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I conducted three experiments to compare metabolic and digestive parameters of Cope's 

Gray Treefrogs, Hyla chrysoscelis. I monitored oxygen consumption (V02) rates of fasted 

and fed treefrogs (n = 8) in 4-h intervals over 24-h to determine if higher levels of resting 

V02 occurred at night during the species' normal activity period. There were no 

significant differences among V02 values at different times of day (P = 0.33), and no 

interaction between time of day and treatment group (P = 0.50). However, there was a 

highly significant difference (P < 0.0001) in V02 between fasted and fed animals, with fed 

animals having V02 rates 2.6 to 4.1 times higher than fasted animals. I measured the food 

passage time (FPT) of eight H. chrysoscelis at 24 C and six at 16 C to determine the 

effect of temperature on FPT. I fed adult male treefrogs a meal of a single marked cricket 

for four consecutive nights. I measured the amount of time between ingestion of marked 

food and defecation of each marker. All treefrogs ate marked crickets at 24 C, but only 

six treefrogs ate marked crickets at 16 C. Means ± SD ofFPTs were 91.1 ± 29.2 h at 16 

C and 38.2 ± 9.76 h at 24 C (P = 0.006). I fed 11 male H. ch,ysoscelis single crickets 

once daily at 2000 h for eight days to determine digestive efficiency. I dried fecal 

samples at 70 C and combusted with a Parr Instrument Company oxygen bomb 

calorimeter. The mean ± SD apparent digestibility coefficient for H. chrysoscelis was 



81.1 ± 3.8%. Linear regression showed a positive linear relationship between calories 

consumed and calories in feces (~ = 0.76, P = 0.0006). Low resting metabolic rate, short 

FPT, and efficient digestion at 20 to 24 C correspond with the species' life history 

patterns. 
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PREFACE 

The data and results from my thesis will be submitted to the journal Copeia for 

publication. I wrote my thesis in the style of that journal. The ESU Animal Care and 

Use Committee approved all procedures under permit number ESU-ACUC-99-002. All 

animals were collected under Kansas Department of Wildlife and Parks collection permit 

numbers SC-098-99, SC-113-2000, or SC-084-2002. 
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INTRODUCTION 

Cope's Gray Treefrog, Hyla chrysoscelis, is a nocturnal, arboreal frog that feeds 

on small invertebrates (Johnson, 1987). H chlysoscelis is limited to the more mesic 

portions of North America (Fig. 1), and sometimes it shares habitat with a sibling species, 

Hyla versicolor, the Eastern Gray Treefrog (Hillis et al., 1987). They live near fishless, 

woodland ponds (Collins, 1993) where they cling to tree bark or leaves with their sticky 

toe pads (Green, 1981). 

H chlysoscelis is an ectotherm with low energy requirements (Gatten et al., 

1992). This treefrog is nocturnal, and feeds, moves to and from water, and mates at 

night. Females mate and lay one clutch of eggs each spring (Blem et a!. 1986). Male 

treefrogs call between temperatures of 16-32 C (Clarke, 1958) from 11 April to 26 June 

(Hillis et a!., 1987), and in Missouri, the treefrogs are active until October (Johnson, 

1987). Gray Treefrogs are the only amphibians in Kansas capable of changing skin color 

to match their substrate (Collins, 1993), and thereby avoid detection by potential 

predators. Many of their characteristics, including their low daily energy requirement, 

mouth morphology, and cryptic coloration are correlated with a typical sit-and-wait 

forager (Pough et al., 1998). 

The metabolic rates ofmost ectotherms reflect their low energy requirements and 

low activity levels relative to endotherms (Pough et al., 1998). Metabolic rates of 

ectotherms have been defined as: standard metabolic rate (V02standard)' resting metabolic 

rate (V02rest) and maximum metabolic rate (V02max). Pough et a!. (1998) defined these as 

the metabolic rates of quiet, post-absorptive (fasted) animals during their normal resting 

period, during their normal activity period, and during maximal exercise. Cyclical 
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Figure 1. Distribution ofH. chlysoscelis and H. versicolor in North America, adapted 

from Collins (1993), Conant and Collins (1998). 
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variations in V02rest over the course ofa 24-h day defines the animal's diel cycle of 

metabolic rate. For example, ifan animal's V02rest increases significantly at dawn and 

dusk, the animal would be crepuscular. 

Within a species' normal active temperature range, higher temperatures tend to 

result in higher metabolic rates (Guimond and Hutchison, 1968; Brownlie and Loveridge, 

1983; Beaupre et at., 1993a) and greater digestive rates (Riddle, 1909; Skoczylas, 1970). 

Increases in body temperature (Tb) below the critical thermal maximum increase digestive 

rates, which allow the animal to empty the gut faster, thereby allowing for increased food 

consumption and growth potential (Freed, 1980; Christian, 1986). 

Blem et at. (1986) found that in H chrysoscelis digestive efficiency significantly 

increased over temperatures from 19 to 29 C. However, V02 also increased significantly 

as ambient temperatures increased from 10 to 30 C. At high temperatures, an increase in 

calorie use beyond the increase in calorie uptake is disadvantageous, because it decreases 

the amount of surplus energy available to the animal for activities such as reproduction. 

Blem et at. (1986) concluded that H chrysoscelis is not tolerant of high temperature, as 

demonstrated by its significant increase in metabolic rate in response to increases in 

temperature. Layne and Romano (1985) found that H chrysoscelis demonstrated a 

tolerance of extreme low temperatures. The treefrog's capability to tolerate various 

temperatures may explain the northern distribution of the species, and lack of a 

population in much of the Florida Peninsula (Blem et at. 1986). 

This thesis covers three areas of physiology in H chrysoscelis. In Experiment 1, I 

measured daily patterns of resting metabolic rates in fasted and fed animals. In 

Experiment 2, I measured food passage time at two temperatures, and in Experiment 3 I 

assessed the digestive efficiency of Cope's Gray Treefrog when fed crickets (Acheta 
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domestica). Each of these physiological characteristics act in concert with one another. 

Increasing the metabolism associated with feeding, time of food passage, and efficiency 

of digestion all affect the fitness and growth capacity of ectotherms (Sibly, 1981; Hatch 

and Afik, 1999), and temperature affects all of these factors. Physiological tolerance to 

environmental changes, such as fluctuation in temperature, allows a species to take 

advantage of resources not available to less tolerant species (Pough, 1980). 

Understanding a species' physiology under controlled laboratory conditions offers 

valuable insight into the relationship between the physiology and natural history of the 

specIes. 

Experiment 1: Correlations ofresting metabolism, feeding, and activity patterns 

The amount of time since feeding in ectotherms is of great importance to 

metabolic rate. An increase in metabolic rate following feeding typically occurs in 

animals (Gatten, 1980; Wang et al., 1995; Secor and Diamond, 1997; Sievert and Bailey, 

2000). This increase could obscure any possible diel cycle in metabolic rate if feeding in 

experimental animals is not reported. When animals are digesting and assimilating a 

meal, energy is required to move the food through the digestive tract, produce mRNA, 

and break down and absorb nutrients (Wang et aI., 1995; Secor and Diamond, 1997). 

The increase in post-feeding metabolic rates is termed Specific Dynamic Action (SDA) 

and represents an energetic cost to the animal. 

I hypothesized that fasted Copes Gray Treefrogs would have lower metabolic 

rates than fed animals due to SDA, as seen in Rana catesbeiana (Secor and Diamond, 

1996), Bufo woodhousii (Sievert and Bailey, 2000), and Bufo marinus (Wang et aI., 

1995). The advantage oflow metabolic rates in fasted animals is that it conserves energy 
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until more food is available. The cost ofSDA is normally a small fraction of the energy 

supplied by the meal, but in some cases, the cost can be a substantial portion of the meal. 

Examples of this are Python molurns (Secor and Diamond, 1997), Ceratophrys ornata, 

and Pyxicephalus adspersus (Secor and Diamond, 1996), which eat so infrequently that 

the lining of the small intestine must essentially be re-built each time the animal eats. 

This is energetically expensive and results in SDA values that are 10 to 44 times higher 

than metabolic rates of fasted animals (Secor and Diamond, 1997). 

Time of day has an impact on metabolic rate in many species. Acris crepitans is 

the only frog in the family Hylidae that has been monitored for a diel cycle. Acris 

crepitans, which is primarily diurnal, but active night and day during warm months 

(Johnson, 1987; Collins, 1993) does not exhibit a pronounced diel cycle ofmetabolic rate 

(Dunlap, 1969). The frogs had a tendency for peak V02 at 1320, and lowest V02 at 0320 

h; however, no significant differences were found (Dunlap, 1969). 

Some nocturnal anurans exhibit diel cycles ofmetabolic rates with the highest 

rates occurring at night, which is the normal active period. When Rana pipiens was 

maintained on photoperiods of LD 8: 16 and 16:8, V02 peaked soon after the beginning of 

scotophase and was lowest in the middle of photophase (Guimond and Hutchison, 1968). 

The nocturnal frog Xenopus laevis (Abel et aI., 1992) and nocturnal salamanders 

Desmognathus ochrophaeus (now D. ocoee) and Plethodon websteri (Sievert and Davis, 

1995) all had higher V02 during scotophase than photophase. 

Many reptiles exhibit diel rhythms of oxygen consumption. The diurnal lizards 

Sceloporns merriami (Beaupre et aI., 1993a), Lacerta sicula (Cragg, 1978), and Mabuya 

capensis (Brownlie and Loveridge, 1983) had strong diel rhythms with V02 highest 

during the day. However, in three burrowing species the diel cycles in V02 were either 
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minimal in the diurnal Proscelotes arnoldi or absent in the crepuscular Typhlosaurns 

cregoi and the diurnal Acontias meleagris (Brownlie and Loveridge, 1983). Brownlie 

and Loveridge (1983) concluded that the fossoriallife history of these animals might 

have diminished their diurnal rhythms. Cragg (1978) and Brownlie and Loveridge (1983) 

maintained the animals in constant darkness, which demonstrated that diel cycles ofV02 

were endogenous. 

Feder and Feder (1981) tested the correlation between daily activity and V02 rates 

using three nocturnal gekkonid lizards. All three species had different patterns ofV02• 

Cosymbotus platyurns did not have a distinct high or low V02 over a 24 h period. 

Lepidodactylus lugubris and Hemidactylusfrenatus both had peak V02 during 

scotophase, but the elevated V02 of1. lugubris was transient whereas V02 ofH frenatus 

remained high throughout scotophase. Hemidactylus frenatus competitively excludes 1. 

lugubris due to its larger size and more efficient foraging tactics (Petren and Case, 1996), 

which suggests that sustained metabolic rates lend an adaptive advantage to H frenatus 

over 1. lugubris. 

The purpose of Experiment 1 was two-fold: 1) to determine if Cope's Gray 

Treefrog exhibits a diel cycle of resting metabolism, and 2) to establish the effect of 

feeding on metabolic rate. I examined the daily resting metabolic rate of recently fed as 

well as fasted H chrysoscelis. 

Experiment 2: Influence oftemperature on feeding pel:formance andfood passage time 

Physiological tolerance to changes in the thermal environment and efficient 

feeding and digestion over a broad range of body temperatures allow an ectotherm to take 

advantage of available resources and increase energy intake (Blem et al., 1986). The 
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motivation to feed and feeding perfonnance are variable among species, dependent upon 

life history and environmental conditions. 

Experiment 2 was an investigation of the amount of time required for food to pass 

through the digestive tract ofH. chrysoscelis at two temperatures. According to Larsen 

(1992), food passage time in ectothenns is dependent upon the species, size, sex, 

nutritional condition, health, stress, season, temperature, and meal size and type. The 

purpose of this study was to investigate how the thennal environment affects the food 

passage time (FPT) ofH. chrysoscelis. 

Cold acclimation temperatures reduces feeding motivation and perfonnance in 

BuJo americanus (Stevens, 1988a; 1988b; 1988c). When tested at acclimation 

temperatures between 5 C and 35 C, no American Toads ate at 5 C, and feeding 

perfonnance was greatest at 20 C (Stevens, 1988b). When American Toads were 

gradually cooled from 20 to 10 C, and feeding perfonnance was tested at 20 C, 

perfonnance significantly decreased after four days (Stevens, 1988c). When B. 

americanus was rapidly cooled from 20 to 12 C, motivation to feed was significantly 

reduced after 7 h (Stevens, 1988a). Feeding rates increased at 30 C relative to 15 C in 

BuJo buJo (Larsen, 1992), and food intake was positively correlated with temperature in 

BuJo boreas at 14,20, and 27 C (Lillywhite et al., 1973). The lizard, Platysaurus 

intermedius wilhelmi, ceased feeding below 12 C (Alexander et al., 2001). FPT was 

significantly shorter at 22 C than at 18 and 16 C, but did not decrease significantly from 

22 to 34 C (Alexander et al., 2001). 

Digestive rates in H. cinerea increase as body temperatures increase due to 

basking (Freed, 1980). Animals that were allowed to bask showed an increase in food 

intake and growth (Freed, 1980). Riddle (1909) observed an increase in digestive rates of 
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Rana virescens (now pipiens) when ambient temperature was increased from 25 C to 30 

C. Digestive processes in Natrix natrix were maximal at 25 C, slowed at 35 C, and 

ceased at 5 C (Skoczylas, 1970). 

Because ambient temperature (Ta) greatly determines the Tb of amphibians, some 

amphibians have developed thermoregulatory behaviors that maximize growth rates 

(Freed, 1980, Lillywhite et al., 1973). To control Tb and to accelerate digestive processes 

ectotherms can thermoregulate by moving to heat sources (e.g., warm rocks, rotting litter, 

or sunshine) or into the shade to avoid the heat source (Moll and Legler, 1971). With a 

few exceptions, many amphibians are poor thermoregulators due to high cutaneous 

evaporative water loss, and water conservation often takes precedence over 

thermoregulation (Brattstrom, 1979). 

Post-feeding thermophily allows amphibians to more quickly and sometimes 

more efficiently digest food, maximizing caloric intake (Lillywhite et al., 1973). 

Montane Bufo bufo boreas prefers higher temperatures after feeding as opposed to during 

a fast; however, Bufo bufo halophilus does not increase Tb after feeding (Carey, 1978). 

Witters and Sievert (2001) measured the Tb of fasted and fed B. woodhousii in a thermal 

gradient. Fed toads exhibited a preference for warmer temperatures during late afternoon 

and evening, which would increase digestive rate. Post-feeding thermophily has also 

been documented in some reptiles such as Nerodia sipedon (Sievert and Andreadis, 1999) 

Food passage time of anurans has been noted in previous studies (Smith and 

Bragg, 1949; Larsen, 1984), but has rarely been quantified with consideration of 

temperature. The two studies that have quantified the effect of temperature on FPT in 

anurans used widely varying temperatures for comparison. Jiang and Claussen (1993) 

measured the rate ofFPT in the newt, Notophthalmus viridescens, at 25 C and 5 C. 
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Notophthalmus viridescens passed waste at much slower rates at 5 C than at 25 C, with a 

mean minimum FPT at 5 C of220 h versus 33 hat 25 C. These authors reported that the 

newts ingested and digested food at winter temperatures of5 C. Gossling et al. (1980) 

measured FPT in hibernating and active R. pipiens at 4 C and 21 C, respectively. 

Hibernating R. pipiens maintained at 4 C passed chromic oxide markers at 5% the rate of 

active Leopard Frogs, which took 12 to 24 h to pass markers at 21 C. 

The two temperatures chosen for this study, 16 C and 24 C, are temperatures at 

which male treefrogs are normally active (Clarke, 1958; Johnson, 1987; Collins, 1993). 

Because metabolic rates increase at higher temperatures in H. chrysoscelis (Blem et al., 

1986), I predicted that the FPT at 16 C would be significantly longer than at 24 C. 

Experiment 3: Apparent digestibility coefficient - a function ofdiet and temperature 

Johnson and Lillywhite (1979) defined digested energy as the calories absorbed 

through the animal's gut, or the number ofcalories consumed by the animal minus the 

calories of the feces. This is comparable to the assimilated energy, which is the number 

of useable calories retained by the animal, and takes into consideration the caloric content 

of the urine as well as the feces. In some animals, the nitrogenous wastes are 

incorporated in the fecal pellet, and measuring assimilation efficiency is more feasible. 

However, in many cases the amount of energy contained in the urine is negligible 

(Withers, 1992), and cannot be directly associated with a particular meal (Harwood, 

1979). 

Digestive efficiency (DE) and assimilation efficiency (AE) represent the 

percentage of consumed energy that is not defecated as waste. For my data, I have 

chosen to use the term apparent digestibility coefficient (ADC) (Beaupre et al., 1993b; 
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Beaupre and Dunham, 1995; Raubenheimer, 1995) rather than digestive efficiency (DE), 

because I believe it more accurately describes the process I studied. The percent ADC 

represents the percent of energy that is digestible. The term DE suggests that all 

materials contained in the diet are a potential energy source and that undigested materials 

result from inefficient digestion. However, materials such as chitin and cellulose are 

indigestible and are excreted in the feces. 

There is little information regarding digestive or assimilation efficiencies of 

anurans (Smith, 1976; Blem et al., 1986). Smith (1976) compared the assimilation 

efficiencies of two snakes, Elaphe guttata (fed Mus musculus) and Heterodon platyrhinos 

(fed Elaphe guttata) and one toad, Bufo terrestris (fed A. domestica) at 25 C. He found 

that the snakes had significantly higher assimilation efficiencies than the toad. The lower 

assimilation efficiency ofB. terrestris reflected the high chitin content of its food. 

Fitzpatrick (1973) found that the assimilation efficiency of the salamander, 

Eurycea bislineata, significantly increased with an increase in temperature. Eurycea 

bislineata is relatively aquatic, which may explain its inability to adapt to sudden changes 

in temperature (Fitzpatrick, 1973). The assimilation efficiency of the salamander 

Plethodon cinereus is also temperature-dependent, and significantly decreases at 

temperatures exceeding 10 C (Merchant, 1970; Bobka et al., 1981). Bobka et al. (1981) 

noted that the higher assimilation efficiencies do not correspond with the preferred 

temperature ofP. cinereus as determined by Spoti1a (1972), and suggested that factors 

other than assimilation may playa role in temperature selection. 

The size and type of food eaten is also a controlling factor in ADC (Skoczylas, 

1970). Larger meals reduce the amount of surface area per volume of the meal that is 

exposed to digestive enzymes, and different food types contain a variety of indigestible 
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materials such as chitin (Kitchell and Windell, 1972) and cellulose (Johnson and 

Lillywhite, 1979; Bjorndal, 1987). The effects of food type and size on ADC have not 

been studied in amphibians. 

The goal of Experiment 3 was to provide baseline data regarding the ADC ofH 

chrysoscelis fed crickets (A. domestica) at 21 C. Blem et al. (1986) compared the effects 

of temperature on the energy utilization in two treefrogs, Hyla cinerea and H. 

chrysoscelis, fed mealworrns (Tenebrio molitor). Because temperature and methods were 

similar, the Blem et at. study offers comparison for the effect of food type on ADC. 

Hypotheses 

Experiment 1 had two hypotheses: 1) fasted frogs would have lower metabolic 

rates than fed animals, due to SDA in the fed animals, and 2) post-absorptive animals 

would exhibit a diel cycle ofV02, with higher levels at night, reflecting the nocturnal 

activity patterns ofH chlysoscelis. In Experiment 2, I hypothesized that FPT would be 

significantly shorter at 24 C than at 16 C. In Experiment 3, I estimated that the ADC of 

H chrysoscelis would be between 75 and 90% based on literature values such as those 

described by Blem et al. (1986), with consideration of the differences in materials and 

methods, such as temperature and food type. 



MATERIALS AND METHODS 

Experiment 1: Diel metabolic rates offasted andfed animals 

I collected 16 adult Cope's Gray Treefrogs in Lyon Co., KS, during June 1999. 

All experimentation and acclimation occurred at Emporia State University. I acclimated 

the treefrogs to 20 ± 1 C for one month in glass, 3.8-L containers with mosquito netting 

secured to the top of the container for ventilation. I placed basking lamps with 25 watt 

white incandescent light bulbs no closer than 30 cm above the jars. Basking lamps and 

the fluorescent room lights were on a 12: 12 L:D photoperiod. Each container housed two 

treefrogs, which remained paired for the entire experiment. During acclimation, water 

was available ad libitum, and live adult crickets (A. domestica) or mealworm larvae (T. 

molitor) were fed to the animals three times per week. 

I measured VOz in two treefrogs at the same time due to the low rate of oxygen 

consumption in a single fasted individual. A sample size of eight was most feasible, 

because a larger sample size would have greatly extended the timeline of the experiment 

causing possible seasonal variation. The mean mass (±SD) of the pairs of treefrogs over 

the course of the study was 18.64 g ± 0.98 g. I reduced possible stress on the treefrogs 

caused by pairing by keeping them paired during acclimatization and habituation. I 

habituated paired treefrogs in a 235-ml experimental chamber for at least 30 minutes 

prior to measuring VOz' Habituation and data collection proceeded equally for fasted and 

fed animals. I considered the treefrogs to be fasted if they had not consumed food for 

four days prior to measuring VOz' I considered treefrogs fed if they had consumed at least 

one cricket between 24 and 48 h prior to experimentation. 

A Columbus Instruments Model 180C open-flow gas sensor (Columbus, OH) 

measured the oxygen concentration of the air surrounding the animals within the 



_ _ _ 

14 

experimental chamber. I maintained the flow rate of the sample pump between 40 and 50 

ml/min. The mean (± SD) flow rate was 41.1 ± 2.3 mllmin during the experiment. I 

calibrated the sensor to an ambient oxygen concentration of20.95%. The gas sensor 

monitored the percent of oxygen in the chamber for one of every 11 minutes for 33 

minutes. During the one-minute sample period, the gas sensor took continuous 

measurements and averaged them. 

I collected data on all eight treefrog pairs between 20 July and 6 September 1999 

at 0300, 0700, 1100, 1500, 1900, and 2300 ± 1 h. I monitored the V02 of the treefrog 

pairs in 2 to 6-h time blocks starting at varying times to avoid an effect of sample order 

on V02 1evels (Appendix A). For each treefrog pair there were three repeated measures at 

each sampling period. At the end of each sample period, I coaxed each treefrog to urinate 

by gently handling the treefrog in a dry paper towel and then measured the total mass of 

the pair. 

I recorded the percent oxygen in the chamber, and calculated the V02 of the 

organisms in the chamber (Appendix B). I corrected the final V02 to standard 

temperature and pressure and reported as mass specific. I analyzed the results with a two

way repeated measures analysis of variance (ANOVA) to determine ifthere were 

significant differences in V02 of fasted versus fed animals over time. 

Experiment 2: Influence oftemperature on food passage time 

I collected eight adult male Hyla chlysascelis in Lyon Co., KS from May to June 

2000. The treefrogs had a mean mass (± SD) of7.6 ± 1 g at the beginning ofthe 

--- ~ __ ~..~.~ _ _ ~_.z~ _~ ~_ L 
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experiment, and 8.5 ± 1 g at the end of the experiment. I acclimated the treefrogs for at 

least one month in 38-L aquaria at 24 ± 1 C on a 12:12 L:D photoperiod at Emporia State 

University. All acclimation, habituation, and testing were conducted under the same 

temperature and lighting regime. During acclimation, I provided the treefrogs with A. 

domestica three times a week and water ad libitum. Damp paper towels and radially cut 

PVC pipes provided moisture and shelter. The acclimation period lasted from time of 

capture to the beginning of the experiment in August, 2000. 

The experimental protocol began by first placing all eight treefrogs in separate 

1800-ml clear, plastic chambers for 24 h. I provided the treefrogs damp paper towels, 

and the chambers were well ventilated. At 2100 h, time zero of the experimental period, 

the treefrogs were fed a single, unmarked cricket. I fed each treefrog one marked cricket 

at 2100 h for the next four nights. The crickets were marked with a uniquely colored, 1.5 

mm diameter glass bead, secured to each cricket's dorsum with Elmer's glue (Borden, 

Inc., Bainbridge, NY). I handled the treefrogs and their chambers minimally to avoid 

disturbance. For the duration of the experiment, I checked fecal pellets for beads at 2 h 

intervals each day between 0700 and 0100 h after feeding. To prevent the treefrogs from 

retaining material in the gut I offered unmarked crickets at 2100 h on succeeding nights 

until I collected all markers. I repeated the experiment at 16 ± 1 C following the same 

procedure. The animals were acclimated to 16 C for 24 h before the experiment started. 

I calculated food passage time at each temperature by monitoring the amount of 

time between ingestion and defecation of each marked pellet. The mean time for all 

marked pellets expelled by each animal was then calculated. These means were 

averaged, with n = 8 at 24 C and n = 6 at 16 C. I performed an unpaired Satterthwaite 
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(1946) t-test to compare mean passage times at 24 C and 16 C using PSI Plot software 

(Polysoftware International, Salt Lake City, UT). 

Experiment 3: Apparent digestibility coefficient 

I collected 11 adult male H. chlysoscelis in Lyon Co., KS in May 2002. The 

mean mass of the animals ± SD was 7.07 ± 0.98 g, and mass ranged from 5.61 g to 8.45 

g. During a one-month acclimation period, I fed treefrogs crickets (A. domestica) to 

satiety three times per week. Water was available ad libitum. The room was maintained 

at 21 ± 1 C and the lights were set for a 16:8 L:D cycle. I housed the animals in 1800-ml, 

ventilated, clear plastic containers and provided them with damp paper towels for shelter 

and moisture. 

During Experiment 3, I fed the animals a single cricket once daily at 2000 h for 

eight days. I measured the wet mass of each live cricket prior to feeding it to the treefrog. 

I recorded the number of consumed crickets the following morning. I checked for fresh 

fecal material several times each day and placed any fecal samples in a drying oven at 70 

C until all moisture was removed from the pellets. A fecal pellet was determined to be 

dry when its mass ceased to decrease over 24 h. 

A bomb calorimeter (Model 1351, Parr Instrument Company, Inc., Moline, IL) 

was used to combust all samples. Prior to combustion, I placed each sample inside a 

gelatin capsule. I estimated the mean caloric content of the capsules by bombing six 

individual capsules. I estimated the mean number of calories in the crickets by bombing 

12 representative A. domestica. Past studies have used Waldschmidt et al. 's (1986) value 

of 25.6 KJ/g dry mass of crickets. However, I felt it important to determine the caloric 

value of the specific size (mean ± SD: 0.26 ± 0.03 g) of crickets I used. I measured live 

L 
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wet mass of crickets, then froze the crickets to euthanize them. As with fecal samples, I 

dried crickets at 70 C until all moisture was removed. I recorded dry mass of each 

cricket, and combusted them in the calorimeter. 

Wet mass of the crickets consumed by the treefrogs was multiplied by the Kcal 

per gram of the 12 representative crickets to estimate calories consumed. I estimated the 

number of calories in the capsules that were bombed with the samples using the 

following equation: Kcalcap ~ Kcal/gcap x mass of capsule used, where Kcalcap is the 

estimated number of calories in a capsule that was bombed with a fecal pellet or cricket, 

and Kcal/gcap is the mean number of calories/g in six representative capsules. The 

number of calories in the fecal pellets was determined by the following equations: 

Kcal = F + Kcalcap= 10,158 (T) J x 1 cal/4.l84 J x 1 Kcal/l 000 cal = F + Kcalcap, where tota' 

Kcal is the total number of calories in the sample, F is the estimated number of caloriestota' 

in the fecal pellet, 10,158 is the correction value for the bomb calorimeter used, and T is 

the total change in water temperature caused by combusting the sample. Therefore, F = 

Kcaltota1 - Kcalcap' 

Percent ADC was calculated using the following equation: ADC = (C - F) / C x 

100, where C is the Kcal consumed and F is the number of Kcal in the feces. I used 

linear regression to determine the relationship between C and F. 



RESULTS 

Experiment 1: Diel metabolic rates offasted andfed animals 

No diel patterns were observed in the metabolic rate ofH. chrysoscelis in either 

the fasted or fed groups (Figure 2). Fed animals had significantly higher mean metabolic 

rates than fasted animals (P < 0.0001, F = 95.48, dfl.1s) (Appendix C). There was no 

treatment group by time interaction (P = 0.50, F = 0.88, dfs,8o)' There was no significant 

difference in V02 over time when the two treatment groups were combined (P = 0.33, F = 

1.18, dfs8o)' Mean (± SO) V02 for fasted and fed animals was 33.65 ± 4.74 Jlllg'h and 

117.43 ± 17.81 Jll/g'h, respectively. Mean V02 for fed animals ranged from 2.6 times to 

4.1 times higher than the metabolic rates of fasted animals. 

Experiment 2: Influence oftemperature on feeding performance andfood passage time 

At 24 C, eight treefrogs ate four marked crickets each over four nights followed 

by eight unmarked crickets the fifth night. The treefrogs ate every cricket that was 

offered during the five days of feeding. Therefore, the ingestion at 24 C was 100%. At 

24 C, the beads were defecated in the same sequence that they were fed to the treefrogs. 

The mean ± SD FPT at 24 C was 38.2 ± 9.76 h (Table 1). The minimum FPT at 24 C 

was 20 h. 

After 24 h of acclimation to 16 C, six of eight treefrogs ate 15 marked crickets 

over four nights (Table 1) followed by seven unmarked crickets over the next two nights. 

Two of the treefrogs would not consume food at 16 C. Over the first five days following 

acclimation to 16 C, I offered 32 marked crickets to the treefrogs. The treefrogs 

consumed 15 marked crickets, giving an ingestion rate of 47%. I removed one of the 
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Figure 2. Oxygen consumption over time in fasted and fed H. chrysoscelis (n = 8). Solid 

lines represent fasted animals and dashed lines represent fed animals. Error bars 

represent one standard error above and below the mean. 
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Table 1. Passage time of individual beads in H chrysoscelis at 24 and 16 C. Dashes 

represent uneaten beads. 

Passage Time of Bead at 24 C (h) 
MeanTreefrog Bead 1 Bead 2 Bead 3 SOBead 4 FPT (h) 

1 46 68 44 47 51.25 11.24 
2 24 32 24 33 28.25 4.92 
3 40 34 48 23 36.25 10.53 
4 40 48 24 21 33.25 12.89 
5 20 22 22 45 27.25 11.87 
6 32 48 24 69 43.25 19.86 
7 34 40 80 56 52.50 20.55 
8 22 46 22 45 33.75 13.57 

Mean 38.22 
SO 9.76 

Passage Time of Bead at 16 C (h) 
Mean

Treefrog Bead 1 Bead 2 Bead 3 Bead 4 SO
FPT (h) 

1 106 -- 82 -- 94.00 16.97 
2 120 96 -- -- 108.00 16.97 
3 60 82 94 -- 78.67 17.24 
4 44 46 74 -- 54.67 16.77 
5 138 -- -- -- 138.00 
6 58 34 106 96 73.50 33.48 
7 
8 

Mean 91.14 
SO 29.28 
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eight treefrogs from the experiment after the fifth day due to lack of appetite and lethargy, 

from which it recovered fully at 24 C. The mean ± SD FPT at 16 C was 91.1 ± 29.2 h. 

At 16 C, one of the beads was not defecated in the same sequence that it was fed to the 

treefrog. The minimum FPT at 16 C was 34 h. A t-test demonstrated that mean FPT was 

significantly shorter at 24 than 16 C (P = 0.006, t = -4.25, df = 5.84). I collected data in 

2-h intervals, and summarized it in l2-h intervals (Figure 3). 

Experiment 3: Apparent digestibility coefficient 

The mean caloric value/g ± SD of the 12 representative crickets was 1.42 ± 0.18 

Kcal/g wet mass and 5.37 ± 0.53 Kcallg dry mass (equivalent to 22.48 KJ/g dry mass). 

The mean caloric value of the meals over the eight days of the experiment was 0.218 ± 

0.071 Kcal/day. Treefrog mass did not change significantly over the course of the 

experiment (P = 0.167, t = -1.49, df= 10). The mean ± SD wet mass of meals fed to the 

treefrogs per day was 3.7 ± 0.5% of the mean treefrog mass. 

The estimated mean dry mass of meals fed to the treefrogs per day was 0.9 ± 0.3% 

of the mean treefrog mass. The mean ± SD ADC for H chlysoscelis was 81.1 ± 3.8%. 

At an ADC of 81.1 %, the animals were assimilating an average of 0.74 KJ/day. 

Regression analysis showed a linear relationship (y = 0.2068x - 0.0036, r = 0.76, P = 

0.0006) between consumed calories and calories in the feces (Microsoft Excel 2000) 

(Figure 4). 
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Figure 3. Food passage time in H. chrysoscelis at 24 (n = 32) and 16 C (n = 15). Solid 

bars represent marked fecal pellets defecated at 24 C and crosshatched bars represent 

pellets at 16 C. 
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Figure 4. Linear regression of the number of calories consumed per day and the caloric 

content of feces per day in treefrogs fed crickets at 21 C (n = 11, P = 0.0006). 
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DISCUSSION 

Diel metabolic rates offasted andfed animals 

As expected, the metabolic rate of the fed animals was higher than that of fasted 

animals, indicating an increase in SDA of 2.6 to 4.1- fold in H. chrysoscelis. There is a 

paucity of information regarding SDA of frogs, but my results were similar to SDA 

studies in other anurans. In Bufo woodhousii, V02 increased 1.7-fold 3 h after feeding 

(Sievert and Bailey, 2000). After peptone injection into the stomach, the metabolic rates 

ofBufo marinus increased two-fold (Wang et al., 1995) within 5 to 6 h. In my study, the 

standard error in the fed animals was much higher than in the fasted animals, and 

although not statistically significant, there was greater variation in the mean V02 rates 

over time in the fed animals. Because the animals did not eat at the same time prior to 

data collection and cricket size varied, the animals were at different stages of the SDA 

curve. 

If the SDA in H. chrysoscelis approaches its metabolic scope, much of the 

animal's post-feeding activities would be limited to digestive processes. My data suggest 

that during SDA the treefrogs did not approach their aerobic capacity, which is generally 

5 to lOx resting rates (Withers, 1992). For many frequently feeding ectotherms, the 

energetic cost of SDA is generally a small fraction of the energy gained from the meal 

(Sievert and Bailey, 2000). One activity, calling in male frogs, has been shown to require 

the most aerobic metabolism known in ectothermic vertebrates, and exceeds the V02 of 

forced exercise (Taigen and Wells, 1985). Hyla versicolor maintained a V02resl of 0.08 

ml/g h, yet the V02 during calling was 1.7 ml/g h (Pough et al., 1992). Calling metabolic 

rates of such magnitude probably limit digestive functions. Because calling frogs are able 

to maintain such high levels ofV02, it is likely that the SDA in H. chlysoscelis is below 
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its metabolic capacity, and the cost of SDA does not prohibit the animals from activities 

that are moderately aerobic, such as hydroregulation or predator avoidance behaviors. 

However, the cost of calling during the breeding season may preclude feeding. 

My data do not support my hypothesis that H. chrysoscelis would have a higher 

metabolic rate at night due to its nocturnal activity patterns. The metabolic rate ofH. 

chrysoscelis is dependent upon the amount of time since food consumption rather than 

time of day. As with H. chrysoscelis, no significant effect oftime of day was seen in 

resting metabolic rates oftwo frogs, Colostethus nubicola and Eleutherodactylus coqui 

(Taigen and Pough, 1983), nor in the hylid frog Acris crepitans (Dunlap, 1969). The life 

history traits ofE. coqui are similar to those ofH. chrysoscelis, in that the frogs remain in 

shelters during the day and become active during humid nights (Taigen and Pough, 

1985). 

Adult H. chrysoscelis, like E. coqui, are sit-and-wait predators with very few 

aerobic needs - beyond what is required for maintenance - while awake and resting. The 

V02TeS! determined for H. chrysoscelis in this study was lower than that ofH. chrysoscelis 

at 20 C (Blem et al., 1986) or for most hylids at similar temperatures (Gatten et al. 1992). 

Energy is expended primarily during brief periods of locomotion and in digestion of food. 

This is also seen in the genus Colostethus, which satisfies its energy requirements by 

consuming large, infrequent meals (Pough et aI., 1998). This is in contrast to amphibians 

that maintain higher oxygen consumption during the activity cycle (R. pipiens; Guimond 

and Hutchison, 1968), or where the metabolic rates correspond with photoperiod (B. 

marinus; Hutchison and Kohl, 1971; X laevis; Abel et al., 1992). The nocturnal marine 

toad, B. marinus, is a voracious active predator (Alexander, 1964). However, X laevis is 

.......
_.~ 
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relatively inactive, but exhibits voracious sit-and-wait feeding habits (Avila and Frye, 

1978). 

Taigen et al. (1982) found a correlation between anuran predatory behavior, 

locomotion type, and a dependence upon oxidative metabolism, termed the Aerobic 

Dependence Index (ADI). The animals that were sit-and-wait predators and jumpers, 

such as E. coqui, had lower ADIs with respect to active foragers and non-jumpers such as 

B. americanus. H. chrysoscelis, a passive forager that leaps long distances, fits well into 

Taigen et al. 's (1982) description of an animal with a low AD!. Advantages of a low 

aerobic capacity include the ability to occupy unique ecological niches not occupied by 

animals with higher energy and oxygen demands, and the ability to generate energy 

rapidly while maintaining low V02res! (Pough, 1980). 

Active foragers tend to require more food because of their higher energy output 

for locomotion and foraging, while passive foragers consume larger, more infrequent 

meals (Taigen and Pough, 1985). Metabolic rates of H. chrysoscelis were driven by the 

SDA associated with passive food intake rather than the daily energetic demands of 

active foraging. A more exhaustive comparison of the diel resting metabolic rates of 

active and passive foragers would provide valuable insight into the relationships between 

the physiology and natural history of anurans. 

Influence ojtemperature on Jood passage time 

At 16 C, H. chrysoscelis ate less frequently and passed food through the digestive 

system at a slower rate than at 24 C. There was also more variation in the mean FPT at 

16 C than at 24 C. These findings are consistent with temperature-dependent feeding 

energetics in other ectotherms. As temperature increases within the thermal limits of the 



30 

animal, physiological processes such as metabolic rates (Guimond and Hutchison, 1968; 

Brownlie and Loveridge, 1983; Beaupre et ai., 1993a) and digestive rates increase 

(Riddle, 1909; Greenwald and Kanter, 1979). At cold temperatures (10 C), Blem et ai. 

(1986) found that metabolic rates ofH. chrysoscelis were significantly lower than at 

wanner temperatures (20-30 C) and were dependent upon acclimation time. The authors 

found that energy assimilation also increased with increases in temperature from 19 to 29. 

The reduction ofmetabolic processes at cold temperatures serves to benefit the frog by 

reducing energy costs, and increasing the amount of time that energy stores can maintain 

them (Packard, 1972). 

When treefrogs emerge from hibernation in April, the cool spring temperatures 

result in reduced motivation to feed. In Kansas, male gray treefrogs are actively calling at 

temperatures as low as 16 C (Clarke, 1958). However, in the laboratory at 16 C, H. 

chrysoscelis only ate 47% of the food that I presented to them. Calling is an expensive 

activity (Bucher et ai., 1982; Prestwich et ai., 1989) and metabolic rates are up to 22 

times higher in calling animals than resting animals (Wells and Taigen, 1986; Wells and 

Taigen, 1989; Pough et ai., 1992). There are no known records of calling H. chlysoscelis 

feeding at low temperatures, although some of the treefrogs that were collected for these 

studies were calling at night in the lab at 21 C, and would consume crickets if fed prior to 

calling. If the animals are not motivated to feed at low temperatures, how are they 

fulfilling the high-energy demands of calling? It is possible that males are relying, in 

part, on the fat stored in the previous summer and carried through hibernation for calling 

at low temperatures in spring. Blem et ai. (1986) measured lipid reserves of H. 

chrysoscelis from May to July and found lipid reserves to be highest at the end of the 

summer. However, it is unknown whether the animals in the Blem et ai. study were able 
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to maintain high-level lipid reserves throughout hibernation, because these authors did 

not measure the lipid levels of pre-mating animals. Pinder et at. (1992), who reviewed 

the general pattern of seasonal energy reserves in amphibians, found that fuel is 

accumulated prior to overwintering to support hibernation and spring breeding. 

Therefore, it is likely that on cool spring nights male gray treefrogs are not motivated to 

eat, and must support calling with lipid reserves accumulated during the previous year. 

The decreased motivation ofH. chrysoscelis to feed at 16 C was problematic in 

measuring FPT at that temperature. Since fewer animals ate regular meals, the sample 

size was lower at 16 C. Greater retention times may have also increased the probability 

that the beads were separated from the meal. I offered the treefrogs food every day to 

reduce the likelihood that feces would be retained. At 24 C, treefrogs consumed a single 

cricket each day at 2100 h. In their natural setting at 24 C, these sit-and-wait predators 

probably feed more sporadically and may be able to consume greater numbers of smaller 

prey than the crickets I provided. An increase or decrease in meal size or meal frequency 

may have affected the observed FPTs (Larsen, 1992). My results showed a significant 

difference in FPTs at two temperatures when offered a standardized meal size. 

The methods used in this study were probably more variable than other studies in 

which the animals are sacrificed and the gut contents are examined to determine digestive 

rate. My FPT results do not consider the amount of time that fecal matter is retained in 

the gut prior to defecation without being actively digested. However, my results more 

accurately reflect the FPTs of treefrogs in nature because the animals were not force-fed, 

and I did not sacrifice any treefrogs. 

The treefrogs exhibited an increased metabolic rate 24 to 48 h following a feeding 

at 21 C. Frequently feeding anurans sometimes show a peak in oxygen consumption 
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associated with SDA within a few hours after feeding (Bufo marinus: Wang et ai., 1995; 

Bufo woodhousii: Sievert and Bailey, 2000). Frequent feeders such as R. catesbeiana 

experience modest 4-fo1d increases in oxygen consumption in comparison to the la-fold 

increase in oxygen consumption of infrequent feeders such as C. ornata and P. adspersus 

(Secor and Diamond, 1996). 

At 24 C, the animals were voluntarily ingesting food every 24 h and passing the 

food as waste within 38.2 ± 9.76 h. The data suggest that at these temperatures, the 

treefrogs are able to process a meal in less than 48 h. A combination offield observations 

of the feeding patterns ofH. chrysoscelis, an investigation of the stomach evacuation 

time, and a precise determination of the magnitude and duration of the SDA would 

greatly enhance our knowledge of the feeding energetics ofthe species. 

Apparent digestibility coefficient 

The ADC ofH. chrysoscelis in this study is complementary to the results ofBlem 

et al. (1986), who examined the effect of temperature on ADC in H. chlysoscelis when 

animals were fed mealworm (T. molitor) larvae. Blem et al. found that the ADC ± SE at 

19 C, 24 C, and 29 C was 89.1 ± 1.7%,91.1 ± 1.4%, and 94.6 ± 1.0%, respectively. This 

demonstrated that increases in ambient temperature above 29 C significantly increased 

the ADC ofH. chrysoscelis. Statistically insignificant changes in physiological factors, 

such as increases in metabolic rate, peristalsis, and ADC due to increases in temperature 

(Blem et ai. 1986), may work in concert to decrease food passage time, as seen in 

Experiment 2. Conversely, a lower metabolic rate and lower absorption rates at low 

temperatures may increase the amount of time needed to extract nutrients from a meal, 
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causing the treefrog to retain the meal for a longer period. However, ifmaterial remains 

in the digestive tract at low temperatures, the animal is susceptible to the material rotting. 

Meal type may account for the difference between the ADC in this study and that 

ofBlem et al. (1986). My study animals were acclimated to 21 ± 1 C and had lower 

relative ADC (81.1 ± 3.8%) when fed crickets. The omnivorous lizard Klauberina 

riversiana is an example ofhow meal type can affect ADC. ADC ofK. riversiana fed 

mealworms was 93% compared to 89% in animals fed apples. In general, herbivores 

have relatively low digestive efficiencies compared to insectivores. The gopher tortoise, 

Gopherus polyphemus, digested only 68% of the organic matter in legume leaves 

(Bjorndal, 1987). Vertebrates lack special enzymes that break down cellulose cells walls 

that protect the easily digested nutrients in plants (Sibly, 1981). 

Similarly, the chitinous exoskeletons of crickets are indigestible by frogs and 

toads (Smith, 1976), due to a lack of chitinase (Kitchell and Windell, 1972), and are 

excreted in the feces. Licht and Jones (1967) tested the ADC of the lizard AnoUs 

carolinensis when given three different food types. When given mealworm larvae, 

mealworm adults, and crickets, the ADC differed significantly between food types 

(88.9%, 54.4% and 69.5% respectively). Similarly, Crotophytus collaris had 

significantly lower ADC when fed adult A. domestica than when fed either T. moUtor 

larvae or neonatal mice (Kearney, 2002). My data fit this pattern; the ADC of treefrogs 

fed mealworms (Blem et al., 1986) was higher than that of treefrogs fed crickets. The 

ADC represents the percent of calories that are digestible, and underestimates the 

efficiency of digestion due to energy contained in indigestible materials such as chitin. 

Blem et al. (1986) did not discuss meal size, which may be a factor in the ADC of 

the animals. In my study, I avoided variation in meal size by offering the treefrogs one 
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cricket within one size class per feeding; however, the treefrogs were not force-fed and 

therefore were able to control whether they ate or not. 

At 21 C, I estimated the treefrogs consumed 0.22 Kcal/day, equivalent to 0.91 

KJ/day. At an ADC of81.1 %, the animals were assimilating 0.74 KJ/day. Blem et ai. 

(1986) found that H. chrysoscelis metabolized 0.07 KJ/day at 19 C, 0.31 KJ/day at 24 C, 

and 0.57 KJ/day at 29 C. The authors did not specify the mass of the food given to the 

treefrogs. Since the mean mass ofmy treefrogs remained constant, the amount of food 

given to them was appropriate. The amount of food that I supplied to the treefrogs was 

greater than the estimated intake requirement for the animals in the Blem et ai. study. 

The animals used in the Blem et al. study were collected in Virginia, which has a 

different climate from Kansas. Some ectotherrns' physiologies vary with their 

geography. The lizard Sceioporus unduiatus had variation in energy assimilation 

depending on the geography ofthe sample population. Sceioporus unduiatus from New 

Jersey had lower energy intake than lizards from South Carolina when placed in the same 

laboratory conditions (Angilletta, 2001). Given the considerations of food type, meal 

size, and possible interspecific geographic variation in H. Chl)Jsoscelis, my results are 

similar to those of Blern et ai. (1986). 



SUMMARY 

At 20 to 24 C, normal temperatures at which the animal is active in nature, H. 

chrysoscelis had a low resting metabolic rate, short food passage time, and efficient 

digestion. As temperature decreases, and prey items become less active and less 

available, the ADC decreases along with a decrease in metabolic rate (Blem et ai., 1986), 

decreased motivation to feed, and a longer food passage time. Longer food passage times 

may be a compensation for the decrease in digestive efficiencies at low temperatures. 

Increased ADC at higher temperatures fuels higher metabolic rates and allows the animal 

to retain food for shorter time, clearing the stomach for a future meal. 

At 20 C, the metabolic rate ofH. chrysoscelis increased significantly, 2.6 to 4.1 

times, within 24 to 48 h following a meal due to SDA, which is similar to the SDA of 

Bufo woodhousii (Sievert and Bailey, 2000) and Bufo marinus (Wang et ai., 1995). Food 

passage times at 21 C reflected an increased metabolic rate, as the animals were 

defecating approximately 38 h post-feeding. I estimate that at temperatures between 20 

and 24 C, the animals are capable of processing a meal within 48 h, and feed once a day 

to every other day if feeding on meals similar in size and type to those provided in this 

study. Taigen and Pough (1985) stated that passive foragers must rely on large, 

infrequent prey items as opposed to active foragers, which consume large amounts of 

small-bodied prey. In their natural setting, H. chrysoscelis feeds on a wider variety of 

meal sizes and types than is generally supplied in laboratory studies. 

The ADC of the treefrogs is dependent upon type of food, as seen with other 

ectotherms (Licht and Jones, 1967; Johnson and Lillywhite, 1979). I fed my treefrogs 

crickets, which resulted in slightly lower digestive efficiencies than treefrogs fed 



36 

mealwonn larvae (Blem et ai., 1986). Anolis carolinensis'showed a similar pattern when 

ADC was compared using crickets and mealwonn larvae (Licht and Jones, 1967). 

Because H. chrysoscelis is a sit-and-wait predator, it exhibits a low, non-cyclical 

resting metabolism similar to E. coqui (Taigen and Pough, 1983) and A. crepitans 

(Dunlap, 1969). The advantage ofmaintaining a low resting metabolic rate is that energy 

is conserved until more food is available. This is in contrast to active foragers such as H. 

frenatus (Petren and Case, 1996), which maintained higher metabolic rates during the 

activity cycle, and B. marinus (Hutchison and Kohl, 1971), in which the metabolic rate 

corresponded with photoperiod. 

I estimate the cost of SDA to be lower than the aerobic scope of the animal 

considering the extremely high metabolic rates reported for calling frogs (Bucher et ai., 

1982; Wells and Taigen, 1989). However, it is unknown whether H. chrysoscelis is 

capable of feeding during calling at low temperatures. Further research into lipid reserves 

of H. chrysoscelis during hibernation and breeding would greatly increase our knowledge 

of this animal's adaptive strategies for supporting high energy demands of reproduction. 





38
 

ABEL, D., D. B. SEALE, AND M. E. BORAAS. 1992. Periodicities and transient shifts in 

anuran (Xenopus laevis, Rana clamitans) oxygen consumption revealed with 

flow-through respirometry. Comparative Biochemistry and Physiology lOlA: 

425-432. 

ALEXANDER, G. J., C. VAN DER HEEVER, AND S. L. LAZENBY. 2001. Thermal 

dependence of appetite and digestive rate in the Flat Lizard, Platysaurns 

intermedius wilhelmi. Journal of Herpetology 35: 461-466. 

ALEXANDER, T.R. 1964. Observations on the feeding behavior ofBufo marinus (Linne). 

Herpetologica 20:255-259. 

ANGILLETIA, M. J. 2001. Thermal and physiological constraints on energy assimilation 

in a widespread lizard (Sceloporns undulatus). Ecology 82:3044-3056. 

AVILA, V. L. AND P. G. FRYE. 1978. Feeding behavior of the African Clawed Frog 

(Xenopus laevis Daudin): effect of prey type. Journal of Herpetology 12:391-396. 

BEAUPRE, S. J. AND A. E. DUNHAM. 1995. A comparison of ratio-based and covariance 

analysis of a nutritional data set. Functional Ecology 9: 876-880. 

BEAUPRE, S. 1., A. E. DUNHAM, AND K. L. OVERALL. 1993a. Metabolism of a desert 

lizard: The effects of mass, sex, population of origin, temperature, time of day, 

and feeding on oxygen consumption of Sceloporns merriami. Physiological 

Zoology 66: 128-147. 

BEAUPRE, S. J., A. E. DUNHAM, AND K. L. OVERALL. 1993b. The effects of consumption 

rate and temperature on apparent digestibility coefficient, urate production, 

metabolizable energy coefficient and passage time in canyon lizards (Sceloporns 

merriami) from two populations. Functional Ecology 7: 273-280. 



39 

BJORNDAL, K. A. 1987. Digestive efficiency in a temperate herbivorous reptile, 

Gopheros polyphemus. Copeia 1987:714-720. 

BLEM, C. R., C. A. RAGAN, AND L. S. SCOIT. 1986. The thermal physiology oftwo 

sympatric treefrogs Hyla cinerea and Hyla chrysoscelis (Anura; Hylidae). 

Comparative Biochemistry and Physiology 85A: 563-570. 

BOBKA, M. S., R. G. JAEGER AND D. C. McNAUGHT. 1981. Temperature dependent 

assimilation efficiencies of two species of terrestrial salamanders. Copeia 1981: 

417-421. 

BRAITSTROM, B. H. 1979. Amphibian temperature regulation studies in the field and 

laboratory. American Zoologist 19: 345-356. 

BROWNLIE, S. AND J. P. LOVERIDGE. 1983. The oxygen consumption of the limbed and 

limbless African Skinks (Sauria: Scincidae): circadian rhythms and effect of 

temperature. Comparative Biochemistry and Physiology 74A: 643-647. 

BUCHER, T. L., M. J. RYAN, AND G. A. BARTHOLOMEW. 1982. Oxygen consumption 

during resting, calling and nest building in the frog Psysalaemus pustulosus. 

Physiological Zoology 55: 10-22. 

CAREY, C. 1978. Factors affecting body temperatures of toads. Oecologia 35: 197-217. 

CHRISTIAN, K. A. 1986. Physiological consequences of nighttime temperature for 

tropical, herbivorous lizard (Cyclura nubila). Canadian Journal of Zoology 

64:836-840. 

CLARKE, R. F. 1958. An ecological study of reptiles and amphibians in Osage County, 

Kansas. Emporia State Research Studies 7: 1-52. 



40 

COLLINS, J. T. 1993. Amphibians and Reptiles in Kansas. 3m edition, revised. Public 

education series no 13. University of Kansas, Museum of Natural History. The 

University Press of Kansas. Lawrence. 

CONANT, R. AND J. T. COLLINS. 1998. A Field Guide to Reptiles and Amphibians of 

Eastern and Central North America. 3m edition, expanded. Houghton Mifflin 

Company, NY. 

CRAGG, P. A. 1978. Oxygen consumption in the lizard genus Lacerta in relation to diel 

variation, maximum activity and body weight. Journal of Experimental Biology 

77: 33-56. 

DUNLAP, D. D. 1969. Influence of temperature and duration of acclimation, time of day, 

sex and body weight on metabolic rates in the hylid frog, Acris crepitans. 

Comparative Biochemistry and Physiology 31: 555-570. 

FEDER, M. E. AND J. H. FEDER. 1981. Diel variation ofoxygen consumption in three 

species of Philippine gekkonid lizards. Copeia 1981: 204-209. 

FITZPATRICK, L. C. 1973. Influence of seasonal temperatures on the energy budget and 

metabolic rates of the Northern Two-lined Salamander Ewycea bislineata 

bislineata. Comparative Biochemistry and Physiology 45A: 807-818. 

FREED, A. N. 1980. An adaptive advantage ofbasking behavior in an anuran amphibian. 

Physiological Zoology 53: 433-444. 

GATTEN, R. E. JR. 1980. Metabolic rates of fasting and recently fed spectacled caimans 

(Caiman crocodilus). Herpetologica 36: 361-364. 

GATTEN, R. E. JR., K. MILLER, AND R. J. FULL. 1992. Energetics at rest and during 

locomotion. In: Environmental Physiology of the Amphibians. M. E. Feder and 

W. W. Burggren (eds.). University of Chicago Press, Chicago. 



41 

GOSSLING, J., W. J. LOESCHE, AND L. D. OrrONI. 1980. Passage of material through the 

gut of hibernating Rana pipiens (Amphibia, Anura, Ranidae). Journal of 

Herpetology 14: 407- 409. 

GREEN, D. M. 1981. Adhesion and the toe pads of treefrogs. Copeia 1981: 790-796. 

GREENWALD, O. E. ANDM. E. KANTER. 1979. The effects of temperature and behavioral 

thermoregulation on digestive efficiency and rate in Com Snakes (Elaphe guttata 

guttata). Physiological Zoology 52: 398-408. 

GUIMOND, R. W. AND V. H. HUTCHISON. 1968. The effect of temperature and 

photoperiod on gas exchange in the Leopard Frog, Rana pipiens. Comparative 

Biochemistry and Physiology 27: 177-195. 

HARWOOD, R. H. 1979. The effect of temperature on the digestive efficiency of three 

species oflizard, Cnernidophorus tigris, Gerrhonotus rnulticarinatus and 

Sceloporus occidentalis. Comparative Biochemistry and Physiology 63A: 417

443. 

HATCH, K. A. AND D. AFIK. 1999. Retention time of digesta in insectivorous lizards - a 

comparison ofmethods and species. Comparative Biochemistry and Physiology 

A124: 89-92. 

HILLIS, D. M., J. T. COLLINS, AND J. P. BOGART. 1987. Distribution ofdiploid and 

tetraploid species of Gray Treefrogs (Hyla chrysoscelis and Hyla versicolor) in 

Kansas. American Midland Naturalist 117: 214-217. 

HUTCHISON, V. H. AND M. A. KOHL. 1971. The effect of photoperiod on daily rhythms 

of oxygen consumption in the tropical toad, Bufo rnarinus. Zeitschrift fur 

Vergleichende Physio1ogie 75: 367-382. 



42 

JIANG, S. AND D. L. CLAUSSEN. 1993. The effects of temperature on food passage time 

through the digestive tract in Notophthalmus viridescens. Journal of Herpetology 

27: 414-419. 

JOHNSON, R. N., AND H. B. LILLYWHIlE. 1979. Digestive efficiency of the omnivorous 

lizard Klauberina riversiana. Copeia 1979:431-437. 

JOHNSON, T. R. 1987. Amphibians and Reptiles of Missouri. Missouri Department of 

Conservation, Jefferson City. 

KEARNEY, M. E. 2002. Digestive Parameters of the Eastern Collared Lizard, 

Crotophytus collaris. Unpublished Master's thesis, Emporia State University, 

Emporia, KS. 

KITCHELL, J. F. AND 1. T. WINDELL. 1972. Energy budget for the lizard Anolis 

carolinensis. Physiological Zoology 45:178-188. 

LARSEN, L. O. 1984. Feeding in adult toads: physiology, behavior, ecology. 

Videnskabelige Meddele1ser Sra Dansk Naturhistorisk Forening 145: 97-116. 

LARSEN, L. O. 1992. Feeding and digestion. In: Environmental Physiology of the 

Amphibians. M. E. Feder and W. W. Burggren (eds.). University of Chicago 

Press, Chicago. 

LAYNE, J. R. AND M. A. ROMANO. 1985. Critical thermal minima ofHyla chlysoscelis, 

H cinerea, H. gratiosa and natural hybrids (H cinerea x H gratiosa). 

Herpetologica 41: 216-21. 

LICHT, P., AND R. E. JONES. 1967. Effects of exogenous prolactin on reproduction and 

growth in adult males of the lizard Anolis carolinensis. General Comparative 

Endocrinology 8: 228-244. 



43 

LILLYWHITE, H. 8., P. LIcIIT, AND P. CHELGREN. 1973. The role of behavioral 

thermoregulation in the growth energetics of the toad, Bufo boreas. Ecology 54: 

375-383. 

MERCHANT, H. C. 1970. Estimated energy budget of the Red-backed Salamander, 

Plethodon cinereus. Unpublished Ph.D. dissertation, Rutgers University, New 

Brunswick, NJ. 

MOLL, E. O. AND J. M. LEGLER. 1971. The life history of a neotropical slider turtle, 

Pseudemys scripta (Schoepff) in Panama. Bull. L. A. City Museum of Natural 

History and Science No 11. 102 p. 

PACKARD, G. C. 1972. Inverse compensation for temperature in oxygen consumption of 

the hylid frog Pseudacris triseriata. Physiological Zoology 45:270-275. 

PETREN, K. AND T. J. CASE. 1996. An experimental demonstration of exploitation 

competition in an ongoing invasion. Ecology 77: 118-132. 

PINDER, A. W., K. B. STOREY, AND G. R. ULTSCH. 1992. Estivation and hibernation. In: 

Environmental Physiology of the Amphibians. M. E. Feder and W. W. Burggren 

(eds.). University of Chicago Press, Chicago. 

POUGH, F. H. 1980. The advantages of ectothermy for tetrapods. The American 

Naturalist 115: 92-112. 

POUGH, F. H., R. M. ANDREWS, J. E. CADLE, M. L. CRUMP, A. H. SAVITSKY, AND K. D. 

WELLS. 1998. Herpetology. Prentice-Hall, Inc. Upper Saddle River, NJ. 

POUGH, F. H., W. E. MAGNUSSON, M. J. RYAN, K. D. WELLS, AND T. L. TAIGEN. 1992. 

Behavioral energetics. In: Environmental Physiology of the Amphibians. M. E. 

Feder and W. W. Burggren (eds.). University of Chicago Press, Chicago. 



44
 

PRESTWICH, K. N., K. E. BRUGGER, AND M. TOPPING. 1989. Energy and communication 

in three species ofhylid frogs: power input, power output and efficiency. Journal 

of Experimental Biology 144: 53-80. 

RAUBENHEIMER, D. 1995. Problems with ratio analysis in nutritional studies. Functional 

Ecology 9: 21-29. 

RIDDLE, O. 1909. The rate of digestion in cold-blooded vertebrates. - The influence of 

season and temperature. American Journal of Physiology 24: 447-448. 

SATIERTIIWAITE, F. E. 1946. An approximate distribution of estimates of variance 

components. Biometrics Bulletin 2: 110-114. 

SECOR, S. M. AND J. DIAMOND. 1996. Adaptive responses of digestive physiology in 

frogs. American Zoologist 36: 17A. 

SECOR, S. M. AND J. DIAMOND. 1997. Determinants of the postfeeding metabolic 

response of Burmese Pythons, Python molurus. Physiological Zoology 70: 

202-212. 

SmLY, R. M. 1981. Strategies of digestion and defecation. In: Physiological Ecology: 

An Evolutionary Approach to Resource Use. C. R. Townsend and P. Calow, 

(eds.). Sinauer Associates, Inc., Sunderland, MA. 

SIEVERT, L. M. AND P. ANDREADIS. 1999. Specific dynamic action and postprandial 

thermophily in juvenile Northern Water Snakes, Nerodia sipedon. Journal of 

Thermal Biology 24:51- 55. 

SIEVERT, L. M. AND B. K. DAVIS. 1995. Effects of temperature and time of day on 

metabolic rate in the salamanders Desmognathus ochropheaus and Plethodon 

websteri. Journal of the Tennessee Academy of Science 70:1-3. 



45 

SIEVERT, L. M. AND J. K. BAILEY. 2000. Specific dynamic action in the toad, Bufo 

woodhousii. Copeia 2000:1076-1078. 

SKOCZYLAS, R. 1970. Influence of temperature on gastric digestion in the Grass Snake, 

Natrix natrix L. Comparative Biochemistry and Physiology 33:793-804. 

SMITH, C. C. AND A. N. BRAGG. 1949. Observations on the ecology and natural history 

of Anura, VII. Food and feeding habits of the common species of toads in 

Oklahoma. Ecology 30:333-349. 

SMITH, G. C. 1976. Ecological energetics of three species ofectothermic vertebrates. 

Ecology 57:252-264. 

SPOTILA, J. R. 1972. Role of temperature and water in the ecology of lung1ess 

salamanders. Ecological Monographs 42: 95-125. 

STEVENS, D. E. 1988a. Acclimation temperature markedly alters the motivation to feed 

in the toad, Bufo americanus. Journal of Thermal Biology 13:73-78. 

STEVENS, D. E. 1988b. Feeding performance of toads at different acclimation 

temperatures. Canadian Journal of Zoology 66:537-539. 

STEVENS, D. E. 1988c. The effect of acclimation temperature on feeding performance in 

the toad Bufo americanus. Comparative Biochemistry and Physiology 

89A:131-135. 

TAIGEN, T. L. AND F. H. POUGH. 1983. Prey preference, foraging behavior, and 

metabolic characteristics of frogs. American Naturalist 122:509-520. 

TAIGEN, T. L. AND F. H. POUGH. 1985. Metabolic correlates of anuran behavior. 

American Zoologist 25:987-997. 

TAIGEN, T. L. AND K. D. WELLS. 1985. Energetics of vocalization by an anuran 

amphibian (Hyla versicolor). Journal of Comparative Physiology 155:163-170. 



46 

TAIGEN, T. L., S. B. EMERSON, AND F. H. POUGH. 1982. Ecological correlates ofanuran 

exercise physiology. Oecologia 52:49-56. 

WALDSCHMIDT, S. R., S. M. JONES, AND W. P. PORTER. 1986. The effect ofbody 

temperature and feeding regime on activity, passage time, and digestive 

coefficient in the lizard Uta stansburiana. Physiological Zoology 59:376-383. 

WANG, T., W. BURGGREN, AND E. NOBREGA. 1995. Metabolic, ventilatory, and 

acid-base responses associated with specific dynamic action in the toad. 

Physiological Zoology 68: 192-205. 

WELLS, K. D. AND T. L. TAIGEN. 1986. The effect of social interactions on calling 

energetics in the gray treefrog (Hyla versicolor). Behavioral Ecology and 

Sociobiology 19: 9-18. 

WELLS, K. D. AND T. L. TAIGEN. 1989. Calling energetics of a neotropical treefrog, 

Hyla microcephala. Behavioral Ecology and Sociobiology 25: 13-22. 

WITHERS, P. C. 1992. Comparative Animal Physiology. Saunders College Publishing. 

Jovanovich Publishers, Orlando, FL. 

WITTERS, L. R. AND L. M. SIEVERT. 2001. Feeding causes thermophily in the 

Woodhouse's Toad Bufo woodhousii. Copeia 2001 :205-208. 



S3:JICIN3ddV 



-
-

-
-

¥Q
,..

A%
$ 

... 
(.

,£
L

iZ
X

iH
tt

 I
,U

J.
3 

U
J
J
!!

! 
.J

 
$ 

H
 

"(
 

" 
'.

'1
 

X
'1

""
$

C
'(

' 
n

-
f·

t 
t 

t 
e

ft
 

M
 

,-
3 

"
>

l 
b 

..,
.•

 ..
.,.

;'!
V

'"
 .

...
. 

p 
'.

k
 

W
M

_
"
'.

..
. 

'w
" 

,_m
 

"'.
,.'-

"_
.,_

_.
_.. 

_ 
......._

"'
......

......
...'-"

._,.
-"'.

,~, ..
. ~--

-'""
"'~"

"."'
;


e
_

	
 

1 

I 
G

) 
"T

l 
0 

(
)

II
I 

I 
G

) 
"T

l 
m

0 
(
)
 

II
I 

» 
I

I
I

I
I

I
I 

I
I

I 
I

I
I

I 

or 
or 

or 
or

CD
 

CD
' 

CD
' 

CD
 

CD
 

CD
 

or
or

or
or 

0
-

0
-

0
-

0
-

0
-

0
-

en
en

 
en

en
 

en
 

en
en

en
~I	 

~I 
.....

 
.....

 
.....

 
.....

 
.....

 
.....

 
.....

 
.....

 
CD

 
CD

CD
 

CD
 

CD
CD

CD
 

CD
 

0
-

0
-

0
-

0


0
-

0
-

0
-

0


19
 A

ug
. 

19
99

 
I 

10
 A

ug
. 

19
99

 
I 

03
 S

ep
t. 

19
99

 
I 

23
 A

ug
. 

19
99

 

19
 A

ug
. 

19
99

 
I I 

11
 A

ug
. 

19
99

 
03

 S
ep

t. 
19

99
 

I 
23

 A
ug

. 
19

99
 

21
 J

ul
y 

19
99

 
I 

13
 A

ug
. 

19
99

 
I 

03
 S

ep
t. 

19
99

 
20

 J
ul

y 
19

99
 

21
 J

ul
y 

19
99

 
I 

13
 A

ug
. 

19
99

 
I 

29
 A

ug
. 

19
99

 
20

 J
ul

y 
19

99
 

20
 A

ug
. 

19
99

 
I 

13
 A

ug
. 

19
99

 
29

 A
ug

. 
19

99
 

I 
20

 J
ul

y 
19

99
 

18
 A

ug
. 

19
99

 
10

 A
ug

. 
19

99
 

I 
29

 A
ug

. 
19

99
 

I 
06

 S
ep

t. 
19

99
 

-; ., CD
 

CD
 
~

 
0 ce

 
"U

 
D>

 ., 

'0
 

p
) .....
.. 

"1
 

V
l 

:>
 

'0
 

'0
 g 0.
..

.....
.. 

;><
 ;>
 

>-3 .....
.. S ~
 

I 
~I

 
I 

~ -0 CP
 

"1
 

0.
.. .....
.. 

0 -
I 

~I
 

I 
-< 0 

N
 S 0 p

) ~ 
I I 

§I §! 

=!
 

3 CD
 

0 - 0 D>
 

'<
 

.....
... I -

3 a V
l 

0 ....
.. S
' 

V
l "* 0 0.
.. 

p
) I:'
 

0.
.. 

~
 

0.
.. 

I 
§! 

I 
~

 
~

 
~

 

I	 
0 l\

)
 

V
J 

0 

~
 

0 ~
 '" ~ -r;:;' 

.j:
>.

 
0

0
 



49 

I 

Appendix B. The following equation was used to calculate V02 for H. chrysoscelis. 

V02 = Vi*Xi - Vo*Xo 

where Vi is the airflow rate into the chamber, Vo is the airflow rate out of the chamber 

into the oxygen analyzer, Xi is the oxygen concentration of the room, and Xo is the 

oxygen concentration of the air flowing out ofthe chamber. The flow rate into the 

chamber was determined using the following equation: 

Vo = Vi (NilNo) 

where Ni is the nitrogen concentration of the room (1 - Xi), and No is the nitrogen 

concentration of the chamber (l - Xo). The final V02 was determined by correcting for 

standard temperature and pressure: 

V02 final = (V02 * P * 273) / (273 + T) * 760 

where P is the barometric pressure, and T is temperature. To correct for differences in 

mass among the animals, V02 final was divided by total mass of the animals in the 

chamber and then multiplied by 60 minlhr to yield the total ml/g . h. This number was 

multiplied by 1000 to yield fll/g . h. 

~
 



50 

Appendix C. Repeated measures analysis of variance for fasted and fed groups (G) over 

time (T). 

Source 
Between SUbjects 
G (Group) 
Error 1 

Within Subjects 
T 
GT 
Error 2 

OF 
15 

1 
14 

80 
5 
5 

70 

SS(U) 
193230.73 
168521.80 
24708.93 

106134.14 
7782.09 
5810.85 

92541.21 

MSS 

168521.80 
1764.92 

1556.42 
1162.17 
1322.02 

F 

95.48 

P 

0.0000 

1.177 
0.879 

0.3291 
0.4998 
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