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ABSTRACT

Given the importance of heat in most biological processes,
studies on thermoregulation have played a major role in un-
derstanding the ecology of ectothermic vertebrates. It is, how-
ever, difficult to assess whether body temperature is actually
regulated, and several techniques have been developed that al-
low an objective assessment of thermoregulation. Almost all
recent studies on reptiles follow a single methodology that,
when used correctly, facilitates comparisons between species,
climates, and so on. However, the use of operative temperatures
in this methodology assumes zero heat capacity of the study
animals and is, therefore, appropriate for small animals only.
Operative temperatures represent potentially available body
temperatures accurately for small animals but can substantially
overestimate the ranges of body temperature available to larger
animals whose slower rates of heating and cooling mean that
they cannot reach equilibrium if they encounter operative tem-
peratures that change rapidly through either space or time. This
error may lead to serious misinterpretations of field data. We
derive correction factors specific for body mass and rate of
movement that can be used to estimate body temperature null
distributions of larger reptiles, thereby overcoming this meth-
odological problem.

Introduction

Temperature determines the rate of most biochemical and phys-
iological functions, and therefore, studies of thermoregulation
have played a central role in biological investigations of reptiles
(Huey 1982). Early studies in this field described an array of
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thermoregulatory behaviours and a continuum from thermo-
conformity (passively following ambient fluctuations) to strict
stenothermy (regulation at constant temperatures). Similarly,
different environments clearly pose different kinds and degrees
of challenge to a thermoregulating organism. Diverse methods
were devised to analyse thermoregulatory phenomena (Heath
1964; Porter et al. 1973; Porter and James 1979) but did not
provide a single generally applicable approach that would allow
quantitative comparisons among species and habitats. Thus,
the publication of such an approach by Hertz et al. (1993) was
a landmark in the study of reptile thermoregulation.

The methods proposed by Hertz et al. (1993) provide quan-
titative estimates of the organism’s effectiveness of thermoreg-
ulation by comparing actual body temperature regimes to those
expected under a null model of no active temperature regu-
lation. Such “null” distributions, that is, operative temperatures
determined randomly within the study environment, are either
calculated or obtained through physical models, usually hollow
copper tubes that respond rapidly to fluctuations in physical
conditions (temperature, radiation intensity, etc.: Bakken and
Gates 1975; Bakken 1981, 1992; Tracy 1982). Since its concep-
tion, Hertz et al.’s (1993) approach has become the standard
method in studies on reptile thermal ecology and has been used
by a multitude of authors working on widely different species
on almost every continent of the world (e.g., Christian and
Weavers 1996; Schauble and Grigg 1998; Webb and Shine 1998;
Christian et al. 1999; Klingenböck et al. 2000; Angilletta 2001;
Blouin-Demers and Weatherhead 2001; Niewiarowski 2001;
Shine and Kearney 2001). This unity in approach greatly fa-
cilitates comparisons between species, geographical distribu-
tions, climates, and so on, but it also means that any errors in
the application of this method pose a significant problem for
the field as a whole. Here we point out a potential major flaw
in the application of the method proposed by Hertz et al. By
neglecting thermal inertia even of relatively small animals,
“null” temperatures may be substantially in error and thus
invalidate comparisons between environmental and body tem-
peratures. We explain the nature and magnitude of this error
and propose a simple modification that corrects the problem.
Hertz et al. (1993) were well aware of the problems of esti-
mating available temperatures for large animals and emphasised
that their method was designed for very small animals only.
However, subsequent workers applying their methods have of-
ten failed to note this caveat. Hence, the “fallacy” involves
misapplication of the method, not some intrinsic flaw in the
method itself.
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There are other approaches to the study of thermoregulation,
and Hertz et al.’s (1993) method has been criticised on the
grounds of its reliance on “selected” body temperatures deter-
mined in a thermal gradient (Currin and Alexander 1999; but
see also Hertz et al. 1999; Wills and Beaupre 2000). Wills and
Beaupre (2000) have suggested an alternative protocol that uses
randomisation tests to compare field body temperature distri-
butions with those measured with physical models without
relying on laboratory thermal gradient data. The point we are
raising here, that is, the potentially confounding effect of body
mass, transcends these discussions on details of Hertz et al.’s
(1993) methodology because any study on thermoregulation
of ectotherms must compare field data with null distributions
of operative temperatures. We have chosen to refer to Hertz et
al. (1993) in particular because this protocol is still the most
widely used in the literature (e.g., Angilletta 2001; Blouin-
Demers and Weatherhead 2001; Scheers and Van Damme
2002), but we emphasise that the criticism we raise is not re-
stricted to any specific methodology.

Material and Methods

Rationale

The thermal conditions experienced at the animal surface are
described by operative temperatures (Bakken and Gates 1975).
Heat from the surface is transferred to the animal core in a
time-dependent manner that ultimately determines body tem-
peratures. In very small animals, heat transfer between the sur-
face and the core is very rapid, and the time delay can be
assumed to be negligible (Bakken 1992) so that operative tem-
peratures would also correctly predict core temperatures. In
larger animals, heat transfer between the surface and the core
becomes increasingly dependent on time so that surface (op-
erative) temperatures do not accurately represent core body
temperatures. Here we derive a theoretical model from first
principles and use it to quantify the effect of body mass on
potentially available body temperatures of a reptile moving
through a heterogeneous thermal environment. We then apply
these theoretical predictions to field data from a varanid lizard
to demonstrate their biological significance.

Theory

Operative temperatures (Te) were calculated by solving a steady
state energy balance equation (Bakken and Gates 1975;
O’Connor and Spotila 1992). The resulting equation was

Q � h AT � (k/LAT )abs a a gT p , (1)e h A � (k/LA)a

where solar radiation, co-Q p absorbed h p convectionabs a

efficient in air, surface area, temperature,A p body T p aira

temperature, conductivity, andT p ground k p thermalg

thickness. Convection coefficients were calculated ac-L p skin
cording to Churchill and Bernstein’s (1977) definition of the
Nusselt number:

0.5 0.330.3 � (0.62Re Pr )
Nu p , (2)

0.67 0.25 0.625 0.8[1 � (0.4/ Pr) ] [1 � (Re/282,000) ]

where number ( , whereRe p Reynolds Re p vL/n v p f luid
speed, dimension of solid, and kin-L p characteristic n p the
ematic viscosity of the fluid) and Prandtl numberPr p the
( , where diffusivity). Convection coef-Pr p n/a a p thermal
ficients can be calculated from

hL
Nu p , (3)

k

where coefficient and conductiv-h p convection k p thermal
ity (Incropera and DeWitt 1996).

Operative temperature (surface conditions) was related to
core body temperature by calculating transient heat transfer
through the body between the core and the surface by con-
duction and convection by blood flow as described in Seebacher
(2000). In brief, heat conduction was calculated by nondi-
mensional analysis for an infinite cylinder. The initial equation
was

2� v �v
p (4)∗2�r �Fo

(Incropera and DeWitt 1996), where is the dimensionlessv

temperature ([ ]/[ ], where Tb),T � T T � T T p initialb e i e i

(where and of cylinder), and∗r p r/l r p radius l p length
number ( , where ). Equation2Fo p Fourier Fo p at/r t p time

(4) has a series solution for the cylinder midline temperature
(Schneider 1955):

2∧(�z Fo)nv p C e , (5)�0 n

where the coefficient

2 J (z )1 nC p (6)n 2 2[ ]zn J (z ) � J (z )0 n 1 n

and zn are the positive roots of the transcendental equation

J (z )1 nBi p z , (7)n[ ]J (z )0 n

where number (Incropera and DeWitt 1996). TheBi p Biot
series solution of the Bessel functions, J0 and J1, were evaluated
for the first five roots of zn (British Association for the Ad-
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Figure 1. A, Rates of heating in different-sized animals with an initial
body temperature of 20�C moving into an environment with operative
temperature of 40�C (the curves represent from left to right: 0.01, 0.03,
0.05, 0.1, 0.5, 1, 2.5, and 5 kg). The smallest animal (0.01 kg) would
equilibrate with operative temperature within 15 min, but the 5-kg
animal would not reach equilibrium within 90 min. B, Body temper-
ature of a small (0.01 kg) and a large (5 kg) ectotherm shuttling
between thermally different environments every 15 min. Although the
two lizards move in identical ways and at the same times, the range
of body temperatures available to them is very different. The body
temperature of the small lizard would follow operative temperature
very closely, while the body temperature of the large lizard would
remain almost constant. Hence, operative temperatures do not reflect
available body temperatures of reptiles with nonzero heat capacity.

Figure 2. The range of available body temperatures (Tb) expressed as
a fraction of operative temperature (Te) range. Relative to operative
temperatures, available body temperatures of field-active terrestrial ec-
totherms decrease with increasing mass, and with increasing rate of
movement; that is, the larger the animal and the shorter the time spent
in a thermal microhabitat, the less likely ectotherms are to reach equi-
librium. The curves represent different times spent in a microhabitat,
from left to right: 2, 3, 5, 10, 15, 30, and 60 min.

vancement of Science 1958), and the series converged after 25
terms (Piaggio 1965).

Convection of heat by way of blood flow was calculated for
flow between the core and a three-dimensional microvascular
network situated just beneath the animal’s surface. Convective
heat transfer by blood flow was calculated for internal flow

through a circular cylinder (blood vessel) with constant surface
temperature (Incopera and DeWitt 1996), as described in See-
bacher (2000). Note that the biological validity of the transient
heat transfer model has been tested extensively, and more detail
of the heat transfer analysis and the representation of the mi-
crovascular network can be found in Seebacher (2000).

The mass-related decrease in available body temperature
fluctuations, leading to the formulation of the correction fac-
tors, was modeled using the heat transfer equations described
above. The term “available body temperatures” is used to de-
note body temperatures that an ectotherm of a particular body
mass can achieve within a specified period of time, while “op-
erative temperature” is used sensu Bakken and Gates (1975) as
the temperature of an object of zero heat capacity exposed to
a particular microclimate. The correction factor, representing
available body temperature fluctuations as a fraction of oper-
ative temperature fluctuations, was determined by integrating
the transient body temperature response of differently sized
animals over time intervals of various lengths and dividing this
integral by the area under the curve of the operative temper-
ature response. Note that the actual range of operative tem-
peratures is unimportant because the ratio of integrals of cal-
culated available body temperatures and operative temperature
remains constant regardless of the operative temperature range.
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Table 1: Equations expressing available body temperatures (mass and movement specific) as a fraction
of operative temperatures

Coefficient

Time Spent in a Particular Thermal Microhabitat (min)

1 2 3 5 10 15 30 45 60

a .0001 .0018 .0052 .015 .055 .112 .348 .630 .086
b �.031 �.029 �.033 �.045 �.081 �.124 �.369 �.650 .887
c �2.39 �1.67 �1.45 �1.29 �1.11 �1.01 �.99 �.95 �.87

Note. The equations are in the form fraction of available body .ctemperature p a(mass � b)

Figure 3. Representative example of a daily body temperature record
of the varanid lizard, Varanus varius, of 5-kg body mass. After emerging
from a shelter in the morning, the lizard basks, resulting in its body
temperature increasing to around 36�C. During the day, the lizard
moves slowly but continuously and body temperature forms a plateau
until the animals seek shelter again in the early evening. Behavioural
patterns are indicated by the broken and solid bars above the X-axis.

All calculations are valid for a terrestrial environment only,
because heat transfer relations would change in water.

Field Data

As examples, we use previously published field data from the
varanid lizard, Varanus varius (Seebacher and Grigg 2001). In
brief, body temperatures were measured every 5–20 min by
telemetry in six lizards (mass range 4.0–5.6 kg) in southeast
Queensland, Australia (28�46�S, 151�04�E). Each animal was
monitored for 4–13 d. Temperature-sensitive radio transmitters
(Sirtrack, Havelock North, New Zealand) were surgically im-
planted into the peritoneal cavity of locally anaesthetised (using
Lignomav) lizards. The behaviour of the animals was recorded
continuously whenever it was possible. When direct observa-
tions were not possible, movement of the animals could be
detected by the varying signal strength of a transmitter resulting
from the transmitters’ loop antenna changing its plane of
transmission.

Environmental conditions were monitored every 5 min dur-
ing fieldwork with calibrated sensors connected to a data logger
(Data Electronics, Melbourne, Australia). Air temperature was
measured in the shade 1 m above the ground (with an LM335
semiconductor), and ground temperature was measured on a
patch of open ground with a sensor (LM335) lightly covered
with soil. Solar radiation was measured with either a tube so-
larimeter (Irricrop Technologies, Narrabri, Australia) or a dome
pyranometer (model 80HDX, SolData, Silkeborg, Denmark),
and wind speed was measured with an anenometer (Pacific
Data Systems, Brisbane, Australia).

Random body temperature distributions of the lizards were
calculated by randomising the proportions of the animals’ sur-
face area exposed to different avenues of heat transfer, partic-
ularly sun and shade, every 5 min during the day corresponding
to microclimatic measurements taken in the field (Seebacher
et al. 2003). From these random exposures, we calculated op-
erative temperatures and hence body temperatures as described
above. The rationale for this method of calculating random
body temperature distributions is that changes in behavioural
postures and movement through heterogeneous habitat alter
the proportions of animal surface area exposed to different
avenues of heat transfer and, thereby, change operative tem-

peratures experienced by animals (Seebacher 1999; Seebacher
et al. 2003).

Results and Discussion

Given enough time, ectotherms of any size will eventually equil-
ibrate with their thermal environment if that environment re-
mains constant. Under these circumstances, surface tempera-
tures will be the same as equilibrium core body temperatures,
and both would be accurately represented by operative tem-
peratures. Animals in the wild, however, very rarely will be in
equilibrium with their thermal environment because the en-
vironment changes with time during the day and seasonally,
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Figure 4. A comparison between random distributions of operative
temperatures and available body temperatures for different-sized an-
imals assumed to be moving to a different thermal microhabitat every
5 min (distributions are based on environmental data measured on
the same day as the example in Fig. 3). The range of available body
temperatures decreases with increasing body mass, and available body
temperatures of a 5-kg lizard are similar in magnitude and in variation
to the plateau of body temperature shown in Figure 3.

and animals move within their usually thermally heterogeneous
environment. Available temperatures will therefore depend on
the three-dimensional shape of the animal, on the temporal
change in the thermal environment, and on the rate of move-
ment of the animal. Animals with zero heat capacity would
equilibrate instantaneously, while larger animals would have
longer mass-dependent equilibration times. Hence, operative
temperatures assuming zero heat capacity will provide inac-
curate estimates of the time-dependent change in available
(null) body temperature distributions for animals of larger body
mass (e.g., Schauble and Grigg 1998; Webb and Shine 1998;
Christian et al. 1999; Klingenböck et al. 2000). For example,
imagine different-sized animals (0.01–5 kg) with body tem-
peratures of 20�C moved simultaneously into an environment
with operative temperature of 40�C (comparable to basking on
a spring morning; Fig. 1A). The body temperature of the small-
est ectotherm in the example (0.01 kg) will equilibrate with
operative temperature within less than 15 min, but equilibra-
tion time will increase with increasing body mass so that the
5-kg lizard will not be in equilibrium even after 90 min (Fig.

1A). Herein lies the fallacy: the small (0.01-kg) lizard experi-
ences a time lag between operative and body temperatures, but
this lag is relatively brief so that operative temperatures may
predict potentially achievable body temperatures of the lizard
quite well. However, the lag is much greater for the large lizard,
and hence operative temperatures overestimate the range of
potentially available body temperatures. The method proposed
by Hertz et al. (1993) and similar approaches rely on the as-
sumption (explicitly stated by Hertz et al. 1993) that operative
temperatures accurately reflect the body temperatures poten-
tially available to ectotherms. This will only be true for very
small animals (Fig. 1).

More formally, the methods of calculation suggested by Hertz
et al. (1993) rely on the magnitude of difference between three
sets of temperatures: the organism’s actual body temperatures,
its set point (“preferred”) range of temperatures, and the ran-
dom body temperature distribution of a nonthermoregulating
animal (i.e., the available body temperatures). The latter dis-
tribution is assumed to be represented by operative tempera-
tures. One of the indices used to assess thermoregulation (Hertz
et al. 1993), the index of thermoregulatory effectiveness (E),
compares deviations of actual body temperature (db) and ran-
dom (operative) temperature (de) from preferred body tem-
perature so that perfect thermoregulation is indicated by a value
of E close to unity ( ). In the example above, ifE p 1 � d /db e

the smallest (0.01 kg) and the largest (5 kg) lizards in Figure
1A moved every 15 min between environments, fluctuating
between 20� and 40�C (and assuming preferred body temper-
ature is 30�C; Fig. 1B), calculations (inappropriately) using
Hertz et al.’s (1993) method would suggest that the large lizard
is an extremely effective thermoregulator ( ), whereasE p 0.97
the small lizard is not ( ). In reality, the apparent dif-E p 0.28
ference simply reflects the laws of physics, not biology.

The problem is not quite as simple as this, however. Consider
the case where the small lizard (0.01 kg) moves every 2 min,
rather than every 15 min. With this more frequent movement,
even a relatively small (0.01 kg) ectotherm would not reach
thermal equilibrium with its thermal environment (Fig. 1A).
It is, therefore, essential to consider rate of movement, or how
long an animal remains within any one thermal microhabitat,
as well as body mass. Note that Hertz et al. (1993) realised this
limitation and defined their method for relatively sedentary
animals only. The range of available body temperatures relative
to operative temperatures (range of available body temperature
expressed as a fraction of operative temperature range; Fig. 2)
decreases as mass increases and as the rate of movement in-
creases (i.e., as the time spent in a thermal microhabitat de-
creases; Fig. 2). Estimates of null distributions must, therefore,
consider available body temperature distributions rather than
operative temperatures. Although it is always preferable to per-
form detailed heat transfer analyses, the relationships developed
above (Fig. 2) relating operative temperatures to available tem-
peratures may be used as an approximate mass-correction fac-
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Figure 5. Indices of thermoregulatory effectiveness (E; )means � SE
calculated from field data of six Varanus varius using either operative
temperatures (E zero heat capacity) or mass- and movement-corrected
available body temperatures (E mass corrected) as comparisons for
body temperature. Mass-corrected E are significantly less than E for
zero heat capacity, demonstrating that inappropriate use of operative
temperatures will lead to the wrong conclusions about thermoregu-
lation in ectotherms.

tor in Hertz et al.’s (1993) or similar protocols to estimate
available body temperature distributions from operative tem-
peratures. The data shown in Figure 2 can be estimated by
power equations, the coefficients of which are given in Table
1.

As an example, we use field body temperatures measured in
the large varanid lizard Varanus varius. In analysing the field
data, we (1) measure body temperatures in the field and observe
behaviour, particularly movement, (2) determine operative
temperature distributions for field conditions, (3) obtain cor-
rection factor, given animal mass and rate of movement, from
Table 1 (e.g., in a lizard weighing 0.12 kg that moves into a
different thermal microhabitat on average every 15 min, the
available temperature �1.01range p 0.112(0.120 � 0.124) T pe

; this means that available body temperature fluctuations0.47Te

are only 0.47 times as great as operative temperature fluctua-
tions), and (4) use the mass-corrected available temperature to
calculate the index of thermal effectiveness according to Hertz
et al. (1993).

It is typical that V. varius would emerge from a shelter and
bask in the morning sun (Fig. 3, data from a 5-kg animal),
heating to 35�–36�C, after which the lizards would walk slowly
but continuously, presumably foraging, until late afternoon,
when they would seek shelter again. Accepting for the present

purpose that the initial basking period serves a thermoregu-
latory purpose (see Seebacher and Grigg 2001), the question
arises whether the animals thermoregulate behaviourally during
the day to achieve the relatively stable plateau shown in the
example (Fig. 3). On the basis of environmental data gathered
in the field, random operative temperatures and available tem-
perature distributions were calculated for the example shown
in Figure 3 (5-kg lizard) as well as for smaller animals to provide
comparisons (Fig. 4). Realising that the available body tem-
peratures for the 5-kg lizard are only a small fraction of the
range of operative temperatures (Fig. 4) changes the interpre-
tation of the body temperature patterns (Fig. 3) dramatically.
The plateau in body temperature (Fig. 3) coincides with the
pattern of available temperatures, which indicates that the an-
imal did not thermoregulate behaviourally.

We used data obtained from six V. varius to calculate the
index of thermoregulatory effectiveness, E (assuming a pre-
ferred body temperature of 35�C; Seebacher and Grigg 2001),
using either operative temperatures or mass-corrected available
temperatures. Comparing field body temperatures with oper-
ative temperatures gave very high E values (mean 0.83 �

). However, when available body temperatures were sub-0.036
stituted for operative temperatures, E was significantly lower
( SE; one-way ANOVA, , ;0.32 � 0.078 F p 35.29 P ! 0.00011, 51

Fig. 5). Comparisons with operative temperature indicate that
V. varius are very good thermoregulators ( indicates per-E p 1
fect regulation), while the latter calculations indicate a low
degree of thermoregulation for these animals. These diamet-
rically opposed conclusions result entirely from methodological
shortcomings rather than the animals’ biology.

The problem of nonzero heat capacity is partially overcome
by employing thermal models filled with water (e.g., Blouin-
Demers and Weatherhead 2001) because the models can po-
tentially approximate the heat capacity of the study animals.
However, unless the models are moved at the same rate as the
study animals move, which seems to be impracticable, it re-
mains necessary to correct the resulting model temperature
distributions for rate of movement (because body temperature
at time tx in environment ex will depend on the time spenttx�1

in environment ex�1). Such corrections can be approximated
from the relationships given in Figure 2 and Table 1 or by
employing a randomisation procedure such as that described
by Wills and Beaupre (2000).

In practice, the error caused by assuming zero mass may be
trivial for very small ectotherms that move relatively infre-
quently. Bakken (1992) suggested that lizards of body mass of
less than 0.03 kg can be assumed to have zero heat capacity.
From Figure 2 (and Table 1), it appears, however, that it can
be assumed that operative temperatures represent the available
body temperatures of a 30-g lizard only if the animal moves
quite infrequently (available body temperature range is

temperature if the animal moves every 450.91 # operative
min). It is clear that the decision about whether operative tem-
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peratures adequately represent available body temperatures
must be informed by good knowledge of the study species’
biology and behaviour. Moreover, in the example of the 30-g
lizard above, we assumed that the thermal environment remains
stable for 45 min so that the animal has the opportunity to
equilibrate; this assumption may not be valid when there are
pronounced diurnal changes in environmental conditions.

Hertz et al. (1993) developed a method that was explicitly
designed to use with small, relatively sedentary ectotherms, and
as such, their article represents a significant methodological
advance in the field. Often it is of interest, however, to assess
thermoregulation of larger, faster-moving species for which
Hertz et al.’s (1993) method is not applicable, although the
restrictions that they stated explicitly have frequently been
ignored.
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