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Abstract

Operative temperature (Te) and standard operative temperature (Tes) models have been used to address ecological

questions about the thermal biology of ectotherms and endotherms for over 25 years. This review focuses on the

accuracy and use of Te and Tes models in ecological and physiological studies. The utility of Te and Tes models lie in the

fact that they take a multivariate problem involving inputs of air temperature, ground temperature, solar radiation, and

wind speed and map them into a single thermal metric on a spatial scale appropriate for the animal. The most reliable

Te models are copper casts that mimic the morphology and absorptivity of an animal. Simplified Te models such as

cylinders and spheres have been shown to produce errors in Te as large as 12 1C under certain conditions and should

only be used after careful calibration against a live animal. The accuracy of heated Tes models has been addressed in

much less detail then that of Te models. When calibrated and used under conditions of low solar radiation, heated

taxidermic mounts and simplified Tes models produce errors in net heat production on the order of 5% or less. In order

to provide reliable data, all types of models must be calibrated over an ecologically realistic range of environmental

conditions experienced by the animal. This advice has been largely ignored in the literature, where 61% of the of studies

examined failed to properly calibrate the models prior to use. Additionally, studies using these models tend to lack

experimental rigor, using only one or two models to make measurements on 1 or 2 days of the active season. When used

correctly, Te and Tes models can be powerful tools for integrating the thermal environment experienced by an animal

into a single metric that can address questions regarding the ecology, physiology, and behavior of endotherms and

ectotherms. However, until investigators make the effort to use these models in a scientifically valid manner with proper

calibration and experimental design their value to thermal biologists will be limited.

r 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

Over the past 25 years, operative temperature (Te) and

standard operative temperature (Tes) models have been

employed to study the thermal ecology, behavior, and

physiology of ectotherms and endotherms (Bakken,
e front matter r 2005 Elsevier Ltd. All rights reserve
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1992). These models provide a means to measure the

thermal environment on a scale relevant to an animal’s

microhabitat by integrating convective and radiative heat

transfer between the environment and the animal (Bakken

and Gates, 1975; Bakken, 1976). When used correctly,

both operative temperature and standard operative

temperature models have the potential to be powerful

tools for examining the relationship between an animal’s

thermal environment and its physiology and ecology.
d.
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Nomenclature

as short-wave absorptance

de mean deviation between field measured Te
and the animal’s set point temperature (1C)

hc convection coefficient (Wm�2K�1)

u wind speed (m s�1)

vs view factor for short-wave radiation

Ke overall thermal conductance (W 1C�1)

Kem overall thermal conductance of taxidermic

mount (W 1C�1)

Kes overall thermal conductance in a standard

environment (W 1C�1)

Kesm overall thermal conductance in a standard

environment of taxidermic mount (W 1C�1)

M–E net heat production; metabolic heat produc-

tion minus evaporative heat loss (W)

P heater power to maintain temperature of Tes
taxidermic mount (W)

R solar radiation (Wm�2)

Ta air temperature (1C)

Tb body temperature (1C)

Te operative temperature (1C)

Tes standard operative temperature (1C)

Tg ground temperature (1C)

Tr long-wave radiative temperature (1C)

� long-wave radiation absorptance

s Stefan–Boltzman constant (5.673� 10�8

Wm�2K�4)
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Bakken (1992) reviewed the use of Te and Tes models

up to 1991, including applications such as mapping the

thermal environment, providing a measure of the

thermal value of an animal’s home range, and estimating

the energetic costs of living in various thermal environ-

ments. Since then a number of construction and usage

issues with both types of models have been raised

(Walsberg and Wolf, 1996a, b; Larochelle, 1998; Bakken

et al., 1999b, 2000, 2001; Vitt and Sartorius, 1999;

O’Connor, 2000; O’Connor et al., 2000; Fortin 2001;

Shine and Kearney, 2001). My goals in this review are as

follows: (1) to provide a brief review of the theory

behind both Te and Tes models, (2) to examine the

reliability, accuracy, and use of these models in the

literature, and ultimately (3) to suggest that in order for

these models to provide useful data they must be

calibrated and employed with a sound experimental

design.
2. Operative temperature models

2.1. Theory

Operative temperature (Te) is the ‘‘temperature of an

inanimate object of zero heat capacity with the same

size, shape, and radiative properties as the animal

exposed to the same environment’’ (Bakken and Gates,

1975). Put another way, Te is the body temperature of an

animal if it were in thermal equilibrium with the

environment in the absence of metabolic heating or

evaporative cooling.

Operative temperature is measured with physical

models placed in the environment or with mathematical

equations describing the steady-state heat transfer

between the animal and the environment. Recent
examples of studies that use various methods to measure

Te are provided in Table 1. Mathematically, Te can be

defined as

T e ¼
hcTa þ 4s�T4r þ asvsR

hc þ 4s�T3r
. (1)

Symbols are defined in the Nomenclature. As Eq. (1)

shows, Te integrates all the convective and long wave

and short wave radiation heat exchange pathways

influencing equilibrium temperature of an animal. When

calculating Te with Eq. (1), wind speed, solar radiation,

Ta, and thermal radiation must be measured in the

available microhabitats.

Numerous physical model representations of an

animal have been used to measure field Te (see Table 1

for recent examples). Operative temperature models are

typically made of copper, due to the high heat

conductance of this metal. The most sophisticated Te
models use an electroplating technique described by

Bakken and Gates (1975) to produce a thin copper cast

with a convection coefficient and morphological char-

acteristics equal to that of the animal. This cast is then

painted to match the animal’s absorptivity (Grant and

Dunham, 1988; see Table 1). To simplify the construc-

tion of Te models, many studies have used short pieces

of copper pipe painted to match the absorptivity of the

animal (Peterson, 1987; Huey et al., 1989; see Table 1) or

small temperature loggers to measure Te in place of

copper models (Sartorius et al., 1999; Vitt and Sartorius,

1999). For small animals such as insects, dried specimens

with a thermocouple inserted in the body have been used

as Te models (Chappell, 1982; Morgan and Shelly, 1988;

see Table 1).

The use of physical models allows investigators to

measure Te in many microhabitats simultaneously.

These models can replace expensive equipment (multiple
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Table 1

Examples of Te models used in thermal ecology from 1991 to 2004

Model type Animal Reference

Copper cast models Lizard Hertz (1992a, b), Niewiarowski and Roosenburg (1993), Hertz et al. (1993),

Bauwens et al. (1996), Walsberg and Wolf (1996a), Bashey and Dunham (1997),

Lorenzon, et al. (1999)

Hollowed shell Turtle Penick et al. (2002)

Hollow copper cylinders Amphibian,

lizard, snake

Peterson, et al. (1993), Diáz (1994), Dorcas (1995), Belliure et al. (1996), Shine

and Madsen (1996), Dorcas et al. (1997), Diáz (1997), van Marken Lichtenbelt et

al. (1997), Lillywhite et al. (1998), López et al. (1998), Schäuble and Grigg

(1998), Brown and Weatherhead (2000), Shine et al. (2000), Wills and Beaupre

(2000), Shine and Kearney (2001), Shine et al. (2002)

Tygon tubing Snake Beaupre (1995a, b)

Thick-walled aluminum models Turtle Zimmerman et al. (1994), O’Connor (2000), O’Connor et al. (2000)

TidbitTM or HoboTM data

loggers

Lizard Sartorius et al. (1999), Vitt and Sartorius (1999), Klingenböck et al. (2000)

Black or gray copper ball Bird, lizard,

mammal

Weathers and Sullivan (1993), Houseal and Olson (1995), Beaver et al. (1996),

Wikelski et al. (1996), Beaver and Olson (1997), Cooper (1999) Wikelski and

Wrege (2000), Wikelski et al. (2000), Weathers et al. (2002)

Water filled copper model Lizard Grbac and Bauwens (2001)

Carcass Insect O’Neill and Kemp (1992), O’Neill et al. (1994), Dreisig (1995), Ashbly (1997),

Bishop and Armbruster (1999), Klok and Chown (1999), Frears et al. (1999),

Kingsolver (2000), Ide (2002), Merrick and Smith (2004)

Mathematical equations Lizard Christian and Bedford (1995, 1996), Christian and Weavers (1996), Christian et

al. (1996b), Christian et al. (1997), Gloutney and Clark (1997), Christian (1998),

Grigg and Seebacher (1999), Christian et al. (1999), Seebacher (1999), Seebacher

et al. (1999)

Ta or Tg Lizard Smith and Ballinger (1994), Vitt and Avila-Pires (1998), Vitt et al. (1998),

Bauwens et al. (1999), Kearney and Predavec (2000), Rock et al. (2000), Vitt et

al. (2001)

Agar models Amphibian Navas (1996)

Unheated taxidermic mount Mammal Castro et al. (1992), Hayes and Shonkwiler (1996), Sharpe and Van Horne

(1999), Bozinovic et al. (2000), Tieleman and Williams (2002), Stoutjesdijk (2002)
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anemometers, pyrometers, radiometers, etc.) needed to

measure wind speed and radiation for calculating Te in

multiple microhabitats with Eq. (1). With the use of a

datalogger, the temperature of 20 or more Te models can

easily be monitored within an animal’s habitat.

Operative temperature models have been used to

examine the thermal environment of insects, amphibians,

reptiles, birds, and mammals (see Table 1). They typically

are used to test for active thermoregulation (Bakken and

Gates, 1975; Bakken, 1992; Hertz et al., 1993; Wills and

Beaupre, 2000); provide a method for mapping the

available thermal environment on the microhabitat scale

of the animal (Grant and Dunham, 1988; Hertz,

1992a, b; Bashey and Dunham, 1997; Zimmerman

et al., 1994; Bauwens et al., 1996); and provide bounds of

minimum and maximum Te available in an environment.

2.2. Model accuracy

The ecological utility of physical Te models depends

on their ability to reliably estimate an animal’s Te in a

given microclimate. While numerous studies have used
Te models over the years (Table 1), surprisingly few have

examined the accuracy with which they measure

equilibrium Tb of a live animal (Bakken and Gates,

1975; Walsberg and Wolf, 1996a). Below I examine the

literature to determine how well Te models estimate Te
under typical wind, solar radiation, and temperature

conditions found in the field.

2.2.1. Model type

Of the different model types, copper casts have been

shown to provide the most accurate Te measure (Table

2; Bakken and Gates, 1975; Walsberg and Wolf, 1996a).

Walsberg and Wolf (1996a) measured the equilibrium

temperature of live Sceloporus magister, copper casts of

S. magister, copper cylinders, and plastic cylinders in a

closed-circuit wind tunnel under one solar radiation

level and a number of wind speeds. The copper casts

were the most accurate predictors of the live animals

equilibrium Tb. However, under the testing conditions,

copper casts consistently underestimated the live lizard’s

Tb by 1.8–2.5 1C, depending on wind speed. Deviations

between all model types and live animals were greatest at
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Table 2

Comparisons of Te models of various types, colors, sizes, and position placements

Effect Te deviations

(1C)

Te model types Te model size

(l�d; mm)

Te color Height Refs.

Model type 2.5–5.71 Cylinder vs. animala 121� 22 &

112� 16

Animals

absorptivity

Ground 1.

1.8–2.5 Cu casta vs. animala 96 & 68 SVL Animals

absorptivity

Ground 1.

0.3871.25 (SD) Tidbit vs. Cu castb 30� 40 Tidbit Ground 2.

0.6871.45 (SD) Tidbit vs. Cu castc 30� 40 Tidbit Ground 2.

0.1672.10 (SD) Tax. mountd vs. Eq. (1) Blackbird pelt Perch 3.

1.1971.57 (SD) Tax. mounte vs. Eq. (1) Grassquit pelt Perch 3.

0.25 Cu castf vs. animalf 9-g lizard Animals

absorptivity

Ground 4.

0.0–6.3 Spheres vs. Tax. mountg 2.5, 3.5, 6.0 cm dia. 0.3 cm 5.

Color 12.5 Cylinders 64� 16 Black vs. white 0.3 cm 4.

4.5 Cylinders 64� 16 Black vs. gray 0.3 cm 4.

0.1–2.6 Cylinders 246� 60 & 60� 15 Jade green vs. gray Ground 6.

Size 0.3–1.1 Casts 96 vs. 68 SVL Animals

absorptivity

Ground 1.

0.2–1.2 Cylinders 120� 27 vs.

118� 16

Animals

absorptivity

Ground 1.

6 Cylinders 152.4� 38 vs.

25.6� 6.4

Gray 0.3 cm 4.

4 Cylinders 64� 16 vs.

25.6� 6.4

Gray 0.3 cm 4.

0.3–4.2 Cylinders 246� 60 vs.

60� 15

Gray and jade

green

Ground 6.

Location 9.5 Cylinders 64� 16 Gray 0.3 vs. 90 cm 4.

6 Cylinders 64� 16 Gray 0.3 vs. 20 cm 4.

7.3–10.16 Cu castsf 12 g animal Gray Ground

vs.60 cm

7.

2.9–5.5 Cu castsf 12 g animal Gray Ground vs.

1 cm

7.

aSceloporus magister, bScincella lateralis, cSceloporus ndulates, dEuphagus cyanocephalus, eVolatinia jacarina, fSceloporus occidentalis,
gMelopsittacus undulates, Lanius ludovicianus, Pica nuttallia, and Phainopepla nitens. References: (1) Walsberg and Wolf (1996a); (2)

Vitt and Sartorius (1999); (3) Greek et al. (1989); (4) Bakken and Gates (1975); (5) Walsberg and Weathers (1986); (6) Shine and

Kearney (2001); (7) Bakken (1989).
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the lower wind speeds (Walsberg and Wolf, 1996a).

Bakken and Gates (1975) reported smaller deviations of

0.25 1C between the equilibrium Tb of live Sceloperous

occidentalis and Te of a copper cast of S. occidentalis

tested in the field.

Numerous studies have tested the accuracy of the

copper casts prior to field use and found relatively

good agreement between the model and a live or dead

animal under the testing conditions. Copper casts

of the greater earless lizard (Cophosaurus texanus)

predicted equilibrium Tb under various wind and solar

conditions to within 1 1C of a live animal (Bashey

and Dunham, 1997). Under 5 heat loads, smaller

deviations of 0.2 1C were observed between a tethered

lacertid lizard, Podarcis hispanica atrata, and a copper
cast of the animal (Bauwens et al., 1996). Hertz (1992a)

found that 80% of copper casts Te measurements

were within 1 1C of the equilibrium Tb of Anolis

gundlachi and Anolis cristatellus. The largest deviations

occurred under high solar radiation conditions and low

Ta where Te and Tb differed by more than 1 1C. Most of

the studies testing copper cast accuracy suggest that

these models predict operative temperature to within

1 1C. However, under certain conditions (i.e. low wind

speed or high solar radiation) the models become less

accurate.

In an attempt to simplify Te model construction,

investigators have used copper tubes or metal spheres to

measure Te (Table 1). These simplified models have the

advantage of being easier to construct than animal casts.
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The tradeoff is a potential decrease in measurement

accuracy. Walsberg andWolf (1996a) compared the Tb of

S. magister to Te of copper and plastic cylinders with

absorptivities similar to S. magister. Operative tempera-

tures of both cylinder types were as much as 6 1C lower

than the corresponding Tb. Similarly, Walsberg and

Weathers (1986) found that Te measured with metal

spheres deviated from taxidermic mounts by as much as

6.3 1C (Table 2). During a 5-day comparison between

spherical models and taxidermic mounts, over 25% of the

average hourly Te values were 3 1C greater in the spheres

than the mounts and 18% of the time the difference was

greater than 4 1C. Under environmental conditions that

produced low Te values, the temperature of a black metal

sphere agreed well with the equilibrium temperature of a

Blackbird taxidermic mount (Bakken et al., 1985). Under

higher Te conditions, the sphere temperature was higher

than the mount due to increased solar heating of the

sphere. This led Bakken et al. (1985) to conclude that

‘‘simply duplicating the approximate form and color of

the animal of interest is unlikely to succeed’’.

Studies involving snakes have used simplified cylinder

models to measure Te (Peterson, 1987; Dorcas, 1995;

Beaupre, 1995a, b; Shine and Madsen, 1996; Wills and

Beaupre, 2000). Beaupre (1995b) found maximum

temperature differences of approximately 1.5 1C between

plastic cylinder models and equilibrium Tb of the

mottled rock rattlesnake (Crotalus lepidus) under field

conditions. Brown and Weatherhead (2000) found that

cylinders accurately predicted the Tb of a dead northern

water snake (Nerodia sipedon) under high-temperature

conditions but at lower body temperatures the deviation

between the dead snake and model temperature was as

large as 7 1C in some cases (calculated from Fig. 1 in

Brown and Weatherhead, 2000). However, it was not

shown how well a dead snake represents a live snake.

Wills and Beaupre (2000) found that at times, individual

Te measurements differed from Tb by as much as 4 1C.

Adding to this, they found that the Te of the cylinders

did not stabilize during their calibrations under windy

conditions. Peterson et al. (1993) carried out preliminary

sensitivity analysis to determine how well copper

cylinders would predict Te of snakes; however, they only

present the accuracy of copper cylinders to predict snake

Tb as ‘‘good results’’ without presenting any data. Other

studies using simplified snake models failed to examine

the relationship between model Te and snake equilibrium

Tb (Shine and Madsen, 1996; Shine et al., 2000).

Recently, TidbitsTM temperature loggers (Onset

Computer Corporation, Pocasset, MA) have been

suggested to be useful, accurate, and simple Te models

(Vitt and Sartorius, 1999). Tidbits are small, cylindrical,

solid epoxy temperature loggers with an internal

temperature probe (diameter 30mm; height 17mm;

mass 23 g). Comparisons of TidbitsTM Te with copper

cast Te were carried out on the ground where heat
exchange with the ground dominates the heat transfer of

small ectotherms. Under these conditions, TidbitsTM

performed reasonably well with 80% of the Te estimates

deviating from copper model Te by less than 2 1C. (Table

2; Vitt and Sartorius, 1999). Unfortunately, this study

examined the potential deviations between TidbitsTM

and copper models, but failed to include the response of

live animals (Table 2).

There are a number of issues associated with

TidbitsTM that could influence their usefulness as Te
models. TidbitsTM have a slow response time to

temperature change, taking 18min to reach 90% of a

temperature excursion in moving air (Onset Computer

Corporation). This limits the ability to extract instanta-

neous Te measurements, especially in habitats where the

thermal environment continuously fluctuates. Addition-

ally, the possibility of thermal gradients in TidbitsTM

has yet to be examined and may play a role in the Te that

is measured by the model through time.

When using any simplified model such as cylinders or

TidbitsTM, errors may result with arboreal animals

where convection dominates heat exchange or for

animals that stand on the ground with their bellies more

than a few millimeters off the substrate. The placement

of copper casts only 1 cm above the ground has the

potential to change Te by as much as 5.5 1C (Bakken and

Gates, 1975) suggesting the importance of the animals

convection coefficient. The convection coefficient is a

function of shape and size and therefore, differences in

the convection coefficient between simplified models and

an animal may be large enough to result in significant

deviations in Te under certain conditions. In the

microhabitats occupied by arboreal species the differ-

ence between realistic models and simplified models may

be more prevalent because ground temperature or solar

radiation will not dictate the heat exchange pathways.

2.2.2. Model color

For diurnal lizard species, basking in the sun and

shuttling between various microhabitats is a major

source of heat gain (VanBerkum et al., 1986; O’Connor,

1999). The absorptivity of Te models has large effects on

equilibrium temperature under high solar radiation

conditions and should match as closely as possible the

absorptivity of the animal. Painting a model black or

gray in the hopes that the solar heat gain will match an

animal will lead to inaccurate Te estimates in partial or

full sun. Cylinders that differ in absorptivity can vary in

temperature by as much as 12.5 1C under high solar

radiation conditions (Table 2; Bakken and Gates, 1975;

Peterson et al., 1993; Shine and Kearney, 2001). Bakken

and Gates (1975) showed in the extreme case that black

and white cylinders of similar shape and size varied in

temperature by as much as 12.5 1C during a typical

sunny day. Differences as large as 4.5 1C were observed

between gray and black cylinders. In contrast, Shine and
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Fig. 1. A and B Simulated distributions of Te in two hypothetical sun and shade microhabitats habitats. Set-point temperature range

for the hypothetical animal is 29 to 31 1C. Triangles denote the mean overall Te (filled), the mean sun Te (open), and mean shade Te in

the habitat (open). The index of the average thermal quality (Hertz et al., 1993) for the environment in Fig. 1A is 4.14 and for the

environment in Fig. 1B is 6.85. C and D. Box plots, including maximum, 95%, 75%, median, 25%, 5%, and minimum values, for the

index of the average thermal quality of the two hypothetical habitats (de) vs. the error in Te measurements. Sample sizes for each

simulation were 50 random measurements taken from the Te distributions presented in A. or B. Twenty-five random values were taken

from the shade distribution and 25 random values from the sunny distribution. A normally distributed random error was added to each

randomly selected Te (error71.45 1C; m7SD). The mean error ranged from 0 to 5 1C. The SD is based on the SD of Tidbit

temperatures measured by Vitt and Sartorius (1999). The figure presents the results of 1000 simulations at each error level. E and F.

Box plot, including maximum, 95%, 75%, median, 25%, 5%, and minimum values for the index of the average thermal quality of the

two hypothetical habitats (de) vs. the number of random Te measurements made. An error was added to each randomly selected Te as

above. Half of the random Te values were taken from the sun distribution and half were taken from the shade distribution. The figure

presents the results of 1000 simulations.
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Kearney (2001) examined the effect of color on the

equilibrium temperature of copper cylinder models and

found that differences in color (40% vs. 7.3% reflec-

tance) had at most a 2.6 1C effect on temperature under

the conditions tested. However, model color was the
physical factor having the greatest influence on the

length of time a model temperature was above 30 1C.

There was a 10% difference (0.4–0.6 h out of 4.8 h) each

day in the time the temperatures of dark models were

above 30 1C compared with light models. Not surpris-
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ingly, the greatest difference occurred at the higher

temperatures when solar radiation would be highest.

Model color has a large influence on the measured Te
and the absorptivity should match the animal as closely

as possible. Peterson et al. (1993, see Table 7.1) provide

absorptance values for commercially available spray

paints ranging from 31.4% to 98.5%. Porter (1967),

Peterson et al. (1993) and Christian et al. (1996a)

provide measures of reflectance or absorptance for a

variety of snakes and lizards. Porter (1967) also provides

values for some fish, mammals, and birds.

2.2.3. Model size

Size influences convective and radiative heat exchange

of a model and thus the equilibrium temperature of Te
models (Table 2). Walsberg and Wolf (1996a) examined

the effect of size on equilibrium temperature of copper

casts and cylinders. Temperatures of smaller casts and

cylinders were between 0 and 1 1C lower than those of

larger casts and cylinders suggesting an influence of size

of Te. However, the temperatures of all sizes of copper

cast and cylinder were significantly lower than the live

spiny lizard, S. magister (Walsberg and Wolf, 1996a).

Shine and Kearney (2001) suggest that model size is

one of the most important determinants of a model’s

thermal response. In their study, the size of the model had

the largest effect on the maximum and mean temperature

obtained by a cylinder. The maximum temperature

achieved by small models averaged 3.7 1C above that of

large models, with the extreme difference being 4.2 1C.

Similarly, Bakken and Gates (1975) showed that increas-

ing model size resulted in large Te discrepancies between

models of similar shape and color but different sizes. At

ground level (0.3 cm), model size brought about tem-

perature deviations of up to 6 1C (Table 2), with larger

models producing higher Te values. In another test,

Bakken and Gates (1975) found that temperature

differences between the smallest and largest models was

much smaller when they were placed on the ground than

when they were suspended 90 cm above the surface. Thus,

demonstrating the important interaction of size, convec-

tion coefficient, and potential boundary layer.

Operative temperature models integrate all of the

exchanges from the heat transfer pathways affecting an

animal in a give microhabitat into a single temperature.

Difficulties arise when determining the Te of larger

reptiles due to the potentially large thermal inertia of the

models (Standora et al., 1982; Zimmerman et al., 1994;

O’Connor, 2000; O’Connor et al., 2000). Bakken (1992)

reports that animal models smaller than 30 g with a

diameter less than 3 cm should have small thermal

gradients. As model size increases, the potential for

internal thermal gradients increases as well. Models of

large animals (40.5 kg) can be constructed with either
thin walls or thick walls. In thin walled models, as size

increases thermal gradients tend to development and a
single ‘‘true’’ value of Te becomes difficult to determine

(O’Connor, 2000; O’Connor et al., 2000). Thermal

gradients in large, thin-walled desert tortoise Te models

painted black were as large as 20 1C in the dorsal to

ventral direction and 18 1C in the anterior to posterior

direction (O’Connor et al., 2000). In making models of

large animals, a number of techniques have been

employed unsuccessfully to decrease the presence of

thermal gradients. These include filling the center with

crumpled aluminum foil, aluminum fins, or water

(Bakken, 1992; O’Connor et al., 2000). Two potential

problems exist when using water filled models. First,

there is a tendency for water to produce thermal layers

resulting in uneven distribution of heat within the

model. Second, there is the possibility of air bubbles

forming in the model resulting in the dorsum of the

model becoming insulated.

Typically, there is a tradeoff between wall thickness,

thermal inertia, and the development of thermal

gradients in large Te models. Thick-walled models tend

to have less temperature variation within the model both

dorsoventrally and anterior posteriorally (O’Connor et

al., 2000). Thick-walled models integrate the regional

heat flows into a single Te similar to the way an animal

integrates heat flow. The cost of using thick-walled

models is an increased thermal time constant resulting in

a time integrated Te, not an instantaneous Te as

provided by small models. O’Connor (2000) devised a

method using a deconvolution technique to extract the

instantaneous Te from models that have long thermal

time constants. For large animals, the most accurate Te
models are those with thick walls that can be subjected

to the deconvolution technique to extract the true Te for

a microhabitat. These Te values are useful when using

mathematical models to predict body temperature of a

large animal moving through the environment. Seeba-

cher and Shine (2004) present another approach to

dealing with Te models with long time constants. They

propose a correction factor that corrects for the time lag

in temperature change due to the large body mass of the

animal.

2.2.4. Acceptable error

It is apparent that the Te models currently in use

exhibit a wide range in their accuracy (Table 2). When

choosing a model type to use in the field the main

question to be addressed is: How much error in the

estimated operative temperature is tolerable? Two

simple simulations were conducted to examine the level

of acceptable error in Te models. In the first simulation,

the influence of model error on measurements of the

quality of available thermal habitat for a hypothetical

lizard was examined (see Fig. 1 for simulation methods).

The index of average thermal quality of a habitat (de)

introduced by Hertz et al. (1993) is a measure of how the

distribution of available Te differs from the set point



ARTICLE IN PRESS
E.M. Dzialowski / Journal of Thermal Biology 30 (2005) 317–334324
temperature of an ectotherm in a habitat. This index has

been used by a number of investigators (Bauwens et al.,

1996; Christian and Weavers, 1996; Diáz, 1997; Schäu-

ble and Grigg, 1998; Brown and Weatherhead, 2000).

The simulations suggest that the influence of measure-

ment error in Te is dependent on the Te distribution

relative to the animal’s set point temperature (Fig. 1).

Errors in Te measurements are of greatest consequence

when the mean of the true Te distribution in the

environment is far from the animal’s set point tempera-

ture (Fig. 1C and D). In a simulation where sun and

shade Te values bound the set point temperature (Fig.

1A), measurement errors of 2 1C and lower have small

effects on the distribution of randomly measured Te and

the subsequent de (Fig. 1C). However, when the true Te
distribution is shifted to the left (or right) relative to the

set point temperature, the index de, is much more

sensitive to measurement error (Fig. 1D). In this case, a

2 1C error between the model Te and the animal’s true Te
produce unacceptable deviations in de. The acceptable

model error depends on the relative position of the true

available Te distribution in the environment in relation

to the animal’s set point temperature.

A second simulation compared the distribution from

30Te measurements randomly sampled from the Te
distribution presented in Fig. 1A with measurement

errors ranging from 0 to 5 1C (see Fig. 2 for description

of simulation). The simulated random Te distributions

were compared with the true distribution using the

Kolmogorov–Smirnov test. Model errors 2 1C and

greater resulted in a Te distribution that was significantly
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Fig. 2. Randomization analysis examining the influence of

error in the measurement of Te on the sampled distribution.

Random values of Te were taken from the distribution in Fig.

1A. Sample sizes for each distribution are 30Te models. A

normally distributed random error ranging from 0 to

5 1C71.45 1C (m7SD) was added to each Te value selected.

For each error level, 1000 random distributions were created.

Each random Te distribution was compared with the true Te
distribution using a Kolmogorov–Smirnov two sample test.

Results for p values of 0.1, 0.05, and 0.01 are shown.
different from the true distribution 40% or more of the

time (Fig. 2). Model errors of 1 1C or less produced the

most reliable results. Given the thermal dependence of

many metabolic processes, a 2–4 1C difference in

predicted vs. actual temperature could have a significant

effect on the ecology and physiology of an organism.

Regardless of how the models will be used, for most

studies model errors on the order of 2 1C and higher are

intolerable.

2.2.5. Calibration

To be a powerful tool for ecologist, Te models must

provide accurate and reliable Te measurements for the

animals being studied. In light of the potential devia-

tions in a model’s measured Te from a live animal (Table

2) and the potential consequences of these errors (Figs. 1

and 2) it is important that investigators calibrate their

models before use. Numerous authors have stressed the

importance of calibrating and testing Te models against

live animals to ensure their accuracy (Bakken and Gates,

1975; Walsberg and Wolf, 1996a; Vitt and Sartorius,

1999). However, the investigators using Te models have

largely ignored this point. In a review of 54 studies that

used Te models over the past 12 years, only 39% (21 out

of 54) of the studies carried out or even mentioned any

type of calibration of the models before or after they

were used. Calibration is particularly important when

measuring Te with simplified models whose shape does

not match that of the animal, such as a copper bulb,

copper cylinder, or TidbitsTM (Table 2). The studies that

used copper casts of animals in the field were more likely

to calibrate their models (6 out of 8 studies) than those

using more simplified models such as cylinders, spheres,

or Tidbits (15 out of 38 studies). This is unfortunate

because as Walsberg and Wolf (1996a) show, Te
measured with cylinder models may be less representa-

tive of the animals true Te than measurements made

with cast models. Surprisingly, studies that used taxi-

dermic mounts to measure Te (n ¼ 8) appear never to

have calibrated their models.

Calibration has typically involved comparing model

Te against Tb of a dead or restrained animal in an

attempt to show that Te accurately predicts Tb.

Numerous examples exist in which Te models were

calibrated and closely represent the animal’s Te (Hertz,

1992a, b). Coefficients of determination (r2) of the

relationship between Tb and Te using copper cylinders

for models tend to range between 0.87 and 0.97

(Peterson, 1987; Beaupre, 1995a, b; Diáz, 1997; Dorcas

et al., 1997; Brown and Weatherhead, 2000). These

coefficients are not different from values determined

using copper cast models (A. gundlachi r2 ¼ 0:97 and A.

cristatellu r2 ¼ 0:99; Hertz, 1992a). A number of authors
provide good examples of the importance of calibrating

Te models against live animals under a range of potential

solar radiation levels (Bakken et al., 1985; Beaupre,
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Fig. 3. (A) Frequency distribution of the number of Te models

used per study in a survey of the literature (n ¼ 51). Papers

where the number of models used was not provided are given as

0. (B) Frequency distribution of the number of days Te was

measured per study in a survey of the literature (n ¼ 48). Papers

where the number of days measured were not provided are

given as 0.
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1995a, b; Diáz, 1997). Although the relationships were

strong (r2 ¼ 0:8920:98), the slopes of the regressions of
animal Te vs. model Te were significantly different from

one. The authors corrected all field measured Te values

using the calibration regression equations. These devia-

tions from the animal’s Te were of similar magnitude to

the deviations measured by Walsberg and Wolf (1996a).

Corrections in measured Te should be made when the

slope of model Te vs. animal Tb is significantly different

from 1.

Calibration of Te models should occur over the entire

range of environmental conditions expected in the

microhabitat (Bakken, 1992). Many studies have cali-

brated models under various solar radiation loads (Diáz,

1994, 1997; Beaupre, 1995a, b; Bauwens et al., 1996;

Belliure et al., 1996; Grbac and Bauwens, 2001), but

only one wind speed. As Bakken and Gates (1975) point

out, airflow outdoors tends to be more turbulent than

wind in a wind tunnel where measurements are typically

made. Calibrations outdoors would be expected to

provide a greater range of wind speeds and solar

radiation during a multi-hour testing period. However,

the drawback of calibrating outdoors is that the

conditions are continuously changing and animals Tb
would never come to equilibrium and would lag behind

the Te of the model. Other studies have calibrated their

Te models against dead animals placed in the field

(Brown and Weatherhead, 2000) without showing that

the dead animal approximates the live animal.

2.3. Te model use in the field

Ecological studies rely heavily on appropriate experi-

mental design when testing hypotheses (Resetarits and

Bernardo, 1998). Studies on the thermal ecology of

animals using Te models should apply the same rigorous

experimental design. Just as one would not accept data

collected on a single individual, we should require mea-

surements using multiple Te models in the environment.

Users of this technique must be mindful of the inherent

variability in the environment available to an animal.

A significant problem with studies using Te models is

a lack of replication (Fig. 3A). In a review of 51 recent

studies using Te models in the field, the median number

of models used to measure Te in the environment was 4.

A bimodal distribution was observed, with only 10

studies using 40 or more models to map the available

thermal environment. In 9 studies, the number of Te
models employed was not mentioned.

Numerous studies used only one or two models of the

animal in one or two ‘‘typical’’ microhabitats or the

maximum and minimum available habitats (Peterson,

1987; Wikelski et al., 1996; Brown and Weatherhead,

2000; Klingenböck et al., 2000). This design assumes

that the investigator knows the locations in the

environment that will result in the warmest and coolest
body temperatures. It also makes the assumption that

temperatures falling between the max and min are

readily available to the animal, which might not always

be the case. Another potential limit when using one or

two models is the lack of information about the

availability and distribution of various thermal micro-

habitats. Lizards typically live in diverse habitats with

many microhabitat types such as logs, trees, leaf litter,

and rocks (Huey et al., 1989). Large differences can exist

in the thermal properties of the various microhabitats.

Bauwens et al. (1996) used 44 copper lizard casts to

measure Te in four main habitat types; the center of a

bush, bush edge, rock, and open microhabitats. Opera-

tive temperature ranged from 34.7 to 41.3 1C in the

various habitats in the sun; and from 20.7 to 22.4 1C in

the shade, providing a wide range of available Te
(Bauwens et al., 1996). In contrast, Klingenböck et al.

(2000) used 1Te model in the sun for a field site where

habitat types of leaf litter, weeds, mossy logs, bare logs,

and bare soil/rocks were categorized. Studies such as this

could be improved by increasing the microhabitat

coverage with Te models to provide greater resolution

of the available thermal microhabitats and microhabitat

usage.
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Additionally, the majority of studies have measured

Te in the environment on only 5 days or less (Fig. 3B). A

quarter of the studies did not indicate the number of

days Te was measured. These experiments ignore the

inherent variability in the daily weather cycle that

potentially influences the ecology of animals.

A simple power analysis using the simulated Te
distributions presented in Fig. 1A and B shows the

effect of sample size on estimating operative temperature

in an environment (Fig. 1E and F). Large deviations in

the index of average thermal quality are observed with

sample sizes of 20 or less. Investigators should be

encouraged to use power analysis techniques such as this

to determine the number of models needed to accurately

measure the environment. With the knowledge of the

model error and an estimate of the thermal environment,

the number of models needed to achieve a given level of

accuracy can be determined.

Although experimental designs that require large

numbers of Te models (420) are initially time consum-
ing in terms of making the models, the detailed

temperature data on the available microhabitats is well

worth the extra effort. Once models are made and tested,

they can easily be placed randomly in the environment

and recorded using data loggers (Grant and Dunham,

1988; Peterson et al., 1993; Zimmerman et al., 1994). It is

also recommended that measurements be made over a

longer time period than has typically been done in the

past.
2.4. Conclusion

Properly constructed and calibrated Te models can be

powerful tools that provide three main benefits. First,

they map a multivariate problem involving Ta, Tg, R,

and u into a single metric (Te) that is meaningful to the

animal. Second, they allow replicate measurements to be

made providing a measure of the spatial variation within

and among microhabitats without the need for replicat-

ing expensive equipment. Studies that use large numbers

of models to map the thermal environment and provide

distributions of microhabitat Te should be encouraged.

Models used by investigators to measure Te produce

errors ranging from 0 1C up to 12.5 1C depending on the

characteristics of the model. Copper casts have been

shown to be the most consistently accurate Te models

available. Simpler models may be useful, however they

have a greater tendency to be less accurate, and their use

requires they be calibrated under the conditions found in

the field. Models producing errors of 2 1C or larger

should be avoided. Taking the extra time to construct

and calibrate the appropriate models in large numbers

will pay off by providing information on the variability

in available microhabitats and the Te distribution within

the habitat.
3. Standard operative (Tes) temperature models

3.1. Theory

Standard operative temperature (Tes) was devised as a

measure of an animal’s thermal stress in complex

thermal environments (Bakken, 1976). Standard opera-

tive temperature relates heat loss from an animal in a

complex thermal environment to a reference laboratory

environment with a known wind speed. This loss must

be balanced by heat production to maintain a stable

body temperature. Two different environments in which

an animal maintains the same net heat production

(metabolic heat production minus evaporative heat loss;

M–E) and body temperature (Tb) have the same Tes.

This allows measurements of thermal stress in different

environments to be compared with a single reference

environment. Standard operative temperature and M–E

have been measured using both heated taxidermic

mounts (Bakken, 1976, 1980; Bakken et al., 1981,

1983, 1999b; Buttemer, 1985; Wiersma and Piersma,

1994) and calculated from Te (Chappell, 1981; Chappell

and Bartholomew, 1981a, b; Vispo and Bakken, 1993).

Net heat production of an animal is related to Tes in a

given environment as

T es ¼ Tb � ðM � EÞ=Kes, (2)

where M–E is the net heat production or metabolic heat

production minus evaporative cooling.

Taxidermic mounts with internal heaters can be used

to measure Tes in the field. The power consumption of a

mount maintaining Tb is used to determine Tes. Because

of the relationship between Tes and heat loss, it is

possible to estimate Tes by substituting the power (P)

required by the taxidermic mount to maintain a constant

Tb for M–E in Eq. (2):

T es ¼ Tb � ðP=KesmÞ. (3)

Calibration of the power needed in various thermal

environments against M–E can allow a Tes model to

estimate the minimal net heat production for animals in

the thermal environment. These models provide a means

to measure the metabolic cost of inhabiting an environ-

ment and can be used to calculate the minimum daily

energy expenditure of endotherms.

Taxidermic mounts can be used to measure Te, Tes, and

net heat production of endotherms in various environ-

ments. Heated and unheated taxidermic mounts tend to be

made from a high conductance metal such as copper using

a technique similar to the hollow electroplating of Te
models (Bakken and Gates, 1975). They are constructed

by electroforming a thin-walled copper shell over a cast of

a skinned animal (Bakken and Gates, 1975). Heated

taxidermic mounts then have heater wires placed in

contact with the metal surface and a thermostat that

regulates the heater power to ensure that the central model
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temperature remains constant at the Tb of the animal

(Bakken et al., 1981, 1983). The pelt of the animal is then

placed over the cast, sewn shut, and allowed to dry. It is

extremely important that the pelt or plumage is in contact

with the surface of the entire cast, as air bubbles between

the cast and insulation could alter the conductance of the

model. In the past, the insulation layer has been cemented

to the cast using adhesives such as cyanoacrylate or heat-

conducting paste (Bakken, 1976; Bakken et al., 1981,

1983, 1985; Wiersma and Piersma, 1994).

There are a number of important issues to consider

when constructing and using heated mounts to mea-

sure Tes and net heat production. As can be seen from

Table 3, Tes models have been used with much less

frequency than Te models. This is due to the fact that

they are more difficult and time consuming to construct

then Te models and the reliability of Tes models has been

called into greater question than that of Te models

(Walsberg and Wolf, 1996b). All of the issues addressed

above for operative temperature models apply to

standard operative temperature models. In addition, a

number of additional issues must be addressed when

using heated or unheated taxidermic mounts including

the effects of wind speed and weathering.

3.2. Tes model calibration and accuracy

Heated taxidermic mounts are calibrated by measur-

ing net heat production for an animal over a range of air

temperatures, solar radiations, and wind speeds and

then measuring the power (P) required by the Tes model

to maintain the model’s internal temperature equal to

the animal’s Tb under identical environmental condi-

tions (Fig. 4). Calibration should occur under controlled

conditions in a wind tunnel and should span the range of

environmental conditions encountered in the field. A

calibration curve is determined via regression analysis as

M � E ¼ b þ mP; (4)

where m and b are regression coefficients. The goal of

calibration is to determine if the power usage (P) of the
Table 3

Examples of models used to measure Tes or metabolic rate in therma

Model type Animal Citations

Unheated taxidermic mount Bird,

mammal

Vispo and Bakken (199

Webster and Weathers

Heated taxidermic mount Bird,

mammal

Piersma, et al. (1991),

Walsberg and Wolf (19

(2000), Fortin et al. (20

Heated insulated Al cylinder Bird Bakken et al. (2001), B

Mathematical equations Bird Bakken et al. (1991), B

Predictive equations Bird,

snake

Wiersma and Piersma

Lawless et al. (2001)
model can predict M–E in a linear fashion over various

combinations of Ta, wind speed, and solar radiation

experienced in the field as in Fig. 4. Numerous studies

have shown that a model’s power consumption can be

calibrated to within a tolerable error of 5% of net heat

production under low solar conditions (Bakken et al.,

1981, 1999a, b; Buttemer, 1985). To date, very few studies

have examined how Tes models respond to varying levels

of solar radiation and their reliability under these

conditions has been called into question (Walsberg and

Wolf, 1996b; Larochelle, 1998; Fortin, 2001).

Calibration of models against an animal over the

range of environmental conditions is time consuming

and may be a limiting factor in the number of models

used in previous studies. Standardization of models

against a single calibrated model can decrease the time

necessary to calibrate all of the models (Bakken et al.,

1999b). Once a single model has been calibrated against

a live animal across all environmental conditions, that

model can then be used to standardize the rest of the

models using a subset of environmental conditions.

Calibration and standardization of all mounts is

essential to ensure that the data measured by the mounts

are reliable and accurate. Differences between individual

taxidermic mounts occur because of variation in pelt

density, pelt wear, body shape and size, leg and tail

position and may, in the end, affect the ability of the

mounts to work properly. Bakken et al. (1999b) found

that the overall thermal conductance (Kem) of mounts

varied by as much as 10–12%, but calibration and

standardization allowed mounts to predict Tes to within

1 1C of each other, which is an acceptable error.
3.2.1. Wind

The effect of wind on power consumption of a model,

net heat production of an animal, and Tes of both has

been studied in depth (Bakken et al., 1981, 2001;

Bakken, 1991; Fortin, et al., 2000b). Wind affects the

insulation valve of fur and feathers by altering convec-

tion patterns, increasing wind penetration of the pelt,
l ecology from 1991 to 2004

3), Ward and Pinshow (1995), Walsberg and Wolf (1996b),

(2000)

Piersma and Morrison (1994), Wiersma and Piersma (1994),

96b), Thomas et al. (1998), Bakken et al. (1999b), Bakken et al.

00a,b), Fortin and Gauthier (2000)

oysen et al. (2001)

akken et al. (1999a)

(1994), Fortin et al. (2000a, b), Fortin and Gauthier (2000),
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Fig. 4. (A) Calibration curves for a dark-eyed junco (Junco

hyemalis) heated taxidermic mount (solid circles; Bakken et al.,

1991) and a simple heated aluminum cylinder with synthetic fur

as insulation (open circles; Bakken et al., 2001). The solid line is

a best fit through all of the measurements. (B) Calibration

curves for a mallard duckling (Anas platyrhynchos) heated

taxdermic mount (solid circles; Bakken et al., 1999) and a

simple heated aluminum cylinder with domestic rabbit fur as

insulation (open circles; Bakken et al., 2001). (C) Calibration

curve for a goldfinch (Carduelis tristis) heated taxidermic mount

at various Ta and wind speeds (Bakken et al., 1981).

E.M. Dzialowski / Journal of Thermal Biology 30 (2005) 317–334328
and by fiber displacement (Davis and Birkebak, 1974;

Campbell et al., 1980; Bakken et al., 1981). Wind speed

has a direct effect on Ke and Kem (Bakken, 1991, Bakken

et al., 2001):

Ke or Kem ffi a þ buc, (5)
where a, b, and c are regression coefficients of overall

thermal conductance on wind speed (u). By substituting

Ke from Eq. (5) into Eq. (2) the relationship between

wind speed and Tes can be determined as (Bakken, 1990)

T es ¼ Tb � ð1þ ðb=aÞ ucÞðTb � T eÞ (6)

The ratio b/a in Eq. (6) provides a measure of the

sensitivity of Ke or Kem to changes in wind speed, with

larger values representing increased sensitivity to wind

(Bakken et al., 2001). In 18 species of passerine and non-

passerine birds, Bakken (1991) found an average b/a

ratio of 0.26 when c ¼ 0:5: In passerines, the b/a ratio

ranged from 0.14 to 0.43, while in non-passerines values

ranged from 0.09 in the Ruffed Grouse to 0.73 1C in the

Gambel’s Quail. A similar range of bm/am has been

measured in heated taxidermic mounts (summarized in

Bakken et al., 2001). The bm/am ratio ranged from 0.35

in American Goldfinch mounts (Bakken et al., 1981) to

1.05 in the European Kestrel mounts (Masman, 1986).

Heated taxidermic mounts respond to wind differently

than live animals making calibration against live animals

essential (Fig. 4; Bakken et al., 1981, 1983, 1985, 1999b,

2000, 2001; Bakken, 1990, 1991; Walsberg and Wolf,

1996b). The sensitivity of both live animals and taxidermic

mounts to wind speed varies considerably. Factors affecting

sensitivity include the thickness of the insulation, density of

the insulation, and the shape of the animal. Heated

taxidermic mounts are frequently more sensitive to changes

in wind than the actual animal. In the worst-case examples

provided in Fig. 4(A) and (B), the predicted net heat

production of a duckling and a dark-eyed junco Tes mount

with feather plumage differed from the animal by as much

as 9%. However, the majority of the values predicted by the

model were less than 5% different from the live animal. A

goldfinch model consistently predicted the bird’s net heat

production to within 5% (Fig. 4C). In order to have a linear

calibration of P vs.M–E, a Tes model may have a larger bm/

am ratio than the real animal (Bakken et al., 2001). This

requires finding insulation that provides the appropriate

ratio of bm/am in response to wind for the given model.

Bakken et al. (2001) found that simple cylindrical

models of a dark-eyed junco and a mallard duckling

with synthetic fur or domestic rabbit fur, respectively,

estimated the net heat production of the animal to

within 4.5% (Bakken et al., 2001) and Tes to within

1.5 1C (Boysen et al., 2001) under all wind conditions

tested (Fig. 4A and B). The response of these simple

models to changes in wind speed is dependent on the

insulation material used. In a test against live juncos,

artificial wool fur produced poor results at high wind

speeds while a dense gray fur predicted M–E to within

3%. The simple models proposed by Bakken et al.

(2001) provide better responses to changes in wind speed

than the heated taxidermic mounts and estimate net heat

production with greater accuracy (Fig. 4A and B).
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It is expected that each Tes model will respond

differently to change in wind speed. Walsberg and Wolf

(1996b) found the predicted Tes of multiple models

diverged from each other at high wind speeds. This

divergence of values stresses the importance of calibrat-

ing models prior to use. The potential for large

deviations in predicted metabolic power of Tes models

compared with those of live animals makes it necessary

for all models to be calibrated. Calibration in most cases

results in models providing measures of net heat

production with a tolerable accuracy of 5%.

3.2.2. Solar radiation

The response of Tes models to solar radiation has yet

to be examined in detail and because of this mounts have

typically been used in areas with no or low solar

radiation. Walsberg and Wolf (1996b) showed that the

relationship between model and animal Tes is nonlinear

when exposed to solar radiation, making a single linear

calibration impossible. Additionally, they found a 10 1C

difference in Tes of models in the sun and out of the sun,

while under the same conditions the animal’s Tes did not

differ. This has lead Walsberg and Wolf (1996b) to

question the utility of heat taxidermic mounts under

environmental conditions with a solar component. Thus,

studies that have not calibrated models under all levels

of solar radiation (Piersma and Morrison, 1994;

Wiersma and Piersma, 1994; Fortin and Gauthier,

2000; Fortin et al., 2000a, b) leave open the question

of how mount Tes and power consumption vary with

solar radiation when compared to the live animal.

Calibration over a range of wind speeds and solar

radiation loads is the only way to determine if Tes
models actually represent net heat production for living

animals under the same conditions. Further studies

examining the response of Tes models to various levels of

solar radiation are needed to determine their ultimate

utility under conditions with variable solar radiation.

3.2.3. Model weathering

Animal pelts used to insulate Tes models are typically

susceptible to weathering effects that must be taken into

account when using mounts in the field over long

periods. Few studies have reported the effect of weath-

ering on Kem of heated taxidermic mounts (Wiersma and

Piersma, 1994; Bakken et al., 1999b, 2001). Wiersma and

Piersma (1994) attempted to prevent or slow weathering

of their mounts plumage by spraying the mounts with a

tent waterproofing. Even after spraying, Kem of Red

Knot mounts increased by 50% from 0.063W 1C�1

(range 0.058–0.074) to 0.094 W 1C�1 (range 0.077–0.104)

over a 10 month field season. Similarly, mounts

insulated with a day old Mallard duckling plumage

showed progressive weathering effects over two seasons

(Bakken et al., 1999b). The Kem increased by about 10%

per season over the two seasons, with increases as large
as 30% in some models. The ratio of b/a for new, used,

and field damaged American Goldfinch mounts in-

creased from 0.35 in new mounts, 0.40 in used mounts,

and 0.44 in field damage mounts (Bakken et al., 1981).

Clearly weathering can impact taxidermic mount Kem
and result in a change in the model calibration.

One way to decrease the effect of weathering is to find

an artificial insulation that provides similar Kem values

as the live animal, while standing up to the rigors of field

work. Bakken et al. (2001) found that gray fur-like

synthetic material of varying depths worked well as

insulation of juncos (Fig. 4A). Models with this

synthetic insulation exhibited no significant changes in

Kem over a 7-week study in Indiana or a 3-week study in

Churchill, Manitoba. Use of a synthetic material that

does not weather and that provides changes in Kem/

Kesm ¼ Ke/Kes are a useful alternative to the pelt of an

animal and will allow for easier maintenance of Tes
models. However, it may initially take time to match the

absorptance and wind response of synthetic materials to

those of the animal, but once a proper synthetic

insulation is found simple models can be constructed

in a shorter amount of time.

3.3. Replication and experimental design

Unlike studies using Te mounts where up to 60 models

have been used to map the thermal environment, studies

using Tes mounts have made measurements with only one

or two models placed in one or two typical locations.

Because animals live in a complex thermal environment,

sampling only one or two locations provides very limited

information about the constraints the environment may

place on an animal’s ecology. A contributing factor to this

limitation is the difficulty and cost in making taxidermic

mounts. With the advent of simple models that perform

well, investigators should be able to increase the number

of Tes models used to sample the environment.

Bakken et al. (2000) have suggested that experiments

in the laboratory must use more than one taxidermic

mount per treatment. The inherent random variation

between mounts plus handling and positioning errors

are not accounted for when using a single mount

(Bakken et al., 2000). If multiple measurements are

made on a single mount within a given treatment, then

each mount must be repositioned after each measure-

ment to account for small random differences in

orientation. By ignoring the difference between mount

positioning, incorrect results may be obtained about

morphological differences between treatments. Fortin et

al. (2000b) examined the effect of age, wind speed,

radiation, and body orientation on the Tes of Greater

Snow goslings using 4 heated taxidermic mounts, one

for each of 4 age classes. By making multiple measure-

ments on the individual mounts, they increased the

statistical power of their study. However, the study



ARTICLE IN PRESS
E.M. Dzialowski / Journal of Thermal Biology 30 (2005) 317–334330
could have been improved by using more than one

mount for each age class, as the multiple measurements

on a single mount represent pseudoreplication (Hurl-

bert, 1984). Walsberg and Wolf (1996b) used multiple

mounts and showed that there is large variation between

individual mounts. Multiple mounts provide a better

measure of the random error due to positioning,

construction differences between mounts, and thermal

gradients that occur in each mount (Bakken et al., 2000).

Use of multiple mounts in the laboratory should help to

alleviate these problems.

Using multiple mounts also provides a measure of the

variation in the thermal environment experienced by an

organism. Even if we are examining something as simple

as habitat use by birds in a tree, the use of more than one

heated taxidermic mount in one typical site should be

encouraged. The location of the models in the canopy

and in relation to the trunk of the tree can have a

profound effect on Te, Tes, and ultimately the net heat

production predicted by the heated mounts. In an

environment such as a canopy, simple differences in

orientation, wind exposure, or shade may exert large

effects on Tes and net heat production of an endotherm.

Thus, proper measurement of an environment must take

position effects into consideration by using multiple

models. Placing only one Tes mount in a ‘‘typical’’

location in a tree will not provide a measure of the true

variation in available Tes and net heat production. The

use of multiple Tes mounts will allow one to categorize

the available nest and perch sites available. In ecological

investigations, the most interesting aspects of a study are

often the variation that is found (Zimmerman et al.,

1994; O’Connor et al., 2000). We tend to think in terms

of the ‘‘golden mean’’ of available Te, Tes, or M–E,

however, an animal will experience variation in the

environment on both a spatial and temporal scale. It

may be only a small portion of the environment that is

thermally useful for an animal, and by focusing on one

typical location, one ignores important variation in the

thermal environment that may hold answers to con-

straints on behavior and life history. Examining this

variation with more than one mount in each thermal

environment will begin to provide measures of environ-

mental variation and the possible constraints place on

the energetics of organisms.

3.4. Conclusion

Continued used of Tes models in ecological energetic

studies will benefit the field by allowing measurements

on the spatial scale of the animal. Calibration of heated

Tes mounts is imperative to ensure that measurement

errors are less than 5%. Research needs to focus on how

models respond to solar radiation, which will lead to an

increase in the number of environmental conditions

under which they can be used in the field. One of the
main limitations in the use of heated taxidermic mounts

has been the difficulty and time required to construct

such mounts. With the ability to construct simple heated

Tes models that are cost efficient, easy to construct,

weatherproof, and accurate, the utility of Tes mounts in

energetic and thermal studies should increase. A single

aluminum cylinder model took 1/7th the time to

construct, compared with the time needed to construct

a single heated taxidermic mount (Bakken et al., 2001).

This will allow researchers the ability to make replicate

measurements using Tes models in more than a few

locations. Using more than one model per environment,

we can gain a better understanding of how animals

interact with their environment and how their energy

allocation, energy expenditure, and life history are

constrained by their environment and physiology.

Multiple models, representing various sizes of a species

can help to elucidate the effect of size and age on Tes and

M–E. Examining the variation in the environment can

provide useful information about the energetics and

thermal biology of animals. When used correctly,

standard operative temperature mounts provide the

ability to predict the metabolic costs for an animal under

given conditions in the field and allow for the examina-

tion of changes in posture and orientation as possible

thermoregulatory strategies.
4. Limitations to Te and Tes models

It is important to keep in mind the limitations of Te
and Tes models. Models may not incorporate the range

of physiological alterations that are available to

ectotherms or endotherms, such as changes in internal

conduction via changes in blood flow distributions (Te
and Tes models) or changes in set-point Tb (Tes models).

Both mammals and birds control the insulation value of

fur and feathers by pilo- and pitoerection. To incorpo-

rate these physiological differences it may be necessary

the use multiple mounts with various levels of pilo or

pitoerection. Similarly, models cannot replicate the

behavior of an animal. Animals have the ability to alter

orientation in relation to wind and solar radiation, while

a model is placed in a single position. Placing multiple

models in multiple positions can help account for these

orientation differences. When using only few models the

confounding factor of orientation must be considered. It

is important that when one uses Te or Tes models they

keep the limitations in mind and adjust the experimental

design accordingly.
5. Perspectives

Operative and standard operative temperature models

have the potential to yield valuable information on the
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thermal habitats of an animal. Both types of model

integrate multiple thermal inputs into a single thermal

metric that is meaningful to the ecology and physiology

of an animal. However, in order for these measurements

to be valid, models must be used in a scientifically valid

manner. First, all models must be calibrated against the

body temperature or net heat production of live animals

prior to their use. Given the various types of models

currently in use, large variations in Te and Tes can exist

between uncalibrated models and live animals (Table 2).

Because of the interactions between solar radiation,

wind speed, and model shape, calibrations must be made

within an ecologically realistic set of environmental

conditions experienced by the animal in the field. In the

past, a majority of investigators have failed to calibrate

their models properly, severely limiting the utility of the

measurements provided by the models. When calibrated

properly, models provide accurate measures of Te and

Tes of live animals. Second, once models have been

properly calibrated they must be used within the

framework of a rigorous experimental design. Too

many studies have used temperatures measured by only

one or two models to draw conclusions about the

thermal properties of available microhabitats and how it

impacts the ecology of an animal. Adequate numbers of

models must be used to make meaningful measurements

of the inherent variability in the thermal environment.

Investigators are encouraged to continue to use Te and

Tes models to study the thermal ecology of ectotherms

and endotherms as they can produce extremely valuable

data. However, these models are only valuable tools if

workers calibrate and use them within a scientifically

valid experimental design.
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