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Abstract 

Body temperature affects nearly all processes of ectotherms. Reptiles do not generate 

sufficient heat to internally regulate their body temperature. Consequently, body 

temperature is regulated behaviourally. The extent to which reptiles regulate body 

temperature, however, varies greatly. The Huey and Slatkin (1976) cost benefit model of 

thermoregulation has been used to predict thermoregulatory investment.  The cost benefit 

model predicts that individuals should thermoregulate more precisely when the costs of 

thermoregulation are low. The costs of thermoregulation are low when the thermal quality 

of the habitat is high.  To test this prediction, I took 31,297 internal body temperature (Tb) 

measurements from 18 midland painted turtles (Chrysemys picta marginata) throughout 

their active season in a marsh in eastern Ontario. I derived operative environmental 

temperatures (Te) from physical models and water temperatures.  I measured the preferred 

body temperature range (Tset) of painted turtles in a thermal gradient. Tset was 21.3oC to 

25.0oC. I used Tb, Te, and Tset to calculate thermoregulation indices (Ex and de-db) to 

quantify the extent of thermoregulation.   Ex = 40.7% and de-db = 2.4oC.  Both values 

indicated that painted turtles are moderate thermoregulators, despite inhabiting a high cost, 

low thermal quality environment.  Effort to regulate body temperature increased as the 

thermal quality of the habitat decreased.  Thermoregulatory effort was higher when Tset 

could not be achieved than when it could. I detected, seasonal differences in 

thermoregulation.  In early season, C. picta thermoregulated to a greater extent than in mid 

season and late season.  These results indicated that the disadvantages of thermoconformity 
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are greater than heretofore recognized and that the cost-benefit model of thermoregulation 

must be revised 
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Résumé  

La température corporelle affecte presque tous les processus et comportements des 

ectothermes: Les reptiles ne produisent pas assez de chaleur métabolique pour réguler leur 

température corporelle physiologiquement.  Par conséquent, la température corporelle est 

régulée de façon comportementale.  Cependant, la précision de la régulation varie 

beaucoup.  Le modèle coût-bénéfice de la thermorégulation de Huey et Slatkin (1976) a été 

utilisé pour prédire l’investissement en thermorégulation.  Le modèle coût-bénéfice prédit 

que les individus devraient thermoréguler plus précisément quand les coûts de 

thermorégulation sont bas. Les coûts de thermorégulation sont bas quand la qualité 

thermique est haute.  Pour tester cette prédiction, j’ai pris 31 297 mesures de température 

corporelle interne (Tb) sur 18 tortues peintes (Chrysemys picta) pendant leur saison 

d’activité dans un marais de l’est de l’Ontario.  J’ai mesurré les températures opératives 

environnementales (Te) avec des modèles physiques et des températures de l’eau.  J’ai 

mesuré la température corporelle préférée (Tset) des tortues peintes dans un gradient 

thermique. Tset était entre 21.3°C et 25.0°C.  J’ai utilisé Tb, Te, et Tset pour calculer les 

indices de thermorégulation (Ex et de-db) pour quantifier l’investissement en 

thermorégulation. Ex était 40.7% et de-db était 2.4°C.  Les deux valeurs indiquent que les 

tortues peintes sont des thermorégulateurs modérés, malgré le fait qu’ils habitent dans un 

environnement avec des coûts de thermorégulation élevés et une qualité thermique basse.  

L’investissement en thermorégulation augmentait avec la diminution de la qualité 

thermique de l’habitat.  L’investissement en thermorégulation était plus élevé quand Tset ne 

pouvait pas être atteinte que quand elle le pouvait.  J’ai constaté des différences 
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saisonnières dans la thermorégulation.  Au début de la saison, l’investissement en 

thermorégulation de C. picta était plus grand qu’en mi-saison et qu’en fin de saison.  Ces 

résultats indiquaient que les désavantages de la thermoconformité sont plus élevés que 

reconnu jusqu’à présent et que le modèle coût-bénéfice de la thermorégulation doit être 

révisé. 



 vi 
 

 
 

 
 
Acknowledgments 

 
I would like to thank Gabriel Blouin-Demers, without him I would not have been able to do 

any of this.  Although I had never worked with a reptile, let alone a turtle, he graciously 

welcomed me into his fledgling lab and I’ve been learning from him ever since.  He has 

taught me about telemetry, building traps, and more than I would like to admit about 

scientific writing.  I will not forget that data are plural.  Gabriel was never more than an 

email away and was always available to answer the myriad of questions I managed to 

accumulate.  I will always look back fondly on discussing the daily tribulations of field 

work over some slightly stale cookies. 

 

I appreciate all the advice that my committee members, Scott Findlay and Katie Gilmour, 

offered to me throughout the two years.  It is always helpful to have a second or third point-

of-view weighing in. 

 

I also want to thank my lab mates.  I want to thank them for all the scientific discussions 

and all the discussions that had nothing to do with science.  There was always an extra pair 

of hands to hold a turtle or lug around my canoe.  Laura Bjorgan, Jeff Row, and Greg 

Bulté, I will always think of you more as friends than co-workers. 

 

At QUBS help was never hard to find.  I was lucky enough to have field assistants.  Greg 

Bulté (2003) and Serge Duchesneau (2004) were an invaluable part of the team.  Fieldwork 



 vii 
 

 
 

 
 
inevitably leads to long hours; Greg and Serge were always available and glad to help no 

matter the hour.  The staff at QUBS were indispensable and made working there a delight, 

a special thanks to Frank Phelan, Floyd Connor, and all the kitchen staff.  The other 

researchers at QUBS were a resource that I was lucky to be able to tap.  There were so 

many brilliant minds who had a useful tip or a word of advice.  I want to thank them all. 

 

I know that without a portion of Gabriel Blouin-Demers’ NSERC grant, this project would 

not have gotten off the drawing board.  My personal support came from the University of 

Ottawa, in a bursary and teaching assistanceship, as well as from funding from Gabriel 

Blouin-Demers. 

 

I would have never got to where I am now without the unwavering support of my parents.  

They took me to the lakes where I first fell in love with wetlands, and they put up with me 

chasing everything that moved.  They spent hours helping me with homework, and setting 

up my science fair projects.  They instilled in me the love of the environment and the value 

of education. 

 

Lastly, I would like to thank my most reluctant volunteer field assistant, Brennen Young.  

He sacrificed his weekends for two summers and spent hours being eaten alive by every 

bug known to man so that I could follow around a few turtles.  Although he never 

understood quite why this was how I wanted to spend my time, he always encouraged me.  

His support has been unfaltering and I know with him behind me, I can do anything.     



 viii 
 

 
 

 
 
Table of Contents 

Abstract ............................................................................................................................ ii 

Résumé............................................................................................................................. iv 

Acknowledgments ........................................................................................................... vi 

List of Tables .................................................................................................................... x 

List of Figures.................................................................................................................. xi 

Introduction.................................................................................................................... 14 

Methods .......................................................................................................................... 20 

Study Species and Location .......................................................................................... 20 

Body Temperatures ...................................................................................................... 22 

Environmental Operative Temperatures ....................................................................... 25 

Quantification of Thermoregulation ............................................................................. 26 

Statistical Analyses....................................................................................................... 28 

Results............................................................................................................................. 30 

Tb ................................................................................................................................. 30 

Tset................................................................................................................................ 31 



 ix 
 

 
 

 
 

Te ................................................................................................................................. 32 

Thermal Quality of Habitats......................................................................................... 33 

General Thermal Ecology............................................................................................. 34 

Thermoregulation Indices............................................................................................. 35 

Season.......................................................................................................................... 36 

Discussion ....................................................................................................................... 38 

Tset................................................................................................................................ 38 

Patterns in Thermoregulation....................................................................................... 39 

Season.......................................................................................................................... 42 

Cost benefit model........................................................................................................ 44 

Performance and Optimal Temperatures ...................................................................... 46 

References....................................................................................................................... 66 

 



 x 
 

 
 

 
 
List of Tables 

 
Table 1. Definitions of commonly abbreviated terms used in the quantification of 

thermoregulation. ..................................................................................................... 51 

Table 2.  Derived predictive equations for turtle model temperatures in 4 locations.  

Equations were derived from air temperature, wind speed, and radiation to predict 

temperatures of terrestrial environmental operative temperatures (Te). ...................... 52 

Table 3. Summary of means and ranges of thermal habitats available painted turtles in a 

marsh in eastern Ontario in 2004. ............................................................................. 53 

Table 4. Slope, intercept, R2 and p-values of db regressed on de for each individual painted 

turtle in Ontario over one active season. All slopes are between 0 and 1, signifying a 

greater extent of thermoregulation in low thermal quality habitats. ........................... 54 

 



 xi 
 

 
 

 
 
List of Figures 

 
Figure 1. (a) Internal and (b) external field Tb measured during daylight hours throughout 

the active season of painted turtles in a marsh in eastern Ontario.  External 

temperatures have a higher mean than internal Tb and recorded temperatures above the 

Critical Thermal Maxima....................................................................................... 55 

Figure 2. The temperatures of painted copper model used to obtain operative environmental 

temperatures (Te) compared to a 300g painted turtle carcass.  Temperatures were 

obtained at 100-minute intervals.  Slope is equal to 1, n=102 R2=0.96. Copper models 

were considered a good representation of available Te. .......................................... 56 

Figure 3.  Mean hourly operative environmental temperatures for mud (filled square), water 

at 1m depth (filled diamond), surface water (filled circle), log in the sun (open square), 

log in the shade (open triangle), rock in the sun (open circle), rock in the shade (open 

square) during the active season on the painted turtle in eastern Ontario.  Horizontal 

solid lines represent the preferred temperature of painted turtles (Tset).  On average, 

Tset is available from 8:00 until 21:00, in at least one of the microhabitats or through 

shuttling between microhabitats............................................................................. 57 

Figure 4.  Average monthly operative temperatures (Te ± SE) for the active season of 

painted turtles in Eastern Ontario.  Horizontal solid lines represent the mean selected 

temperatures (Tset).  Average monthly Te only reaches Tset in July, this suggests that 

the thermal environment is of low quality. ............................................................. 58 



 xii 
 

 
 

 
 
Figure 5. Frequency histograms of (a) operative temperatures (Te) and (b) Chrysemys picta 

Tb during the active season in a marsh in eastern Ontario.  The shaded region 

represents Tset.  The distribution of Tb compared to Te indicates the turtles are avoiding 

the extreme temperatures. ...................................................................................... 59 

Figure 6. The absolute values of the difference between Tb and Tset versus the absolute 

values of the difference between Te and Tset for painted turtles in a marsh in eastern 

Ontario.  Dotted line is 1 to 1 line, dark line is the average slope.  Greater 

thermoregulation takes place when the quality of thermal habitat is low. ............... 60 

Figure 7. Box plot of de-db values of painted turtles in a marsh in eastern Ontario, by 

thermal quality.  Averages are denoted by the squares.  Average de-db values are 

higher when the thermal quality of that habitat is low (Te ≠ Tset). ........................... 61 

Figure 8. Average daytime temperatures were used to determine seasons when compared to 

Tset bounds.  The early season is from May 16th to June 8th, the mid season is June 9th 

to September 6th, and the late season is from September 7th to of October10th. ....... 62 

Figure 9. Average hourly Tb (diamonds), maximum Te (filled circles) and minimum Te 

(empty circles) for painted turtles in a) early season b) mid-season c) late season 2004.  

Tset is represented by the horizontal solid lines. Ex is not statistically different across 

seasons. ................................................................................................................. 63 

Figure 10.  Box plot of de-db values of painted turtles in eastern Ontario, by season.  

Averages are denoted by the squares.  Average de-db values are highest in the early 

season, lower in the middle season and lowest in the late season............................ 64 



 xiii 
 

 
 

 
 
Figure 11. A typical performance curve for locomotion.  To is within the range of Tset.  

Adapted from the temperature performance curve for swimming speed in black rat 

snakes in Ontario, Canada (Blouin-Demers et al., 2003). ....................................... 65 

 

 

 



 14 
 

 
 

 
 
Introduction 

 

Body temperature (Tb) affects nearly all ecological, behavioural, and physiological 

processes of ectotherms (Huey, 1982). For example, Tb influences heart rate (Hochscheid et 

al, 2002; Spray and May, 1972), growth rate (Angilletta and Dunham, 2003; Frazer et al, 

1993), locomotion speed (Claussen et al., 2004), prey capture (Wintzer and Motta, 2004) 

and response to predators (Forsman, 1999; Weetman et al. 1998).  Because reptiles cannot 

generate sufficient heat to maintain a constant Tb, Tb is regulated behaviourally (Belliure 

and Carrascal, 2002; Labra et al., 2001; Bauwens et al. 1996). Thus, there is a clear link 

between thermoregulation and fitness. The extent to which reptiles regulate Tb, however, 

varies greatly (Christian and Bedford, 1995; Diaz, 1997; Schauble and Grigg, 1998; 

Fitzgerald et al, 2003). Thermoregulatory strategies range from thermoconformity, where 

the organism does not thermoregulate and Tb matches the operative temperatures (Te) 

measured throughout the environment (Ruibal, 1961, Manning and Grigg, 1997), to perfect 

thermoregulation, where behaviour is used to adjust Tb within a narrow preferred range of 

Tb (Sartorius et al 2002; Brown et al, 1990). The cost-benefit model of thermoregulation 

developed by Huey and Slatkin (1976) is used to predict how much an organism should 

invest in thermoregulation considering energy costs and benefits.  My general goal in this 

thesis is to test the hypothesis that the cost-benefit model of thermoregulation (Huey and 

Slatkin, 1976) can predict the seasonal patterns of thermoregulation by painted turtles 

(Chrysemys picta). 
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In ectotherms, temperature performance curves have the shape of an asymmetrical inverted 

U: performance decreases more precipitously when temperatures are higher than the 

optimum than when they are lower (Blouin-Demers et al. 2003).  Performance abilities are 

enhanced as temperature increases until a species and process-specific optimum (To), which 

occurs between a narrow range of temperatures often close to the species’ preferred 

temperature (Tset) (Angilletta, 2001; Hertz, 1992).  Performance abilities decline rapidly as 

temperatures continue to rise past To until the thermal critical maximum.  Temperatures 

below or above To result in a decrease in performance for such activities as feeding (Van 

Damme et al, 1991, Alexander et al. 2001), sprinting speed (Claussen et al, 2002) and food 

assimilation (Zhang and Ji, 2004). Thus, the main benefit of thermoregulation is increased 

performance because thermoregulation allows the maintenance of Tb close to To. The main 

costs of thermoregulation are energy and time loss, because time spent thermoregulating 

cannot be used in other activities such as foraging or mate seeking.  When the thermal 

quality of the environment is low (Te is far from Tset), more energy and time are required to 

attain Tset. Consequently, there are more missed opportunities in low quality habitats and, 

as a result, costs increase.   

 

Intuitively, the cost-benefit model of thermoregulation predicts that organisms should 

thermoregulate precisely when the costs of thermoregulation are low.  It postulates that the 

characteristics of the physical environment are the primary factor to be considered when 

determining how much energy should be invested in thermoregulation.  Therefore, when all 

else is equal, an organism is expected to invest more in thermoregulation in a habitat of 
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high thermal quality than in a habitat of low thermal quality because the costs of 

thermoregulation are lower in a habitat of high thermal quality (the environmental 

temperatures are close to the preferred range of body temperatures). 

 

The broad applicability of the Huey and Slatkin model, however, has recently been 

questioned (Blouin-Demers and Nadeau, 2005). Studies conducted in northern climates and 

in the tropics have cast doubt on the general applicability of the model (Brown and 

Weatherhead, 2000; Blouin-Demers and Weatherhead, 2001; Shine and Madsen, 1996).  In 

the north, the costs of thermoregulation increase, but the disadvantages of 

thermoconformity also increase because the lack of thermoregulation results in Tb far from 

To and performance decreases (Blouin-Demers and Weatherhead, 2001). In the tropics 

where the thermal environment is benign, the lack of thermoregulation has little 

consequences because the Te are often near To.  Thus, even without thermoregulation, Tb is 

close to To (Shine and Madsen, 1996). In thermally challenging environments, the 

disadvantages of thermoconformity may be greater than the costs of thermoregulation, and 

as a consequence thermoregulation takes place despite its high cost (Brown and 

Weatherhead, 2000; Blouin-Demers and Weatherhead, 2001). The most stringent test of the 

cost-benefit model to date used a comparative approach between species (Blouin-Demers 

and Nadeau, 2005), but the cost-benefit model of thermoregulation was designed as a 

within species model. Therefore, a more appropriate test of the cost-benefit model would be 

to quantify the thermoregulation investment of a given species when exposed to habitats of 

different thermal qualities. 
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The painted turtle (C. picta) ranges across Canada and the continental United States, 

reaching as far north as 51o N latitude. The painted turtle has a range further north than any 

other North American turtle (Cagle, 1954) and represents an ideal model for studies of 

turtles in northern climates.  The subspecies C. p. marginata’s northern range limit is in 

southern Ontario and western Québec, approximately 700 km north of my study site 

(Cagle, 1954).  Because my study area is within the north-temperate zone, turtles 

experience wide seasonal variations in temperature that should influence the extent to 

which they thermoregulate as the habitat varies between low and high thermal quality. I 

wanted to test the prediction that painted turtles thermoregulate more precisely when the 

thermal quality of the environment is low than when it is high. Thus, I predicted greater 

investment in thermoregulation early and late in the active season, when water temperatures 

are cool, and less thermoregulation in the middle of the active season when water 

temperatures are warmer.  This is opposite to the pattern predicted from the cost-benefit 

model, but consistent with recent studies (Blouin-Demers and Nadeau 2005).  

 

Thermoregulation in ectotherms is accomplished behaviourally. Thus, if thermal quality 

influences thermoregulation, then it should be reflected in a change in behaviour. Aerial 

basking should occur when the water is cold because at that time the thermal quality of 

water is low.  When the thermal quality of the water is higher, aerial basking should 

decrease because it is a costly behaviour that increases exposure to predators. Thus, I 
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predicted that turtles should bask more frequently in early and late season than in the 

middle of the active season.   

 

In turtles, thermoregulation is accomplished largely through aerial basking.  Because 

basking is carried out in air and all other activities of a turtle (e.g. foraging and mating) take 

place in water, basking is mutually exclusive with all other activities.  Also, basking does 

not require movement. Thus, when turtles are making large investments in 

thermoregulation, they have less time for foraging and mate searching.  I therefore 

predicted that when the thermal quality of the habitat is low and, consequently, effort of 

thermoregulation is high, turtles should move less frequently and shorter distances. 

 

Previous studies have characterized thermoregulatory effort of painted turtles through 

basking length and frequency (Lefevre and Brooks, 1995; Krawchuk and Brooks, 1998) or 

carapace temperature (Grayson and Dorcas, 2004).  Measuring the internal Tb with small 

data loggers (Peterson and Dorcas, 1995; Robert and Thompson 2003; Nussear et al, 2002) 

is a considerable improvement because carapace temperature is very weakly correlated to 

internal body temperature, especially during or immediately after basking bouts (see 

Results). Although there have been numerous studies on the thermal ecology of turtles 

(Grayson and Dorcas, 2004; Sousa do Amaral et al., 2002; Krawchuk and Brooks, 1998; 

Lefevre and Brooks, 1995; Zimmerman et al., 1994), my study will be the first to apply 

standardized quantitative indices of thermoregulation to internal body temperature readings 
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of turtles. This will allow a quantitative evaluation of seasonal patterns and comparison 

with other ectotherms. 
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Methods 

Study Species and Location 

 
Painted turtles prefer shallow water in ponds, lakes, marshes, and creeks.  They are 

sexually dimorphic in size: females can reach 718 g and 17.5 cm in straight-line carapace 

length, while males only reach 402 g and 15.2 cm.  Painted turtles are omnivorous and eat a 

wide variety of plants, insects, crustaceans, and small vertebrates (Rowe and Parsons, 

2000).  They are diurnal and primarily aquatic, but they are frequent baskers.  Females can 

lay up to 2 clutches of eggs per year (Mitchell, 1985) and may have different energetic 

needs depending on the phase of the oestrous cycle (Mitchell, 1985, Congdon and Tinkle, 

1982).  The cycle starts in the late summer and extends throughout the spring.  There is 

some debate on whether female painted turtles bask more frequently than males 

(Schwarzkopf and Brooks, 1995; Krawchuk and Brooks 1998), reflecting their higher 

energy demands.  Because seasonal patterns of thermoregulation in females are potentially 

linked to the oestrous cycle and not to changes in thermal quality of the habitat, I studied 

only males. 

 

I conducted this study at the Queen’s University Biological Station (QUBS) in the summers 

of 2003 and 2004.  QUBS is located approximately 150 km south of Ottawa, ON and is in 

the northern portion of the range of painted turtles. A large population of painted turtle is 

found at Telephone Bay, a marshy bay in Lake Opinicon (N: 44º, 32’, 41”, W: 76º, 22’, 

00”). A two-lane paved road traversed by a culvert bisects the bay. The turtles crossed this 
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road readily, so I considered habitats on both sides to be available to the turtles. I captured 

painted turtles in basking traps located at popular sunning spots and by dip net from a 

canoe.  

 

I brought each turtle to the laboratory and marked it by drilling holes 3 mm in diameter into 

the marginal scutes of the carapace with a high-speed drill.  For marking, I used only the 

marginal scutes not attached to the bridge. This provides 8 marginal scutes available for 

marking on each side.  With combinations of three holes and 16 scutes, 560 individuals can 

be marked uniquely.  This system meets all the requirements outlined by Cagle (1939) for a 

marking system in long-lived turtle species.  Non-ossified or partially ossified juvenile 

shells have been noted to repair damage (Cagle, 1939), but close examination of drilled 

shells reveals a perfectly circular scar on the ventral side of the marginal scutes.  Because 

this type of scar would not occur naturally, it makes the possibility of marking the same 

individual twice very unlikely. 

 

In the laboratory, I measured carapace length, carapace width, and plastron length (±0.1 

mm) with 16 cm calipers, and shell height (±1 mm) with 50 cm tree calipers. I measured 

mass (±1 g) with an electronic scale. Processing a turtle took under 10 minutes and the 

turtles were returned to their capture location within 24 hours.  Before release, the turtles 

were held in plastic containers (54 X 38 X 25 cm) filled with lake water. I provided them 

with a rock on which they could climb. 

 



 22 
 

 
 

 
 

Body Temperatures 

 
Twenty-six male painted turtles (mean straight-line carapace length of 136.7 mm ± 0.96 

mm and mean mass of 301 g ± 5.8 g) were selected for attachment of a radio-transmitter 

(model SI-2FT, 16 g, 24 mo battery life at 20ºC, Holohil Systems, Carp, Ontario) and for 

surgical implantation of a Thermochron iButton DS1921 (3.3 g, Dallas Semiconductor, 

Sunnyvale, CA).  An iButton thermochron records 2048 time stamped temperature 

readings. I programmed the loggers to take readings every 100 minutes for 142 days from 

May 2004 until October 2004 using the software iButton Viewer v3.20 (Dallas 

Semiconductor, Sunnyvale CA).  Readings were synchronized so that data could be 

averaged across individuals easily. 

 

I coated the iButtons with PlastiDip (Performix, Blaine, MN) to render them biologically 

inert and waterproof before implantation. A 2-cm piece of 8.18 kg test fishing line was 

attached to the iButton to secure it to the skin to prevent displacement once in the body 

cavity.   The turtle was anesthetized with Ketamine (dose of 70 mg/kg) and, after an 

average of 60 minutes, it was relaxed enough to be intubated.  Then, I administered 

isoflurane at 3% and, after an average of 10 minutes, the surgical plane of anaesthesia was 

reached. I reduced the isoflurane to 2.5% for maintenance of the surgical plane. I washed 

the surgical table with 95% ethanol.  I secured the turtle on its back with a specially 

designed holding device and surgical tape.  Using a brush, the area around the incision site 

was scrubbed with betadine and then 95% ethanol.  The turtle was then covered with a 
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sterile surgical drape (steri-drape, 3M, St. Paul, MN).  I scrubbed my hands with betadine 

and wore sterile surgical gloves.  Surgical equipment (scalpel, forceps, scissors, needle 

drivers) were kept in a disinfectant solution (Germex, RDI Chemical Corporation, 

Brampton, Ontario) and rinsed with saline solution before use.  Sterile conditions were 

maintained throughout the entire procedure. Manual ventilation with oxygen was 

maintained during the surgery.  Ventilation was stopped when the turtle regained 

consciousness and started moving, (on average, less than an hour from the time of 

intubation). 

 

I implanted the iButton in the peritoneal cavity by making a 2 cm incision anterior to the 

hind leg. I secured the iButton by suturing it to the skin with the attached fishing line.  I 

sutured the skin and used a tissue adhesive (Vetbond, 3M, St. Paul, MN) to close the 

incision.  The individuals were given an antibiotic (Enrofloxin, dose: 5 mg/kg) 24 hours 

prior to the surgery, at the time of the surgery, and 24 hours following the surgery.  During 

the 48-hour recovery period before being released, the turtles were kept dry to prevent 

premature dissolving of the sutures. 

 

Twenty-four hours prior to release I fitted the implanted turtles with temperature sensitive 

radio-transmitters.  I secured the transmitter to the posterior marginal scutes of the carapace 

using stainless steel bolts with locking washers.  To reduce friction between the bolt and 

the tail or the leg of the turtle, I attached the bolt so the rounded head was on the ventral 

side of the marginal scutes.  The transmitter’s external antenna was flexible and hinged 
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with a spring to reduce the possibility of it getting snagged on macrophytes.  I used 

waterproof silicone caulking to streamline the transmitter and reduce drag when swimming.   

 

The iButton was required for measuring internal Tb. The transmitter was required for 

relocating the turtle with the iButton, and for behavioural observations.  The pulse rate 

emitted by the attached transmitter is related to temperature by a polynomial equation 

supplied by the manufacturer (Holohil Systems, Carp, Ontario).  The iButton and the 

transmitter were both necessary for each individual because of the discrepancy between 

internal Tb and carapace temperature, especially during basking.  To determine the 

magnitude of this discrepancy, I placed a refrigerated fresh turtle carcass in direct sunlight 

for six ninety-minute periods.  Every five minutes, I recorded cloacal temperature and 

carapace temperatures with radio-transmitters. Painted turtles do not exhibit any 

endothermy (Peterson, 1987); therefore the internal temperature of a painted turtle should 

quickly reach ambient temperature upon entrance in water due to its high specific heat 

capacity and the rapid rate of heat conduction in water.  To test this, I used a fresh turtle 

carcass and heated it in the sun (35oC) or cooled it in the refrigerator (4oC).  I then placed it 

in an aquarium full of lake water at ambient temperature.  I measured the internal 

temperature with a radio-transmitter and took readings every five minutes to determine the 

length of time it needed to reach water temperature.  In snapping turtles (Chelydra 

serpentina), a much larger turtle than painted turtles, Tb reaches ambient temperatures (Ta) 

in water in under an hour (Brown et al., 1990).   
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Environmental Operative Temperatures 

 

I determined operative environmental temperatures (Te) from copper models that were 

made to imitate the average size and shape of a male painted turtle.  I painted the models 

matted black to resemble closely the reflectance of painted turtles (Shine and Kearney, 

2001). I calibrated the models by placing a preserved turtle carcass beside the model, and 

recording the internal temperature of both every five minutes with an iButton for 170 hours 

over 7 days. 

 

I placed the copper models at basking logs and rocks in both the shade and the sun.  I used 

data from the weather station at QUBS located 4 km from the study site to fit predictive 

equations of model temperature.  I then used these equations to generate predicted model 

temperatures every 10 min for the entire active season at each microhabitat.  I placed 

iButtons on a string at three locations in the study site to characterize the available water 

temperatures.  I attached the loggers to the string such that one was at the water surface, 

one was in the mud at the bottom, and one was at 1m underwater when the water was 

sufficiently deep. Because of the high temperature conductivity of water, I assumed that Te 

in water was the same as water temperature.  

 

I determined the preferred temperature (Tset) of painted turtles in a dry thermal gradient 

(Blouin-Demers and Weatherhead, 2001; Reynolds and Casterlin, 1979). I placed the turtle 

in the thermal gradient for three days, including a 12-hour acclimation period.  The thermal 
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gradient was a plywood box (250 X 60 X 60 cm) divided into two lanes, one individual per 

lane.  The top was made of wire mesh, exposing the turtles to ambient light cycles.  At one 

end, coils of flexible plastic tubing circulated cool water under the box. At the other end, 

heating pads were placed under the box. This design produced a smooth gradient from 10oC 

to 40oC. I determined Tset of the individuals from the bounds of the central 50% of the 

distribution of Tb selected in the gradient: the 25th and 75th quartiles. I measured Tset 

throughout the active season to account for possible seasonal acclimatizations.   

 

I located the individuals two to four times per week over the active season.  Upon locating 

an individual, I noted its behaviour and marked its location on a UTM grid.  To obtain 

radio-transmitter temperature, I measured the pulse rate of the transmitter by timing the 

duration of 10 pulses with a wristwatch.  I calculated straight-line distances between 

locations as an estimate of distance moved.  

 

Quantification of Thermoregulation 

 
Originally, thermoregulation was extrapolated from frequency distributions of Tb of field 

active individuals (Heath, 1964). This method is unreliable because ectotherms 

experiencing a homogenous thermal environment have little variation in Tb even if they do 

not thermoregulate.  In addition, an ectotherm living in a thermally heterogeneous 

environment may thermoregulate actively and still have a highly variable Tb (Hertz et al., 
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1993).  Thermoregulation indices have been derived to circumvent this problem by taking 

into account the quality of the thermal environment.     

 

Hertz et al. (1993) introduced a method for quantifying thermoregulation; to calculate how 

far Tb is from Tset taking into account Te.  In the index, they proposed a measure of thermal 

quality, de, which is the deviation of Te from Tset. When Te is above Tset, it is the absolute 

value of the difference between Te and the upper bound of Tset, when Te is below the lower 

bound of Tset, it is the absolute value of the difference. To determine the accuracy of 

thermoregulation, Hertz et al. (1993) proposed db, which is the deviation of Tb from Tset. 

When Tb is above Tset, it is the absolute value of the difference between Tb and the upper 

bound of Tset, when Tb is below the lower bound of Tset, it is the absolute value of the 

difference.  Blouin-Demers and Weatherhead (2001) suggested that de – db can be used as 

an index of thermoregulation where thermoconformity has a value of zero, positive values 

represent thermoregulation and negative values are when an organism is avoiding thermally 

favourable habitats. The magnitude of the departure from 0 represents the effectiveness of 

thermoregulation: how different the animals are from the models. 

 

To test how the effectiveness of thermoregulation varies as a function of thermal quality, db 

has to be regressed on de; de-db cannot be regressed on de directly because de would be 

present on both axes.  For de-db regressed on de thermoconformity would have a slope of 

zero, for db regressed on de a slope of one indicates thermoconformity.  When db is 

regressed on de the cost-benefit model predicts a slope greater than one, indicating that 
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animals thermoregulate more when the thermal quality is high. If animals thermoregulate 

more when the thermal quality is low, then a slope smaller than one would be obtained. 

 

To examine how turtles exploited the thermal environment when preferred Tb were 

available, I used the index of extent of thermal exploitation (Ex) (Christians and Weavers, 

1996). The index is used to calculate the percentage of time when Tb is within Tset when Te 

indicates that Tb within Tset can be achieved.  Ex is calculated by this formula: 
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When Ex has a value of 100 the organism is a perfect thermoregulator, Tb is within Tset for 

as long as Te is in Tset.  When Ex is 0 the organism is a thermoconformer, Tb is never within 

Tset when Te is in Tset.  I considered Te to be within Tset if Te was above the lower bound of 

Tset in at least one of the microhabitats because Te below Tset was always available in the 

coolest habitat (see Results).  

 

Statistical Analyses 

 
To obtain Te, I averaged environmental temperatures for each microhabitat.  I then 

averaged all aquatic and all terrestrial microhabitats. Lastly, I took the average of the 

aquatic and terrestrial habitats.  I calculated all Tb, db, de-db, and Ex first for the individual 

and then I took the average of the individuals.  All analyses were performed using Splus 6.2 

(Insightful Corp., 2003).  Data were untransformed, because transformations did not 

improve normality.  When the data were not normal, I used non-parametric tests. 
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Homogeneity of variance assumptions were never violated.  Significance of statistical 

analyses was accepted at α = 0.05.  Means are given with ± 1 SE.  Tests were performed on 

all data collected. Tests that analyzed only daytime data gave quantitatively different but 

qualitatively similar results to tests where all data were analyzed.  I chose to present only 

results on data collected throughout the entire 24 cycle to provide the most conservative 

tests. 
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Results  

 
I implanted iButtons in 26 turtles. In eight cases I was unable to retrieve the implanted 

iButton.  Predators killed three turtles and five turtles lost their transmitter.  The remaining 

18 turtles generated 31,297 Tb’s on 2173 turtle-days. 

 

Tb 

 
I compared the temperature given by a radio-transmitter bolted to the carapace to the 

cloacal temperature measured with another radio-transmitter on a fresh turtle carcass. The 

carapace and cloacal temperatures were weakly correlated (r = 0.72).  The residuals ranged 

from –12 oC to 17 oC. The mean carapace temperature (32.7oC ± 0.81oC) was significantly 

higher than the mean cloacal temperature (23.3oC ± 0.83oC; paired t-test: t(106) = 15.45, p < 

0.0001).  On average, the radio-transmitter on the carapace reached Ta four times more 

quickly than the cloacal temperature.  Therefore, I measured Tb internally rather than from 

an externally placed transmitter.  Cloacal temperature reached water temperature within 20 

minutes whether the water was warmer or cooler than the turtle.   

 

Distributions of Tb during daylight hours measured internally (iButtons) and on the 

carapace (radio-transmitter) varied in their central 50%, mean, and range (Fig. 1).  The 25th 

and 75th quartiles for the transmitter-recorded temperatures were 20.8oC and 27.7oC, 

respectively, whereas they were 19.0oC to 26.5oC, receptively, for the internal Tb.  The 
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mean transmitter recorded temperature (24.3oC ± 0.26oC) was significantly higher than the 

mean internal Tb (22.7 oC ± 0.04oC; t(81629) = 6.12, p < 0.0001).  The maximum temperature 

recorded from the transmitter temperatures, 41.6oC, was above the critical thermal 

maximum (CTMax) of painted turtles (41.5oC, Hutchinson et al., 1966). 

 

Internal Tb recorded by iButtons throughout the day for the duration of the active season 

ranged from 7oC to 39oC with a mean of 21.7oC ± 0.14oC.  Measurements of Tb at 100-

minute intervals are not autocorrelated (ACF = 0.315, d=1). Thus, unless otherwise stated, I 

used the 100-minute values as independent measurements. 

 

Tset 

 
I took 420 body temperature measurements on 15 male turtles in the thermal gradient.  The 

Tb values ranged from 15.5 oC to 34.5 oC, whereas the available temperatures in the thermal 

gradient ranged from 10 oC to 40 oC.   I calculated the mean Tb and the 25% and 75% 

quartiles for each individual.  The mean values of the 25% and 75% quartiles averaged 

across individuals were 21.3oC ± 0.53oC and 25.0oC ± 0.82oC and the mean Tb was 23.3oC 

± 0.59.  Thus, I considered Tset of male painted turtles to be 21.3oC to 25.0oC 

 

I wanted to compare the Tset obtained in the laboratory to Tb selected in the field when Te 

was permissive.  I extracted readings of Tb for time periods when the models indicated that 

temperatures exceeding the lower bound of Tset (21.3oC) were available in at least one 
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microhabitat.  Under these conditions, the mean field Tb was 23.3oC ± 0.17 and the 25% 

and 75% quartiles (Tset field) were 20.5oC ± 0.19oC and 25.5oC ± 0.22oC, respectively.  

Temperatures selected in the lab and in the field when the environment was permissive 

were not significantly different (lower bound, t(31) = 1.03, p = 0.312; mean, t(31) = 0.05, p = 

0.958; upper bound, t(31) = 0.864, p = 0.394).  When preferred temperatures are available in 

the environment, painted turtles use these preferred temperatures. 

 

Te 

 
The copper models accurately estimated the Tb of a dead painted turtle (Fig. 2). When I 

used the readings taken every 5 minutes, the temperature of the model and that of the 

carcass were highly correlated (r = 0.979, m = 1.04, F(1, 2046) = 47210, p < 0.0001), but the 

slope was significantly greater than one (t(8188) = 45.99, p < 0.0001).  The mean difference 

in absolute value between the model and the turtle temperatures was significant (t = 5.819, 

df = 4094, p < 0.0001), but the difference (0.98oC ± 0.02oC) was less than the accuracy of 

the iButtons (± 1oC) and, thus, within measurement error. I assumed that the models 

accurately represented the operative temperatures that were available to painted turtles.  

 

I used air temperature, radiation, and wind speed to develop predictive equations of model 

temperatures in the four terrestrial microhabitats (Table 2).  The correlation coefficient 

between the variables used in the regression equations was never more than 0.43. Due to 
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the high heat conductivity of water, I considered water temperatures to represent the 

operative environmental temperatures available to the turtle in the aquatic microhabitats.  

 

In some cases, turtles found temperatures warmer than those predicted by the models. 

When measurement error (2 oC; ±1oC for two iButtons) is accounted for, 1.9% of Tb 

observations were greater than the maximum estimated Te at the corresponding time. 

Predictive equations for Te in terrestrial habitats performed less well to predict temperatures 

over 25oC. In 80.0% of the observations where Tb was greater than the maximum Te, Tb 

was 25oC or more. In 40.1% of the observations where Tb was greater than the maximum 

Te, were between 17:00 and 20:00. 

 

Thermal Quality of Habitats 

 
Throughout the active season, average Te ranged from 5.9oC to 37.4oC.  Mean hourly Te 

ranged from 15.4oC to 23.1oC, whereas mean daily Te ranged from 9oC to 23.9oC. 

Maximum Te reached 67.5oC and averaged 25.2 oC each day.  Overall, Te within Tset was 

available for 19.1% of observations.  The average deviation from Tset was -0.9oC for Tb, -

3.4oC for average terrestrial Te, -3.2oC for average aquatic Te, and -3.3oC for average Te.  

Surface water temperature had the smallest average deviation from Tset (-1.4oC), basking on 

a rock in the shade had the largest average deviation (-5.6oC).  The average absolute 

deviation from Tset for the active season (de) was 4.8oC (Table 3). 
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Mud temperatures never reached the lower bound of Tset and thus could be used as a refuge 

from high temperatures.  Surface water temperatures were within Tset 38.4% of the time.  

Basking sites were as much as 44oC above water temperatures.  Basking site temperatures 

were within Tset on average 16.7% ± 5.0% of the time and were above Tset 21.1% ± 4.3% of 

the time. This results in an average of 37.9% ± 8.4% of the time when Tset can be achieved 

by using basking sites.  Restricting observations to daylight hours when basking occurs, Tset 

can be achieved on average 56.0% ± 5.5% of the time with a maximum of 66.6% of the 

time when temperatures are within or above Tset for a turtle basking on a log in the sun (Fig. 

3). 

 

The average monthly Te increased from May to July, peaking at 21.4oC, and then decreased 

from August until October. This indicated that in all months except July, average Te was 

not within Tset and, thus, the habitat available to painted turtles was thermally challenging 

(Fig. 4). 

 

General Thermal Ecology 

 
Environmental temperatures indicated that, on average, turtles could achieve the lower 

bound of Tset as early as 08:00 whereas turtles did not reach Tset until 10:00.  On average, 

turtles remained within Tset until 19:00, whereas average Te remained within Tset until 

23:00. 

 



 35 
 

 
 

 
 
The distribution of Tb and Te for the active season of painted turtles indicated that painted 

turtles tended to select habitats that allowed them to be warmer, on average, than the 

environment and to avoid extreme temperatures.  The mean Tb of painted turtles was 

greater than mean Te (21.6 oC, 18.9 oC, respectively) and the 25% and 75% quartiles were 

also higher (18.5 oC - 24.5 oC and 15.5 oC - 22.0 oC, respectively) (Fig. 5). 

 

I relocated the 18 turtles with radio-telemetry 548 times. I witnessed aerial basking on 

15.7% of observations, and aquatic basking on 6.4% of observations.  Tb was within Tset for 

37.2% of the observations, whereas average available Te was within Tset for only 23.0% of 

the observations (Fig. 5).   

 

I averaged weekly movement distances and regressed them against average weekly de 

values.  There was no relationship between distance and thermal quality (R2 = 0.0085, 

F(1,262) = 2.26, p = 0.134, m = 2.35).  The turtle was considered to have changed location 

when the distance moved per day was greater than 10m (twice the measurement error), 

weekly averages were regressed against average weekly de; there was no relationship with 

thermal quality (R2 = 0.085, F(1,13) = 1.21, p = 0.29, m = 0.026). 

 

Thermoregulation Indices 

 
Tset was available in at least one of the microhabitats for 1415 observations, or 66.2% of the 

time.  I calculated Ex for each individual and then averaged across individuals. Tb was 
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within Tset in 40.7% ± 1.3% of the observations when Te indicated that it was possible to 

maintain Tb within Tset, but ranged from 30.3% to 53.1%.  Tb was below Tset 31.6% ± 1.8% 

of the time and above it 27.7% ± 1.2%. 

 

For the entire active season the thermal quality of the habitat (de) was 4.8oC.  The accuracy 

of thermoregulation (db) was 2.4 oC.  Therefore, mean de-db for the active season is 2.4 oC. I 

regressed db against mean de for each individual: the slopes ranged between 0.40 and 0.89 

with a mean of 0.58 ± 0.03 and a mean R2 of 0.25 ± 0.02 (Fig. 6).  This pattern is contrary 

to the central prediction of the cost-benefit model (Table 3).  

 

I compared observations when Tset was available in at least one microhabitat and when it 

was unattainable.  The cost benefit model predicts that turtles should invest more in 

thermoregulation when Tset is available. In fact, turtles invested more in thermoregulation 

when Tb within Tset could not be achieved (Wilcoxon rank-sum test, meanavailable = 1.57, 

meanunavailable = 2.37, Z = 9.52, p<0.0001) (Fig. 7) 

  

Season 

 
I defined season by comparing mean daily air temperatures to the Tset bounds.  The early 

season is from the beginning of the study until mean air temperature rises above the lower 

bound of Tset (May 16th to June 8th). Mid season is the period when mean air temperature is 

above the lower bound of Tset (June 9th to September 6th). Late season is from when mean 
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air temperature falls below the lower bound of Tset until the end of the study (September 

7th to October 10th). This results in unequal season lengths of 23 days of early season, 89 

days of mid-season, and 33 days of late season (Fig. 8). 

 

For each season, I averaged hourly minimum and maximum Te, as well as hourly Tb.  I 

determined Ex for each individual for each season from hourly means.  Mean Ex was 41.1% 

± 3.3% in early season, 40.4% ± 3.5% in mid-season and 30.2% ± 5.3% in late season (Fig. 

9).  ANOVA showed no significant differences in thermal exploitation (Ex) between 

seasons (F(2,49) = 2.06, p = 0.14).   

 

Kruskal-Wallis rank sum test showed a significant difference in the effectiveness of 

thermoregulation (de-db) among seasons (chi-square(2) = 66.8, p < 0.0001).  Post-hoc 

Wilcoxon rank-sum tests revealed that turtles invested more in thermoregulation in early 

season (mean: 2.18oC ± 0.05oC) than in mid season (mean: 2.02oC ± 0.02oC; Z = 6.97, p < 

0.0001) and less in late season (mean: 1.86oC ± 0.03oC) than in mid season (Z = 3.30, p = 

0.001) (Fig. 10) 

 

The frequency of basking behaviour differed by season (ANOVA: F(2,500) = 15.5, p < 

0.0001). Tukey-Kramer HSD post-hoc tests showed that there was significantly more 

basking in the early season than in the mid or late season (q(454)= 10.03, p < 0.001 and q(105) 

= 7.27, p < 0.001, respectively).  There was no difference in basking frequency between 

mid and late season (t(441) = 0.17, p = 0.5). 
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Discussion 

 

Tset 

 
Tset of painted turtles was previously estimated from distributions of Tb gathered from field 

active individuals: 17oC to 23oC (Ernst, 1972) and 20oC to 25oC (Brattstrom, 1965). In a 

laboratory thermal gradient, I determined Tset to be 21.3oC to 25oC. The temperatures 

selected in the field were not measured in an environment without costs. Thus, it is 

unsurprising that the lower bound of field Tset is cooler than the lower bound of the Tset 

determined in the thermal gradient because field Tb represent a compromise between the 

costs and benefits of thermoregulation.  Measurements of field Tb are also biased because 

visible individuals (most often basking) are more likely to be sampled than concealed 

individuals. This is the first study to determine the Tset of painted turtles in an environment 

where there are no costs of thermoregulation. 

 

The mean selected temperature (MST) of painted turtles (23.3oC) was within the range of 

values reported for other species of turtles: Sternothernus odoratus 20.7oC (Graham and 

Hutchinson, 1979), Clemmys guttata 21.6oC (Graham and Hutchinson, 1979), Cheldyra 

serpentina 28.1oC (Schuett and Gatten, 1980), Pseudemys scripta 29.1oC (Gatten, 1974).  

There is no clear relationship between MST and whether the turtle is terrestrial, semi-
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aquatic, or aquatic.  Both S. odoratus (low MST) and C. serpentine (high MST) are highly 

aquatic and rarely bask. 

 

Tset in painted turtles is low compared to other reptiles.  Lizards have higher Tset; Varanus 

panoptes 35.8°C - 37.6°C (Christians and Weavers, 1996), V. gouldii 34.0°C - 36.3°C 

(Christians and Weavers, 1996), 33.9°C - 37.2°C  Sceloporus arenicolus (Sartorius et al. 

2002) Uta stansburiana 32.9°C - 38.3°C (Sartorius et al. 2002).  Snakes also have a higher 

Tset than painted turtles.  Tset in snakes usually ranges between 28°C and 34°C (reviewed in 

Lillywhite, 1987).  Temperate species of snakes have slightly lower Tset. The northern 

watersnake, Nerodia sipedon has a Tset of 24.7°C - 29.8°C (Brown and Weatherhead, 

2000), the black ratsnake, Elaphe obsoleta has a Tset of 26.5°C  - 29.8°C (Blouin-Demers 

and Weatherhead, 2001).  Wide Tset are typical of temperate species (water snake 5.1°C, 

black rat snake 3.3°C, and painted turtle 3.7°C) because they experience large variations in 

Te (Huey and Kingslover, 1993). Turtles may have a low Tset because they live in an 

aquatic habitat that has a higher heat conductance than air.   Water snakes, which have a 

higher Tset than painted turtles, do make use of aquatic microhabitats, but are not nearly as 

aquatic as painted turtles.  

 

Patterns in Thermoregulation 

 
Standard indices allow for comparisons between individuals, within species, and between 

species. This is the first study to apply standard, quantitative indices of thermoregulation to 
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turtles.  Thus, there are no data on turtles available for comparisons.  Previous methods of 

quantifying thermoregulation, such as length and frequency of basking bouts (Lefevre and 

Brooks, 1995, Krawchuk and Brooks, 1998), are not adequate because aerial basking is not 

the only means of thermoregulation.  In this study Tset was frequently available to turtles in 

aquatic microhabitats.  Thus, aerial basking was not required to obtain Tset in many 

instances.  Surface water temperatures were within Tset 38.4% of the time and had the 

smallest average deviation from Tset, -0.14°C.   Using aerial basking bouts to quantify 

thermoregulation does not account for thermoregulation that takes place in water and is, 

therefore, an unreliable measure.  Studies that measured carapace temperatures rather than 

internal Tb (Grayson and Dorcas, 2004) overestimate basking temperatures and are, 

therefore, also unreliable measures of thermoregulation. 

 

I found that in painted turtles in Ontario the mean db (2.4°C) was smaller than the average 

de (4.8°C) by 2.4oC.  The low de and db can be partially attributed to the wide Tset 

characteristic of the species, and not solely to small variations in Tb and Te. Values of de-db 

for lizards and snakes range from –0.33 oC to 8.4 oC (summarized in Blouin-Demers and 

Nadeau, 2005). Compared to the documented range of de-db, the painted turtles in this 

population can be classified as a moderately precise thermoregulator.  

 

Temperate species vary in their investment in thermoregulation.  The northern water snake 

is highly aquatic and shares its habitat with painted turtles.  The water snake has the same 

average db (2.4oC, Brown and Weatherhead, 2000), but experiences a thermal environment 
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that is slightly less challenging (de = 4.0oC vs. 4.8oC for painted turtles).  This indicates that 

the painted turtle has the same accuracy of Tb, but that it invests more in thermoregulation 

than the water snake.  

 

The second index, Ex, also indicates that painted turtles are moderate thermoregulators.  

Painted turtles exploit the thermal environment and maintain Tb within Tset 42% of the time 

when Te is permissive.  Northern watersnakes exploit the thermal environment and 

maintain Tb within Tset 44% of the time when Te is permissive (Brown and Weatherhead, 

2000).  Black ratsnakes maintain Tb within Tset 22.4% of the time when Te is permissive 

(Blouin-Demers and Weatherhead, 2001).  Thus, other species in the same area have 

similar or lower Ex values. Ex values average 46% for monitor lizards in a benign thermal 

environment in Australia (Christian and Weavers, 1996).  Painted turtles are 

thermoregulating to at least the same extent as other ectotherms in the same area, but less 

on average than some in a benign thermal environment. 

 

Thermal quality of the habitat had no effect on movement patterns of painted turtles.  

Sexton (1959) suggested that the mechanism driving movement patterns in painted turtles 

is the cycle of macrophytes.  Painted turtles move to locations where macrophytic food 

sources are available.  Since not all plants are available in the same abundance, at the same 

time or at the same location this can result in large movements.  The abundance of potential 

basking sites dispersed throughout the marsh means that movements were not constrained 
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by the availability of thermoregulatory opportunities.  A turtle is able to follow the 

macrophyte cycle and maintain the opportunity to bask. 

 

Season 

 
The two thermoregulation indices employed resulted in divergent conclusions about 

seasonal variation in thermoregulation.  The de-db index detected seasonal differences, 

whereas none were detected with Ex.  The former index established that thermoregulatory 

effort was highest in early season, lower in mid season, and lowest in late season.  Basking 

behaviour followed a similar pattern.  Turtles basked more in early season than in mid and 

late season.  In early season, Te was within Tset for less than half of the time than it was 

during mid-season.  The early season was thus thermally challenging, but turtles invested 

more in thermoregulation.  Contrary to my predictions, the late season had the lowest 

thermal quality and the lowest investment in thermoregulation. 

 

The late season results may be a consequence of ecological constraints related to 

hibernation.  Turtles cannot have food in their gut during hibernation because it could rot 

due to the cessation of digestion at low Tb.  To avoid this, painted turtles stop eating in late 

season (Sexton, 1959), and feeding is slowed or ceases when water temperatures are below 

15oC (Kepenis and McManus, 1974).  When there is no caloric intake, it is advantageous to 

maintain a lower metabolic rate to diminish energy expenditures.  Thus, in late season, 
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decreased thermoregulation, leading to cooler Tb, may be a consequence of cessation of 

foraging in preparation for hibernation.   

 

There was no difference in Ex across seasons, but in retrospect this finding is not surprising.  

Ex only examines what occurs between a narrow range of temperatures: when Tset is 

available and the thermal quality of the habitat is, by definition, high.  Constant Ex values 

across seasons demonstrate that turtles exploit the thermal environment to the same extent 

when exposed to the same thermal quality, independent of season.  This only furthers the 

notion that turtles respond to their immediate thermal environment, because it illustrates 

that thermoregulatory decisions are based on a shorter time scale than season.   

 

The prediction of seasonal differences in thermoregulatory effort was based on the 

presumption that the mid season would offer a more favourable thermal habitat than the 

early or late season.  In fact, during all seasons high and low thermal quality habitats were 

available. The hourly average variation in Te was nearly as pronounced as the daily average 

variation in Te throughout the season.  The average day had mean hourly Te both inside and 

outside Tset. The mid season did not always offer a better thermal environment than the 

early or late season.  Large variation in thermal quality within seasons renders seasonal 

comparisons less sensitive.  Therefore, in this temperate habitat where there is high 

variation in daily thermal quality, season may not be an appropriate proxy for thermal 

quality.  It is more suitable to test the cost benefit model by comparing observations of high 

thermal quality and low thermal quality. 
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Cost benefit model 

 
The broad applicability of the cost benefit model has been challenged, but until this study it 

has not been rigourously tested within a species (Blouin-Demers and Nadeau, 2005; Brown 

and Weatherhead, 2000; Blouin-Demers and Weatherhead, 2001; Shine and Madsen, 

1996).  The cost benefit model predicts that thermoconformity should occur in high cost 

thermal environments (Huey and Slatkin, 1976).  The thermal environment experienced by 

painted turtles in my study area was thermally challenging for most of the active season.   

Average monthly Te reached Tset in only one month.  Te was above the lower bound of Tset 

in basking sites only 38% of the time. This is low compared to Pseudemys scripta, a pond 

turtle found in South Carolina, where Te in basking sites were above the lower bound of Tset 

for 61.5 % of observations (Crawford et al., 1983).  Contrary to predictions generated by 

the cost-benefit model, in the high cost, low thermal quality environment, painted turtles 

are moderate to precise thermoregulators based on both Ex and de-db values.   

 

To provide a more stringent test of the model, I compared paired de and db values.  When db 

was regressed on de, the slopes were between zero and one: the greater the value of de, 

(high de = low thermal quality) the greater the difference between de and db (effectiveness 

of thermoregulation).  Painted turtles raised Tb above Te to a greater extent in low thermal 

quality habitats (high de). Further evidence contrary to the cost benefit model was that 

turtles invested more in thermoregulation when Tset was not available in any of the habitats.  
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Thus, when the environment was of low thermal quality (Tset unavailable), not only did 

turtles thermoregulate despite the high costs, they thermoregulated more than when the 

environment was of high thermal quality. 

 

The cost benefit model was inspired by the thermoregulatory behaviour of Anolis lizards in 

the Carribean (Huey and Slatkin, 1976), a thermally benign environment. In the balance 

between costs and benefits, the model does not put enough emphasis on the disadvantages 

associated with thermoconformity.  These disadvantages are low in a high thermal quality 

habitat (low de) because Tb that translate into high performance are achieved without 

thermoregulation.  On the other hand, the disadvantages of thermoconformity can outweigh 

the costs of thermoregulation in low thermal quality habitat (high de) because Tb achieved 

without thermoregulation translate into poor performance.  The habitat experienced by 

painted turtles in Ontario included mean Te below 15oC.  If a turtle failed to thermoregulate 

when mean Te was less than 15oC, it would be unable to eat and, thus, perform any activity 

for a prolonged period of time.  In this habitat, thermoregulation also has very high costs, 

such as the required energy to find thermoregulatory opportunities and the opportunity cost 

of spending time in a microhabitat (air) where activities other than basking cannot take 

place.  In the case of painted turtles, even though the costs of thermoregulation are high, 

they are lower than the disadvantages of thermoconformity.  We thus see a pattern opposite 

to the cost benefit model.   
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In habitats where there are large disadvantages to thermoconform and low costs to 

thermoregulate (such as Te far from Tset but many easily accessible basking sites) the 

expectation would be for the organism to thermoregulate.  In habitats where there are small 

disadvantages to thermoconform and high costs to thermoregulate (such as a benign 

environment with Te near Tset and few opportunities for basking) the expectation would be 

for the organism to thermoconform.   

 

This study confirmed that thermoregulation within a population varies with thermal quality: 

painted turtles invest more in thermoregulation when thermal quality is poor.  The next step 

is to investigate if populations living in habitats with different thermal quality invest 

differently in thermoregulation.  Studies that have examined latitudinal variation without 

quantitative indices of thermoregulation are equivocal.  Ellner and Karasov, (1993) found 

that a population of turtles at a northern location had lower Tb than a southern population.  

Andrews (1998) used a comparative approach between species and found that Tb was lower 

in the tropics than in northern temperate zones.  Studies that quantified thermoregulation 

between populations are scant (see Diaz, 1997, for an exception) but are required to further 

test the broad applicability of the cost benefit model of thermoregulation.  

 

Performance and Optimal Temperatures 

 
Painted turtles had a moderate de-db value (2.4oC).  The ecological significance of operating 

at 2.4oC closer to Tset than the models depends on the shape of the fitness-temperature 
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curve of painted turtles.  If the curve is leptokurtic, a small variation in temperature would 

have a greater effect on performance than if the curve is platykurtic.  In addition to the 

shape of the curve, To has to be known to draw conclusions from thermoregulatory data 

with regards to physiological performance.  The slope of typical performance curve (Fig. 

11) is a function of the distance from To: the slope is less steep around To. Thus, raising Tb 

slightly when Tb is far from To, and the slope is steep, will have a greater effect on fitness 

than raising Tb an equal amount when Tb is near To.  Thus, the further the organism is from 

To, the more benefit is derived for the same increase in Tb. The differences in de-db value 

between seasons were significant, but the difference was small (0.16oC).  In the early 

season, when Tb is further from To than in the mid season, the increased benefit derived 

from increased thermoregulation could be ecologically and physiologically significant, 

depending on the exact shape of the fitness curve for painted turtles.   

 

The next step for studies of thermoregulation is to unite physiological and ecological data 

(Huey and Stevens, 1979).  To determine the benefits of thermoregulation, or lack thereof, 

a fitness curve needs to be developed for the study animal.  Since an overall fitness curve 

will rarely be calculable, performance curves for certain ecologically important functions 

must be used as proxies.  Locomotory speed and endurance are often used (Huey and 

Bennett, 1987; Angilletta et al, 2002), but there are many other important functions, like 

growth rate and reproductive output that should be considered.  
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Huey and Bennett (1987) found that To is more closely linked with CTMax than with Tset in 

some Australian skinks. Skinks with Tset far from CTMax have Tset far from To (Huey and 

Bennett, 1987).  Painted turtles have 16.5oC between the upper bound of Tset and CTMax 

(Hutchinson et al., 1966).  If the tight relationship between CTMax and To also applies to 

turtles, then the Tset measured is probably not a very good approximation of To.  On the 

other hand, other studies have found that To in some lizards and amphibians corresponds 

with average field temperatures (reviewed in Angilletta et al, 2002) and the painted turtle 

has an average field Tb within Tset.  Other studies showed that the most common 

performance used to determine To, sprinting speed, is not used at its maximum rate in the 

field, even when available.  Thus, it is unnecessary to attain To to perform the task to a 

requisite level, at least for some locomotory behaviours (reviewed in Angilletta et al, 2002). 

Whether this holds true for other behaviours or processes remains to be determined. 

 

Currently, there is very little known about the performance curves of painted turtles.  One 

study looked at metabolic rate in juvenile painted turtles and found that it increased non-

linearly from 15oC to 35oC (Kepenis and McManus, 1973).  The Q10 was 10.71 from 20oC 

to 25oC, while it was 0.98 from 25oC to 30 oC and 2.01 from 30oC - 35oC.  This indicates 

that although 25oC (the upper bound of Tset) is not the optimum for metabolic rate, the 

metabolic benefit derived from being at 25oC is much higher than at 20oC (below the lower 

bound of Tset) and slightly higher than at 30oC.  Even though at a Tb of 35oC the turtle has a 

higher rate of metabolism, it is only 6oC away from the CTmax of painted turtles 

(Hutchinson et al., 1966).  In lizards, the maximum active field temperatures measured are, 
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on average, 6oC below CTMax (Huey and Stevenson, 1979). It is unlikely that painted 

turtles are operating at these temperatures on a frequent basis, as the temperature may be 

too warm for another physiological process to proceed.  

 

Although these data are a starting point, they are unlikely indicative of optimal 

performance temperatures.  In a growth experiment that decoupled food intake and basking, 

increased growth rate was linked with greater basking, not with increased food intake 

(Koper and Brooks, 2000). A second study of the effects of temperature on performance 

found that digestive turnover rate increased linearly from 15 oC to 35 oC.  Turnover time 

was 81.6 hours at 15 oC and only 15.0 hours at 35 oC (Parmenter, 1982). These studies give 

only a piece of the puzzle towards a fitness curve; other variables like swimming speed, 

growth rates, and reproductive output are more ecologically relevant and are required to 

complete the picture.  

 

The use of absolute values of deviations from Tset (both de and db) assumes that 

performance curves are symmetrical. This could be problematic because most performance 

curves tend to be asymmetrical.  A more suitable way of determining the effect of the 

distance of Tb or Te from Tset is matching the temperature deviation to temperature on the 

other half of the curve that results in an equal loss in fitness.  If 1oC below Tset resulted in 

the organism functioning at 80% of its maximum this value would be matched with the 

point on the curve above Tset that resulted in the same 80% performance and given the same 

de or db value.  Thus, for an asymmetrical curve where performance decreases more 
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precipitously above To, de and db values would increase more quickly above To.  The 

challenge will be to determine the shape of the fitness curve from performance curves for 

traits such as locomotion, digestion, growth, and metabolic rate that have different shapes 

(symmetrical, asymmetrical, step functions) and different optima. More studies need to be 

performed where To is determined for various performance curves to make more 

appropriate ecological conclusions. 
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Table 1. Definitions of commonly abbreviated terms used in the quantification of 

thermoregulation. 

Symbol Definition 

    Tb Internal body temperature 

    Te The temperature of an inanimate object of zero heat capacity with the same 

size, shape and radiative properties of the animal (Bakken, 1976) 

    Ta Ambient temperature, usually air temperature in the shade 1m from the 

ground 

    To Temperature(s) where the organism performs optimally 

    Tset Selected temperature of an organism measured in a zero cost environment 

    db A measure of effectiveness of thermoregulation, the absolute value of 

deviations of Tb from the bounds of Tset (Hertz et al., 1993) 

    de A measure of thermal quality, the absolute value of deviations of Te from 

the bounds of Tset (Hertz et al., 1993) 

CTMax Critical thermal maximum, the thermal point above which locomotion is 

impaired to the point where it will lead to the animal’s death (Cowles and 

Bogert, 1944) 
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Table 2.  Derived predictive equations for turtle model temperatures in 4 locations.  

Equations were derived from air temperature, wind speed, and radiation to predict 

temperatures of terrestrial environmental operative temperatures (Te). 

Microhabitat Equation R2 P 

Log in Sun 1.45AIRT+15.9RAD –8.4649 0.83 < 0.0001 

Log in Shade 0.99AIRT+12.36RAD-

0.40WIND+0.015(AIRT)2-

18.97(RAD)2+0.05(WIND)2-4.88 

0.73 

 

< 0.0001 

Rock in Sun 0.93AIRT+20.75RAD-0.35WIND+ 1.0998 0.73 < 0.0001 

Rock in Shade 1.01AIRT+13.16RAD-0.28WIND16-3.5606  0.74 < 0.0001 

 
Note: AIRT is air temperature (oC) RAD is solar radiation (KW/m2) and WIND is wind 

speed (m/s)  
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Table 3. Summary of means and ranges of thermal habitats available painted turtles in a 

marsh in eastern Ontario in 2004.  

Measure Mean (±1SE) Range  

Turtles   

   Tb 21.0 ± 4.7 oC 7.0-39.0 oC 

Model Temperature   

   Surface Water 21.0 ± 0.04 oC 6.0-34.0 oC 

   1m 18.4 ± 0.04 oC 10.5-24.5 oC 

   Mud 17.0 ± 0.05 oC 11.0-19.5 oC 

   Log Sun 21.2 ± 0.20 oC -5.1-67.5 oC 

   Log Shade 17.6 ± 0.15 oC -3.0-45.0 oC 

   Rock Sun 20.3 ± 0.18 oC -.05-45.7 oC 

   Rock Shade 16.3 ± 0.15 oC -1.4-36.2 oC 
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Table 4. Slope, intercept, R2 and p-values of db regressed on de for each individual painted 

turtle in Ontario over one active season. All slopes are between 0 and 1, signifying a greater 

extent of thermoregulation in low thermal quality habitats. 

Turtle Radio 

Frequency 
Slope Intercept R2 p - value 

060 0.62 -0.083 0.24 < 0.0001 

100 0.54 0.0037 0.21 < 0.0001 

120 0.45 0.32 0.16 < 0.0001 

140 0.50 0.18 0.18 < 0.0001 

162 0.64 -0.092 0.23 < 0.0001 

178 0.66 -0.45 0.32 < 0.0001 

201 0.61 0.14 0.27 < 0.0001 

210 0.60 -0.20 0.26 < 0.0001 

219 0.55 -0.026 0.23 < 0.0001 

243 0.60 -0.60 0.36 < 0.0001 

290 0.68 0.062 0.32 < 0.0001 

340 0.76 -0.70 0.38 < 0.0001 

361 0.64 -0.34 0.30 < 0.0001 

418 0.48 0.22 0.20 < 0.0001 

461 0.52 -0.16 0.19 < 0.0001 

543 0.49 -0.012 0.23 < 0.0001 

583 0.90 -1.31 0.44 < 0.0001 

621 0.40 -0.16 0.16 < 0.0001 
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Figure 1. (a) Internal and (b) external field Tb measured during daylight hours throughout 

the active season of painted turtles in a marsh in eastern Ontario.  External temperatures 

have a higher mean than internal Tb and recorded temperatures above the Critical Thermal 

Maxima. The shaded region represents Tset. 
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Figure 2. The temperatures of painted copper model used to obtain operative environmental 

temperatures (Te) compared to a 300g painted turtle carcass.  Temperatures were obtained 

at 100-minute intervals.  Slope is equal to 1, n=102 R2=0.96. Copper models were 

considered a good representation of available Te. 
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Figure 3.  Mean hourly estimated operative environmental temperatures for mud (filled 

square), water at 1m depth (filled diamond), surface water (filled circle), log in the sun 

(open square), log in the shade (open triangle), rock in the sun (open circle), rock in the 

shade (open square) during the active season on the painted turtle in eastern Ontario.  

Horizontal solid lines represent the preferred temperature of painted turtles (Tset).  On 

average, Tset is available from 8:00 until 21:00, in at least one of the microhabitats or 

through shuttling between microhabitats. 
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Figure 4.  Average estimated monthly operative temperatures (Te ± SE) for the active 

season of painted turtles in Eastern Ontario.  Horizontal solid lines represent the mean 

selected temperatures (Tset).  Average monthly Te only reaches Tset in July, this suggests 

that the thermal environment is of low quality.  
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Figure 5. Frequency histograms of (a) operative temperatures (Te) and (b) Chrysemys picta 

Tb during the active season in a marsh in eastern Ontario.  The shaded region represents 

Tset.  The distribution of Tb compared to Te indicates the turtles are avoiding the extreme 

temperatures. 
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Figure 6. The absolute values of the difference between Tb and Tset (db) versus the absolute 

values of the difference between Te and Tset (de) for painted turtles in a marsh in eastern 

Ontario.  Dotted line is 1 to 1 line, dark line is the average slope.  Greater thermoregulation 

takes place when the quality of thermal habitat is low. 
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Figure 7. Box plot of de-db values of painted turtles in a marsh in eastern Ontario, by 

thermal quality.  Averages are denoted by the squares.  Average de-db values are higher 

when the thermal quality of that habitat is low (Te ≠ Tset).
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Figure 8. Average daytime temperatures were used to determine seasons when compared to 

Tset bounds.  The early season is from May 16th to June 8th, the mid season is June 9th to 

September 6th, and the late season is from September 7th to of October10th. 
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Figure 9. Average hourly Tb (diamonds), maximum Te (filled circles) and minimum Te 

(empty circles) for painted turtles in a) early season b) mid-season c) late season 2004.  Tset 

is represented by the horizontal solid lines. Ex is not statistically different across seasons. 
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Figure 10.  Box plot of de-db values of painted turtles in eastern Ontario, by season.  

Averages are denoted by the squares.  Average de-db values are highest in the early season, 

lower in the middle season and lowest in the late season. 
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Figure 11. A typical performance curve for locomotion.  To is within the range of Tset.  

Adapted from the temperature performance curve for swimming speed in black rat snakes 

in Ontario, Canada (Blouin-Demers et al., 2003). 
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