may spread 

throughout the Gulf Coast by 2020 given climate change scenarios, but the dispersal of 

this species could be quicker because their temperature tolerance will not limit them as 

significantly (Figure 2-10). Cuban treefrog populations need to be monitored and 

eliminated if possible, and ecosystems vulnerable to invasion should be protected from 

the threat of this species. Once Cuban treefrogs have established an invasive 

population, they are difficult to eradicate, so mitigation may be the best solution to 

curbing CTF invasions. Managers should be vigilant about the presence of CTFs on 
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their land, and ornamental plants need to be inspected for the presence of frogs before 

they are shipped to limit jump dispersal. 

The invasiveness of CTFs could be affected by gene flow between frogs from 

North and South Florida. Gainesville is home to the University of Florida and Santa Fe 

College, both of which enroll students from South Florida. Gainesville is also near I-75, 

a major highway that runs from Miami to the Florida-Georgia border. The large amount 

of commuting traffic that enters Gainesville will bring more frogs from southern Florida 

that could breed with existing CTF populations and dilute their genetic adaptation to 

cold temperatures. Repeating my experiment in several years will reveal if this constant 

gene flow between geographic areas will significantly limit the ability of CTFs to 

continue expanding northward. 

While my study did not unveil any statistically significant comparisons in cold 

tolerance among the range of invasive Cuban treefrog populations in Florida, it did 

reveal that CTFs are able to withstand much cooler conditions than previously thought. 

It also uncovered some important patterns in the temperature thresholds of this species. 

CTMin values were lower in frogs captured from northern field sites than they were in 

frogs further south. These trends indicate the further CTF expansion northward is likely 

and may occur more quickly than predicted. 
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Figure 2-1. Confirmed CTF populations and thermal isoclines. Dark gray shading 
represents current breeding limits of CTF range; light gray shading indicates 
isolated reports. Thermal isoclines show annual mean freeze-free period. 
Range map based on McGarrity & Johnson 2009 and more recent records 
from the Florida Museum of Natural History; climate data from NOAA-NCDC 
2005. Map credit: Monica McGarrity, 2011. 
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Figure 2-2. Map of my field sites and nearby cities 
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A   B 

C   D 

Figure 2-3. Conducting the research experiment. A) Suzanne Simpson checks PVC 
pipes for CTFs, B) a Fitotron chamber used for CTMin testing, C) a CTF 
flipped on its dorsal side in the testing compartment during a CTMin test and 
D) the secondary containment facility at USGS-SESC containing the research 
specimens. All photos courtesy of Steve Johnson, University of Florida. 
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Figure 2-4. Plot of CTMin values vs. BCI. The red horizontal line is the trendline of the 

data. R2 = 0.000621 indicates that no significant correlation between the 
variables exists. 
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Figure 2-5. Boxplot of CTMin means by location. The gray horizontal line indicates the 

overall mean. The top line of each box is Q3 and the bottom line is Q1. The 
horizontal line in the middle of each box represents the sample median. Error 
bars are determined by the upper and lower data point values, excluding 
outliers. 
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Figure 2-6. CTMin means by location and treatment. Boxplots are defined by the same 
parameters outlined in Fig. 2-4.  
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Figure 2-7. Graph of the studentized residuals vs. predicted values of CTMin data 
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Figure 2-8. Graphic representation of statistical split-plot design. This is not a 

representation of the spatial arrangement of the experiment, but rather how it 
was analyzed. 
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Figure 2-9. Boxplots of FAWN temperature data. Boxplots are defined by the same 

parameters outlined in Fig. 2-4. 
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Figure 2-10. Potential CTF dispersal under two climate change scenarios. Credit: 
Rodder and Weinsheimer 2009. 
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Table 2-1. Sampling distribution for each treatment by location 
 

 
 

Table 2-2. Correlation analysis for CTMin, mass, and SVL 

  CTMin (°C) BCI 

CTMin (°C) 
Pearson correlation 
coefficient 

1.000 -0.025 

p-value at α = 0.05  0.740 

BCI 
Pearson correlation 
coefficient 

-0.025 1.000 

p-value at α = 0.05 0.740  

 
 

Table 2-3. CTMin mean, median, and standard deviation values  

Location/Treatment Mean (°C) Median (°C) Std. Dev. 

Miami -0.14 -0.40 2.09 

Not acclimated 0.01 -0.10 2.06 

Acclimated -0.29 -0.50 2.15 

Tampa -0.86 -1.35 1.93 

Not acclimated -0.54 -0.40 1.82 

Acclimated -1.18 -1.80 2.01 

Gainesville -1.01 -1.40 2.17 

Not acclimated -0.87 -1.25 2.01 

Acclimated -1.14 -1.50 2.34 

 
  

Location Number per treatment Total 

 Acclimated Not acclimated  
Gainesville 31 30 61 
Tampa 31 31 62 
Miami 27 30 57 
Total 89 91 180 
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Table 2-4. Average CTMin for non-acclimated frogs by Round 

Location Round Avg CTMin (°C) 

Miami  1 0.63 

Miami  2 -0.35 

Miami  3 -0.35 

Tampa  1 0.53 

Tampa  2 -0.98 

Tampa  3 -1.56 

Gainesville  1 -0.27 

Gainesville  2 -1.47 

Gainesville  3 -0.25 

 
 
Table 2-5. Average CTMin for acclimated frogs by Round 

Location Round Avg CTMin (°C) 

Miami  1 0.02 

Miami  2 -0.43 

Miami  3 -0.85 

Tampa  1 -0.78 

Tampa  2 -1.41 

Tampa  3 -1.38 

Gainesville  1 -0.25 

Gainesville  2 -1.81 

Gainesville  3 -1.06 

 
 
Table 2-6. ANOVA values for split-plot analysis 

Source Num 
DF 

Den DF F Value Pr>F 

Chamber 1 144 0.17 0.6795 
Round 2 144 4.54 0.0123* 
Chamber * Round 2 144 0.62 0.5414 
TRT 5 144 1.04 0.3963 
TRT*Round 10 144 0.47 0.9071 
TRT*Chamber 5 144 1.74 0.1286 
TRT*Chamber*Round 10 144 2.30 0.0153* 

*Statistically significant at α = 0.05. 
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Table 2-7. Means and medians by FAWN Station and Round 

FAWN Station Round Median (°F) Mean (°F) 

Homestead  1 73.19 73.24 
Homestead  2 72.43 72.39 
Homestead  3 71.67 71.32 
Dover  1 72.21 72.19 
Dover  2 71.19 70.88 
Dover  3 68.90 66.72 
Alachua  1 70.84 70.39 
Alachua  2 68.88 68.27 
Alachua  3 63.61 63.52 

 

 

Table 2-8. Temperature comparisons between rounds 

FAWN 
Station 

Round Min 
Temp 
Avg (°F) 

FAWN 
Station 

Round Min 
Temp 
Avg 
(°F) 

Pr > |t| Adjusted 
p-value 

Homestead 1 73.24 Homestead 2 70.88 0.3101 0.9183 
Homestead 2 70.88 Homestead 3 71.32 0.2009 0.7898 
Homestead 1 73.24 Homestead 3 71.32 0.0217 0.1599 
Dover 1 72.19 Dover 2 70.88 0.1180 0.5930 
Dover 2 70.88 Dover 3 66.72 <0.0001 <0.0001* 
Dover 1 72.19 Dover 3 66.72 <0.0001 <0.0001* 
Alachua 1 70.39 Alachua 2 68.27 0.0111 0.0888 
Alachua 2 68.27 Alachua 3 63.52 <0.0001 <0.0001* 
Alachua  1 70.39 Alachua 3 63.52 <0.0001 <0.0001* 

*Statistically significant at α = 0.05. 
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Table 2-9. Pairwise comparisons using t-tests between locations and treatments. TRT1 

and TRT2 indicate the two variables being compared. 

TRT1 TRT2 Estimate SE DF t Value Pr > |t| Adjusted 
p-value 

Acclimated Non-
Acclimated 

0.4241 0.3579  1.18 0.2380 0.8035 
 

GNV/acc GNV/non 0.2078 0.5877 144 0.35 0.7241 0.9998 
GNV/acc MIA/acc 0.4371 0.6799 144 0.64 0.5213 0.9851 
GNV/acc TPA/acc -0.3717 0.5717 144 -0.65 0.5166 0.9839 
GNV/non MIA/non 0.6968 0.6033 144 1.16 0.2500 0.8195 
GNV/non TPA/non 0.0126 0.5877 144 0.02 0.9829 1.0000 
MIA/acc MIA/non 0.4724 0.6934 144 0.68 0.4968 0.9796 
MIA/acc TPA/acc -0.8088 0.6799 144 -1.19 0.2362 0.8006 
MIA/non TPA/non -0.6890 0.5877 144 -1.17 0.2430 0.8106 
TPA/acc TPA/non 0.5922 0.5717 144 1.04 0.3020 0.8811 

 

Table 2-10. Pairwise comparisons using t-tests between locations and treatments within 
Round 2. TRT1 and TRT2 indicate the two variables being compared. 

TRT1 TRT2 Estimate SE DF t Value Pr > |t| Adjusted 
p-value 

GNV/acc MIA/acc 1.4438 0.7326 144 1.97 0.0507 0.2290 
GNV/acc TPA/acc 0.4232 0.7326 144 0.58 0.5644 0.9702 
GNV/non MIA/non 1.1866 0.7326 144 1.62 0.1075 0.4241 
GNV/non TPA/non 0.5562 0.7326 144 0.76 0.4489 0.9231 
TPA/acc MIA/acc -1.0205 0.7326 144 1.39 0.1658 0.5714 
TPA/non MIA/non -1.0205 0.7326 144 0.86 0.3910 0.8830 
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CHAPTER 3 
FUTURE DIRECTIONS 

The results of my study illuminate several areas of research that should be 

undertaken to increase scientific knowledge about the invasiveness of the Cuban 

treefrog. Repeating my experiment in 5-10 years could provide valuable insight to the 

progression of thermal adaptations in CTF. Ideally, the target sample size would be 

collected in one trip to the field sites rather than three separate occasions, as was done 

in this study. This would increase the power of CTMin results; however, collecting and 

maintaining at least 180 CTFs will require a large facility, lots of resources, and 

assistance with testing and husbandry. Alternatively, time of testing could be explored 

further to investigate the apparent plasticity of temperature tolerance. Critical thermal 

minimum could be tested at different times of year, perhaps during summer, fall, winter, 

and spring, and the results compared to determine if thermal resistance expresses itself 

most profoundly in winter months. If differential expression of cold tolerance is 

consistently reported, exploring the genetic component that leads to these physiological 

differences will be useful. 

Future studies comparing CTMin may also benefit from sampling a larger 

geographic range of CTF populations. Collecting frogs from their native habitat in Cuba 

will expand our knowledge of the extent of temperature evolution and adaptation in this 

species. Since frogs from South Florida are able to consistently withstand freezing 

temperatures though they have likely never experienced these in nature, it would be 

interesting to explore whether native Cuban treefrogs also have a tolerance for extreme 

cold. Also, as CTFs continue to disperse northward and westward and establish 

breeding populations, sites like Jacksonville or Tallahassee could become focal areas to 
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research the evolution of temperature tolerance. More generations are required before 

Jacksonville data become useful, and CTFs are just beginning to establish permanent 

residence in the Panhandle area (see Fig. 2-1). Repeating this study in 5-10 years may 

also reveal more significant patterns in physiological adaptation between populations. 

After more generations reproduce, CTFs occupying the northern area of Florida could 

exhibit a more profound evolutionary response to their new environment, furthering the 

invasive impacts of this species. Conversely, gene flow from South Florida frogs 

transported on cars or ornamental plants could effectively counteract any evolutionary 

adaptations in northern populations. Testing CTMins of Gainesville frogs inhabiting 

areas near and far from campuses may reveal a difference attributed to gene flow 

effects. Revisiting this CTMin test in the future could provide useful information 

regarding the gradual progression of temperature tolerance in CTFs. 

An alternative method to monitoring temperature tolerance would involve 

mimicking the natural environment of captured CTFs in the laboratory and observe how 

they respond to temperature swings that often occur in Florida winters. The FAWN data 

for each location and month would have to be closely examined to recreate the weather 

pattern. This methodology would not focus on pinpointing the species’ CTMin, but rather 

measure their ability to withstand consistent cooler temperatures for a long amount of 

time. This experiment would require long-term access to thermal chambers and 

resources like food and lab space.  

The ecological health of Florida’s native anurans is threatened by the invasion of 

the Cuban treefrog. Temperature patterns indicate that CTFs may be evolving to the 

cooler weather they experience in North Florida. Cuban treefrog management and 
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eradication must be a priority for landowners to preserve the ecological integrity of 

Florida’s amphibian communities. 
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APPENDIX 
RAW DATA 

Round Location ID Chamber Treatment CTMset CTMdis 

1 Miami M01 B non 3 3 

1 Miami M02 A non -2 -2.1 

1 Miami M03 B non 0 -0.4 

1 Miami M04 B non 1 0.2 

1 Miami M05 A non -1 -1 

1 Miami M06 B non 2 1.6 

1 Miami M07 B acc 1 0.4 

1 Miami M09 A acc 1 0.5 

1 Miami M10 A non 7 6.3 

1 Miami M11 A acc -1 -1.1 

1 Miami M12 A acc -2 -2 

1 Miami M13 A acc -2 -2.3 

1 Miami M14 B acc 1 0.7 

1 Miami M15 B acc 0 -0.5 

1 Miami M16 B acc 3 2.7 

1 Miami M17 B non 1 0.7 

1 Miami M18 A non 1 0.6 

1 Miami M19 B acc 1 0.4 

1 Miami M20 B acc 2 1.4 

1 Miami M21 A non -1 -1 

1 Miami M22 A non -1 -1 

1 Tampa T01 A non 1 0.6 

1 Tampa T02 B acc -1 -1.3 

1 Tampa T03 B non 1 0.2 

1 Tampa T04 A non 0 -0.1 

1 Tampa T05 A non 2 1.7 

1 Tampa T06 A acc -2 -2.1 

1 Tampa T07 B non -2 -2 

1 Tampa T08 A non 4 3.7 

1 Tampa T09 B non 2 1.7 

1 Tampa T10 B acc -2 -2.1 

1 Tampa T11 B acc 3 2.7 

1 Tampa T12 A acc 3 2.7 

1 Tampa T13 A acc -1 -1.1 

1 Tampa T14 B acc 3 2.4 

1 Tampa T15 B acc -3 -3.3 

1 Tampa T16 A acc -3 -3.2 

1 Tampa T17 B acc -1 -1.4 

1 Tampa T19 A non 0 -0.2 
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1 Tampa T20 A non 1 0.2 

1 Tampa T25 B non 0 -0.4 

1 Tampa T26 B non 1 0.4 

1 Tampa T27 A acc -2 -1.9 

1 Gainesville G01 A acc -1 -1.1 

1 Gainesville G02 A non 0 -0.2 

1 Gainesville G03 A non -2 -2.1 

1 Gainesville G04 B non -3 -3.1 

1 Gainesville G05 B non -1 -1.4 

1 Gainesville G06 B non -1 -1.2 

1 Gainesville G07 A acc 0 -0.1 

1 Gainesville G08 A non 1 0.6 

1 Gainesville G09 A acc 3 2.7 

1 Gainesville G10 A non 7 6.3 

1 Gainesville G11 A acc -2 -2.1 

1 Gainesville G12 B acc 1 0.4 

1 Gainesville G13 A non 0 -0.1 

1 Gainesville G14 A non -1 -1 

1 Gainesville G15 B acc -2 -2.3 

1 Gainesville G16 B acc -1 -1.1 

1 Gainesville G17 A acc -1 -1.2 

1 Gainesville G18 B acc -3 -3.1 

1 Gainesville G19 B acc 3 2.7 

1 Gainesville G20 B non 1 0.5 

1 Gainesville G29 B non -1 -1.3 

1 Gainesville G30 B acc 3 2.4 

2 Miami M02 B acc 1 0.5 

2 Miami M03 A non 2 1 

2 Miami M05 A acc 0 0.6 

2 Miami M06 A non -2 -2.2 

2 Miami M07 A acc -1 -1.6 

2 Miami M08 B non 1 0.7 

2 Miami M09 A acc 5 4.2 

2 Miami M10 A acc 0 -0.5 

2 Miami M12 B non 1 0.3 

2 Miami M13 A non -3 -3 

2 Miami M14 B acc 5 4.3 

2 Miami M15 A non 2 1.4 

2 Miami M16 B acc -2 -2.3 

2 Miami M17 A non 0 -0.5 

2 Miami M18 A acc 1 0.3 

2 Miami M19 A non 0 -0.6 

2 Miami M20 B non 5 4.4 
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2 Miami M22 A acc 0 -0.5 

2 Miami M24 A non -4 -4 

2 Miami M25 B non 1 0.2 

2 Miami M26 B non -2 -2.3 

2 Miami M27 B acc -3 -3.3 

2 Miami M28 B non 1 0.3 

2 Miami M29 B acc -1 -1.5 

2 Miami M30 B non 0 -0.4 

2 Miami M31 B acc -3 -3 

2 Miami M32 B acc -3 -3.5 

2 Miami M33 A non 0 -0.6 

2 Miami M34 B acc 0 -0.7 

2 Miami M35 A acc 1 0.6 

2 Tampa T02 A non -2 -2.2 

2 Tampa T04 A non -4 -4 

2 Tampa T05 A acc -1 -1.5 

2 Tampa T07 A non 1 0.3 

2 Tampa T08 A acc 0 0.6 

2 Tampa T09 B acc -2 -2.5 

2 Tampa T10 B acc 3 2.2 

2 Tampa T11 A acc -3 -3 

2 Tampa T12 A acc -2 -2.4 

2 Tampa T14 B acc -2 -2.2 

2 Tampa T15 A non -2 -2.3 

2 Tampa T17 A non -3 -3 

2 Tampa T18 A acc -3 -2.4 

2 Tampa T19 B non 0 -0.4 

2 Tampa T20 B non -1 -1.5 

2 Tampa T21 B non -1 -1.5 

2 Tampa T22 B non 1 0.2 

2 Tampa T23 B non 5 4.4 

2 Tampa T24 A non 1 0.3 

2 Tampa T25 B acc -3 -3.1 

2 Tampa T26 A non -1 -1.1 

2 Tampa T27 B acc -4 -4 

2 Tampa T28 B acc 1 0.5 

2 Tampa T29 B non 0 -0.5 

2 Tampa T31 A acc 1 0.9 

2 Tampa T32 B non -2 -2.3 

2 Tampa T33 A non -1 -1.1 

2 Tampa T35 A acc 0 -0.5 

2 Tampa T36 B acc -2 -2.3 

2 Tampa T37 B acc -1 -1.4 
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2 Gainesville G01 B acc 1 0.5 

2 Gainesville G02 B non -3 -3.2 

2 Gainesville G03 B non 1 0.3 

2 Gainesville G04 B acc -2 -2.2 

2 Gainesville G05 A acc -3 -3.2 

2 Gainesville G06 B acc -1 -1.4 

2 Gainesville G07 A acc -1 -1.5 

2 Gainesville G08 A non -2 -2 

2 Gainesville G09 A non -3 -3 

2 Gainesville G10 B acc -3 -3.5 

2 Gainesville G11 B non 1 0.7 

2 Gainesville G12 B non -2 -2.3 

2 Gainesville G13 A acc 0 -0.5 

2 Gainesville G14 B non -3 -3 

2 Gainesville G15 A acc 0 -1 

2 Gainesville G16 B non -2 -2.3 

2 Gainesville G17 B acc -2 -2.4 

2 Gainesville G18 B non 1 0.2 

2 Gainesville G19 A acc -1 -1.5 

2 Gainesville G20 B acc 1 0.2 

2 Gainesville G21 A non -2 -2.2 

2 Gainesville G22 A non 2 1 

2 Gainesville G23 A acc -2 -2.1 

2 Gainesville G24 A non 0 -0.6 

2 Gainesville G25 A non -2 -2.2 

2 Gainesville G26 A non -3 -3.1 

2 Gainesville G27 A acc -3 -3.2 

2 Gainesville G28 B non 0 -0.4 

2 Gainesville G29 B acc -4 -4 

2 Gainesville G31 B acc -1 -1.4 

3 Miami M04 B non 0 -0.6 

3 Miami M05 B non 1 0.6 

3 Miami M06 A acc 3 2.3 

3 Miami M08 A non 1 0.3 

3 Miami M09 A non -1 -1.7 

3 Miami M10 B acc -4 -4 

3 Tampa T01 B acc 0 -0.7 

3 Tampa T02 A non 1 0.3 

3 Tampa T03 B non -2 -2.1 

3 Tampa T04 B non -1 -1.6 

3 Tampa T05 B acc -2 -2.7 

3 Tampa T06 A non -1 -1.7 

3 Tampa T07 A non -2 -2.7 
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3 Tampa T08 A acc -1 -1.8 

3 Tampa T09 A acc -4 -4 

3 Tampa T10 B acc 3 2.3 

3 Gainesville G01 B acc -2 -2.7 

3 Gainesville G03 A acc 7 6.9 

3 Gainesville G04 B non 0 -0.6 

3 Gainesville G05 B non 3 3 

3 Gainesville G06 A non -1 -1.7 

3 Gainesville G07 B acc -1 -1.9 

3 Gainesville G08 B acc -3 -3.6 

3 Gainesville G09 A acc -4 -4 

3 Gainesville G10 A non -1 -1.7 

Note: CTMset indicated the temperature at which the freezer was set and CTMdis 
recorded the actual temperature inside the chamber. 
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