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Summary

The effect of heating and cooling on heart rate in the during the initial stages of heating and cooling. In the later
estuarine crocodile Crocodylus porosuswas studied in  phases of heating and cooling, heart rate changed with
response to different heat transfer mechanisms and heat body temperature, with Qio values of 2—3. The magnitude
loads. Three heating treatments were investigatedC.  of the heart rate response differed between treatments,
porosuswere: (1) exposed to a radiant heat source under with radiant heating during submergence eliciting the
dry conditions; (2) heatedvia radiant energy while half-  smallest response. The heart rate of. porosusoutside of
submerged in flowing water at 23°C and (3) heatedia the ‘rapid response’ periods was found to be a function of
convective transfer by increasing water temperature from the heat load experienced at the animal surface, as well as
23°C to 35°C. Cooling was achieved in all treatments by on the mode of heat transfer. Heart rate increased or
removing the heat source and withC. porosus half- decreased rapidly when C. porosus experienced large
submerged in flowing water at 23°C. In all treatments, the positive (above 25W) or negative (below —15W) heat
heart rate of C. porosusncreased markedly in response to loads, respectively, in all treatments. For heat loads
heating and decreased rapidly with the removal of the between —15W and 20W, the increase in heart rate was
heat source. Heart rate during heating was significantly smaller for the ‘unnatural’ heating by convection in water
faster than during cooling at any given body temperature, compared with either treatment using radiant heating.
i.e. there was a significant heart rate hysteresis. There Our data indicate that changes in heart rate constitute a
were two identifiable responses to heating and cooling. thermoregulatory mechanism that is modulated in
During the initial stages of applying or removing the heat response to the thermal environment occupied by the
source, there was a dramatic increase or decrease in heart animal, but that heart rate during heating and cooling is,
rate (‘rapid response’), respectively, indicating a possible in part, controlled independently of body temperature.
cardiac reflex. This rapid change in heart rate with only a
small change or no change in body temperature (<0.5°C)
resulted in Qio values greater than 4000, calling into Key words: thermoregulation, reptiles, heart rate, hysteresis, heat
question the usefulness of this measure on heart rate transfer, body temperature, crocodil€spcodylus porosus

Introduction

The cardiovascular system of reptiles can play geripheral blood flow, allow a reptile to spend longer per day
significant role in the transfer of heat between the body coreith body temperatures within its preferred thermal range
and the environment (Grigg et al., 1979; Bartholomew(O’Connor, 1999; Seebacher, 2000).

1982; Seebacher, 2000; Dzialowski and O’Connor, 2001). It Rapid changes in heart rate during the initial stages of
has been shown for several species, including crocodiles ahéating and cooling in the heliothermic lizé&dgona barbata
lizards, that during basking (warming environment) hear{instantaneous changes of 10 beats#iimdicate a reflex-like
rate increases and, conversely, heart rate decreases witesponse that is at least partly mediated by the autonomic
animals enter a cooling environment. Hence, at any givenervous system (Seebacher and Franklin, 2001). This rapid
body temperature, heart rate during heating is significantlyesponse augmented the heart rate hysteresis seen during
faster than during cooling; a phenomenon known as heahieating and cooling irP. barbataand appears to be an
rate hysteresis (Bartholomew and Tucker, 1963; Griggmportant component of the physiological control of body
and Alchin, 1976; Grigg and Seebacher, 1999). Théemperature in this lizard (Seebacher and Franklin, 2001). A
thermoregulatory advantages conferred by the heart rateflex-like response of heart rate also occurred after local
hysteresis, and associated changes in cardiac output aapplication of radiant heat to the dorsal surface of the
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freshwater crocodil€rocodylus johnstonialthough this was of the tail. The insulated ECG leads were sutured to the skin
recorded in one animal only (Grigg and Alchin, 1976). and secured with tape at the tail. A small drop of superglue
During thermoregulation, crocodiles utilise microhabitatswas used to waterproof the holes in the skin from which the
that encompass both terrestrial and aquatic environments alehds exited. Body temperature was measured with a K-type
a variety of behavioural postures (Seebacher and Grigghiermocouple, which was inserted 5-6 cm into the cloaca.
1997; Seebacher, 1999; Grigg and Seebacher, 200Ijhe experimental animal was then transferred to a custom-
Regulation of body temperature can be achieved by baskirguilt, Perspex chamber (10 &®0 cnx60 cm, widthx length
on land, shuttling between land and water, and changingheigh), which allowed the animal to sit comfortably on the
postures while in the water so that varying proportions obottom but did not permit it to turn around. Crocodiles were
surface area are exposed to the sun (Seebacher, 1999). Tieated with an infra-red heat lamp suspended above the
amphibious lifestyle of crocodiles has a significant influencéerspex chamber. Radiation from the heat lamp was
on rates of heat gain and loss and thermoregulation due to theeasured with a pyranometer (Sol Data, Silkeborg,
markedly different thermal characteristics of water and air. IDenmark) connected to a data logger (Data Electronics,
is possible, therefore, that cardiac responses of crocodildgelbourne, Australia), and the height of the lamp above the
during heating and cooling are different for differentanimal was adjusted so that it delivered 800 kW to the
heat transfer mechanisms experienced by the animalsurface of the animal. The heat from the lamp was similar to
Additionally, it has been suggested that thermoregulation ithe solar irradiation during basking on a summer morning
reptiles is facilitated by the light-sensitive pineal gland andF.S., unpublished data). For control treatments, a cold,
parietal eye (Tosini and Menaker, 1996; Tosini, 1997fibreoptic light covered with red cellophane was also
Cagnacci et al., 1997), which may indicate that responses pmsitioned above the chamber and directed onto the surface
basking (i.e. exposure to high light intensity) may beof the crocodile. Water flow through the experimental
fundamentally different to heating or cooling in the absencehamber could be adjusted remotely and, when water was
of radiation. Note that crocodilians were considered foused as a treatment, depth was adjusted to half of the height
a long time to lack a pineal gland (Tosini, 1997), butof the crocodile in a lying position, and flow rate was set at
the recent discovery of a pineal gland in the Americar8cms?. A thermocouple was also placed in the water in the
alligator Alligator mississippiensi@Daphne Soares, personal chamber to record water temperature. The experimental
communication) dispels that notion. chamber (and animal) was located in an isolated controlled
The aim of this study was to investigate the heart rateemperature room set at 23°C, which was monitored by a
response of the estuarine crocod@eocodylus porosuso  remote video camera. Physiological data collection, lamps
different heat transfer mechanisms (radiation and convectiomnd water flow were controlled from an adjoining room,
and to varying heat loads. preventing disturbance to the animals.
The ECG and thermocouple leads were directed to a
) computer data acquisition system. ECG leads were connected
Materials and methods to a high-gain AC amplifier (BioAmp; AD Instruments,
Animals Sydney, Australia) that was coupled to a four-channel
Juvenile estuarine crocodiles Crpcodylus porosus PowerLab (AD Instruments). The signals from the
Schneider 1801; body mass 533+44 g, meam+N=6) were  thermocouples (body and water temperatures) were also
obtained from the Cairns Crocodile Farm, North Queenslandirected to the PowerLab. The PowerLab was connected to a
and transported to The University of Queensland. They wer€oshiba laptop computer and its output was displayed using
housed outdoors in a large fibreglass tank (4m diamete@hart software (AD Instruments). Sampling rate was set at
supplied with filtered and re-circulated freshwater at 31°C100Hz, and Chart software calculated heart rate in real-time.
Crocodiles had access to a basking platform and were fddeart rate, body temperature and water temperature were
a mixture of chopped chicken necks and ox hearts. Altecorded continuously during experimentation.
experiments were conducted during summer 2002.
Experiments were approved by the University of Treatments
Queensland animal ethics and experimentation committee, The effects of heating and cooling on the heart rate and body
Permit No. ZOO/ENT/266/01/URG, and crocodiles were heldemperature o€. porosus via radiant heat source (lamp) and
under the Queensland Parks and Wildlife scientific purposdsy convective transfer from flowing water were investigated.

permit, No. W4/002709/01/SAA. Five treatments (see below) were applied in random order to
_ each of the six experimental animals. Heart rate, body
Experimental setup temperature and ambient temperature were recorded for 10 min

Heart rate in C. porosus was measured from priorto the treatments to obtain baseline resting values.
electrocardiograms (ECGs). Pacemaker stainless steel
electrodes (Medtronic, Fourmes, France) were placed undé&pld light control (CLC)
the skin (after application of the local anaesthetic lignocaine)his treatment examined the potential effects of light, rather
on the ventral surface just anterior to the heart and at the batban heat, on heart rate. A fibreoptic light emitting red light
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A Fig. 1. Representative examples of the heart rate (solid
60 70 line) and body temperature (broken line) response to the
Heatlamp dry Heatlamp dry different treatments: (A) heat lamp dry; (B) heat lamp

wet; (C) hot water. The vertical lines indicate the time
when the treatment commenced (i.e. when the heat lamp
was switched on or hot water was introduced,; line on the
left) and when it was concluded (right-hand line). Note
the almost instantaneous increase and decrease in heart
rate when the heat was applied and removed,
respectively, which occurred while body temperature
change was negligible. Note that values on ykexis
denote both heart rate and body temperaflhe (

0 10 20 30 40 50 60 70 0 10 20 30 40 50 60 70 80
B was directed past. porosusin the experimental
chamber, and heart rate was recorded for 10 min
40 Heatlamp wet 40 Heatlafrp wet before the water temperature was increased to 35°C.
35 1 351 When body temperature reached 31-33°C, the

water was switched back to 23°C until body
temperature returned to its initial value
(approximately 23°C).

30
25

20 1 Heat lamp dry (HLD)

This treatment tested the effect of irradiation from

a heat lamp under dry conditions (i.e. no water in
the chamber). The heat lamp was switched on until
body temperature reached 32-33°C and then,
simultaneously, the heat lamp was switched off and

15 1

10 I S e 10
0 10 20 30 40 50 60 70 80

Heart rate (beats mi#) or Ty, (°C)

0 10 20 30 40 50 60 70 80

C water flow to the chamber (at 23—-25°C) was turned
60 60 on.
Hot water Hotwater
50 Heat lamp wet (HLW)
This treatment investigated the effect of irradiation
40 - from a heat lamp whileC. porosuswas half-
immersed in flowing water (at 23—-25°C). Heating
30 was applied until body temperature reached
SN equilibrium (typically 26—28°C), after which the
20 4 heat lamp was switched off and animals were
20 : : : . . allowed to cool to their initial body temperature.
0 10 20 30 40 0 10 20 30 40
Time (min) Time (min) Statistical analysis

To eliminate short-term variation in heart rate
resulting from breathing bradycardia, for example,
was switched on for 10 min, then switched off, and recordindpeart rates used in statistical analyses were averaged within

of heart rate continued for another 10 min. 1°C body temperature bins. Additionally, in order to eliminate
intrinsic differences between individual study animals, heart
Cold water control (CWC) rate data used in statistical analyses (but not in figures) were

This treatment examined the effect of water flow on heart ratéransformed by dividing heart rates during heating and cooling
The experimental chamber was emptied of water and they resting heart rates measured prior to the treatments.
animal allowed to rest undisturbed for 30—60 min before water Treatments were compared by a three-factor analysis of
flow to the chamber was turned on. Water temperature wagriance (ANOVA) with body temperature used as a co-
equal to body temperature, and recording of heart rate wasgriate; the factors were ‘treatment’ (three levels: HLD, HLW

continued for 10 min. and HW), ‘heating/cooling’ (two levels) and ‘crocodile’ (six
levels). The error d.f. for the co-variate was 171 (including
Hot water (HW) heart rate measurements at different body temperatures), but,

This treatment examined the effect of convective heat transféor comparisons between ‘treatments’ and ‘heating/cooling’,
from heated water flowing pa6t porosusWater at 23—-25°C  probabilities were calculated with ‘crocodile’ as the level of
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replication, i.e. error d.f. = 30. In the CLC treatment, heart ratesrocodile, and Nu is the Nusselt number. The Nusselt number
measured while the cold light was on were compared with thean be estimated as:

eriods preceding and following this interval by one-way _
KNOVA \}/Dvith ‘crocodile’ as the level of replication. Similarly, Nu={0.6+(0.387RA)[1 +(0.550/P1q=}2  (2)
in the CWC treatment, heart rates measured during the periathere Ra is the Raleigh number and Pr is the Prandtl number
while the water was on were compared with resting heart raté€hurchill and Chu, 1975). The Raleigh number is calculated
in the preceding period by one-way ANOVA. The effect ofas:
surface heat loads on changes in heart rate was compared Ra=gB(Ts—Te)D3va, 3)
among treatments by a one-way analysis of CO_Vari‘fjmcv(?/hereg is gravitational forcef is the thermal volumetric
(ANCOVA) with ‘treatment’ as factor and ‘surface heat load’ . L o
as Co-variate. expansion coefficient (air)s is surface (body) temperature,

Note that in all statistical analyses we assumed that hea-l;‘?. 'S operaﬂvg temperatqre, is kinematic V|sc05|t.y (air) and
. . . vis thermal diffusivity (air) (Incropera and DeWitt, 1996).
rates between temperature bins were independent. This was

. Coefficients for forced convection in water were calculated
warranted because temperature had only a very minor effefcot

on heart rate, and ‘body temperature’ was used as a co-varia I a cylinder with cross flow (Churchill and Bernstein,
' y P 1%77). Reynolds numbers describe the ratio of inertial and

Calculations of heat load viscous forces (Re# /v, wherev is fluid velocity and L is
. . thae characteristic dimension of solid), and the Prandtl number
Heat loads experienced at the animal surface were calculate .
. . represents the ratio of the momentum and thermal
by solving heat transfer equations for heat rate (see Incropera‘; o : .
X . diffusivities (Pr=/a). For cylinders with cross flow, the
and DeWitt, 1996). The experimental treatments represent st? : . . . . .
. . o lowing single comprehensive equation exists, which
function changes in steady-state thermal conditions. In the . ) .
. A relates dimensionless numbers for a wide range of flow
different treatments, the relative importance of heat transfer . . .
. L . .. patterns, i.e. for a wide range of Re and Pr (Churchill and
mechanisms (convection in air, convection in water, radlatlogemstein 1077):
and conduction) varied so that the heat load experienced by the '
animals differed, resulting in either heating or cooling. In order Nu=0.3 + (0.62R&%P10-33/[1 + (0.4/PrP-670-291 +
to estimate heat transfer by the different mechan|§ms, the t.ot'al (Re/282000%62908,  (a)
animal surface areas were calculated by the ‘polynomial
method (Seebacher et al., 1999; Seebacher, 2001), and tbenvection coefficients were calculated from the above
relative surface areas exposed to different heat transfequation and the definition of Nu.
mechanisms in each treatment were estimated from direct The heat rate at the animal surface can be calculated from
observations. In all water treatments (i.e. all cooling episodethe surface energy balance (Incropera and DeWitt, 1996):
CWC, HLW and HW treatments), the water level was adjusted
so that half the crocodile’s body was submerged and, therefore,
half the animal surface area experienced convective heathere grad is the energy received at the animal surface by
exchange with water; note that, while in water, the ventrathermal and short-wave radiatiany is the heat exchanged by
surface of the animals was never firmly pressed against tle®nvection, andged is the heat exchanged by conduction.
substrate so that it was assumed to exchange heat BRadiation heat transfer is defined as:
convection. The upper half of the body would exchange heat 4 T4
. . . . : = T+
by free convection with air; there was no air flow in the Orad=€0Ahern(Ts" ~Ta") + d AeuQ, ©)
constant temperature room, and the animals were more or legkeree is emissivity,o is the Stefan—Boltzmann coefficient,
motionless during the treatments so that free convectiofs is the surface temperature, which under steady-state
conditions were assumed. Radiation from the heat lamp equilibrium conditions is equal to body temperatung,(Ta is
absorbed by the silhouette area of the animal, which is 33% ttie air temperature in the constant temperature raois the
the total surface area exposed (Muth, 1977). Hence, in thabsorptivity to short-wave radiatiorQ is the short-wave
HLW treatment, 50% of the animal surface was exposed to airadiation intensity (800Wn%, as measured with the
and, of this proportion, 33% would have absorbed radiation. Ipyranometer) Atherm is the surface area exchanging heat by
the HLD treatment, 33% of the animal surface was in contatchermal radiation, anfsw is the surface area absorbing short-
with the ground while 67% exchanged heat by convection witivave radiation.qey represents the energy exchanged by
air, and, of this 67%, 33% (the silhouette area) absorbecbnvection according to:
radiation from the heat lamp. Moreover, the total exposed area _ _
would emit and absorb thermal radiation with the environment. Gov=nAo(To = Tarm) (7)
Convection coefficientshj for free convection conditions which is calculated separately for convection in water and air
can be estimated by: [for either Ta or water temperaturel{), using the convection
_ coefficients described abovelAcy is the surface area
h=k/D xNu, (1) : ! . :
exchanging heat by convectiorzqg@ conductive heat transfer
where k is thermal conductivity of aiQ is diameter of the experienced by the ventral surface during the HLD treatment

Orad—0Jcv—0cd =0, (5)
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and was estimated by calculating heat transfer through tt 60
ventral skin: A Heatlarmp dry
Qed=KAcd/I(To—Tg) , ®) 507 - Heatirg ] J
where k is thermal conductivityAcq is the surface area * Codling ! I
exchanging heat by conductidns skin thickness (assumed to 40 T I |
be 10% of the animal radius) amglis the ground temperature, o1
which was the same &g in the constant temperature room. 30 4 T ° T ¢
In comparisons with heat load, heart rates were expressed T L i3 t
the change in heart rate with temperature, i.e. the secol 20 1 f : : ¢ ¢
derivative. Conceptually, these units resembig, @lthough S . . .
the advantage is that they can be expressed as both posit 25 26 27 28 29 30 31 32
and negative numbers. In addition, the ‘rapid response’ perioc
during which body temperature remained stable (see belov 60
were not included in the analysis of surface heat loads. B Heatlamp wet
£ 50
a
Results o
In all treatments, heart rate increased sharply in response % 401 I
heat, either provided by the heat lamp or hot water (Fig. 1 © [ ¢
Conversely, heart rate decreased instantaneously on remo £ 30 1 1 J
of the heat source (Fig. 1). During the hot water (HW) and he: L ‘ {
lamp wet (HLW) treatments, heart rate formed a plateau befol 20 - i
the heat source was removed, whereas heart rate continuec -
increase until the removal of the heat source in the heat lan 25 26 27 28 29 30 31 32
dry (HLD) treatment. All crocodiles showed similar response:
to the treatments, and heart rate increased significantly wi 60
increasing body temperaturgi(17:=14.37,P<0.0001). There C Hot water
were significant differences in the magnitude of the heart ral 50 1
response between treatments, with the HLW treatment elicitin I
the least response-{30=4.13, P<0.03). Heart rate during 40 I I ‘
heating was significantly faster than during cooling at any bod T [ J ]
temperature in all treatmentB81(30=31.80,P<0.0001; Fig. 2). [ J J J J
In the control treatments, heart rate was not significantl 3071 E
different while the cold light was on (CLC) compared with the % % }
preceding or following periodsFf 15=0.46, P=0.64; Fig. 3). 20 1 { ¢

Similarly, the cold water (CWC) treatment, i.e. exposing the — T T T
crocodiles to water at the same temperature as their bol 2526 27 28 29 30 31 3
temperature, did not elicit a significant change in heart rat Th (°C)

(F1,20=0.02,P=0.89; Fig. 3). Fig. 2. Mean heart rate (averaged over 1°C body temperature
Although heart rate changed significantly with bodyintervals, s.e.m.) was significantly faster during heating than during
temperature, @ values associated with the heart rate responscooling at any given body temperature in all treatments — (A) heat
varied considerably with time during the heating or coolinclamp dry, (B) heat lamp wet, (C) hot water — although the difference

phases (Fig. 4A). In fact, 1Q values were exceedingly high Was least pronounced in the heat lamp wet treatment.

when the heat source was switched on or off. For exampl

when the heat lamp was switched off in the HLD treatmensurface. In all three treatments, changes in heart rate per °C

(Fig. 4A), heart rate changed with ad®f 4627 — this is, of body temperature AHR; measured in beats miteg:l)

course, a nonsensical value that reflects that heart rate changbénged sigmoidally with heat loadHR=(0.575+0.203W)/

while body temperature remained nearly stable. During theg@+0.0168W-0.00108%; r2=0.92; Fig. 5A]. Hence, heart

‘rapid response’ periods when heat was first applied orate increased or decreased very rapidly when the animal

removed, heart rate changed dramatically while bodgxperienced large positive (above 25W) or negative (below

temperature remained nearly constant (Fig. 4B,C). In the laterl5 W) heat loads, respectively. Between —15W and 25 W, the

phases of heating and cooling, heart rate changed with boilycrease in heart rate with increasing heat load was linear

temperature, representing ag@f 2—3 (Fig. 4A). (Fig. 5B). Over this linear range, heart rate increased
Changes in heart rate outside the ‘rapid response’ periogggnificantly with increasing heat load (ANCOVA 31=23.31,

are a function of the heat load experienced at the anim&<0.0001), but changes during the HW treatment were
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A Fig. 3. Representative examples of body temperature
40 30 (broken lines) and heart rate (solid lines) responses to
Cold light Cold light the control treatments: (A) cold light and (B) cold

water. The solid vertical lines indicate when the cold
354 25+ light was switched on and off (in A) or when water

W{\\r\j\ﬁ flow was commenced (in B). None of the control
\/\A/\J treatments elicited a significant heart rate response.

20 Note that values on thgaxis denote both heart rate

M and body temperaturé@y).
151 \/\/\/\/V\

301

(SN 7 S S

= distinct performance peak that coincides with a
g 20 et SN T— S 10 et SN I— N narrow range of optimal body temperatures.
E 0 5 10 15 20 25 30 0 5 10 15 20 25 30 Performance may cease altogether outside the
%) boundaries of acceptable body temperatures,
§ B which are defined by the critical thermal minima
> 30 30 and maxima (Huey, 1982; Huey and Bennett,
© Water oty Waterofy | 1987; Angiletta et al, 2002). Such thermal
R S T T P R dependence is presumably a function of
e T s underlying biochemical processes whose rate is
temperature dependent, although their thermal

20 A 20 A W sensitivity may change as a result of
acclimatisation  (phenotypic  changes) or

M adaptation (genotypic changes) (St Pierre et al.,

159 15 1998; Crawford et al., 1999; Guderley and Leroy,
2001). If performance were directly related to

10 - - 10 - - fitness, it could be expected that temperature-

0 5 10 B 20 0 5 10 15 20 gensitive physiological functions proceed at

Time (min) Time (min) optimal rates at those body temperatures that are

achievable by thermoregulating animals (Bennett
significantly less than during the two heat lamp treatmentst al., 1992; Leroi et al., 1994), and adaptive changes in thermal
which did not differ from each othelF{31=6.43, P<0.01; optima within and between species have been shown to occur
Fig. 5B). During the HW treatment, changes in heart rat@along altitudinal and latitudinal gradients (Crawford and
increased according tAHR=-1.07+0.11W 1=0.43), and Powers, 1992; Pierce and Crawford, 1997, Stahlberg et al.,
during the HLW and HLD treatments (data from both2001). Our data, however, indicate that despite their importance
treatments combined)HR=1.90+0.38W 1=0.70; Fig. 5B). in controlling rates of heating and cooling (Seebacher, 2000;
Seebacher and Franklin, 2001), changes in heart rate are to a
large extent independent of body temperature. It seems more
Discussion plausible that the mechanisms controlling heart rate during
Our data document the exceptional nature of heart rateeating and cooling evolved as a correlated response to
control during heating and cooling in reptiles. Exceptionalselection pressures favouring optimal performance of
because the widely applicable and accepted concepiodé Q temperature-sensitive rate function. Hence, commonly accepted
not sufficient in explaining changes in heart rate with bodymodels used to explain evolutionary relationships between body
temperature in crocodiles. During the initial period after heatemperature and physiological performance (Huey and Bennett,
was applied or removed (the ‘rapid response’ period), heart raf87; Angiletta et al., 2002) may not be applicable to cardiac
changed dramatically despite the fact that body temperatufenction in heliothermic reptiles.
remained stable. In other words, heart rate during this period The heart rate response appears to be elicited, at least in part,
is controlled independently of body temperature. A similaiby the heat load experienced at the animal surface, which
pattern, although less pronounced, has been reported foriraicates that, rather than being an on—off response, the control
lizard (Pogona barbataSeebacher and Franklin, 2001), wheremechanisms act in an analogue manner and their magnitude
it could be explained, as least in part, by the action of thdepends on environmental stimuli. Interestingly, in ‘unnatural’
cholinergic andp-adrenergic nervous systems. Given theheating situations (e.g. hot water), heart rate hysteresis was
influence of the autonomic nervous system on heart rate inewvident, but the patterns of heart rate were different from the
lizard, it would be of interest to determine whether or not théneat lamp treatments. Heat loads experienced during the HW
‘rapid response’ period constitutes a neural reflex arc. treatment were similar to those during the HLD treatment, but
It is generally accepted that physiological performance ishe mechanisms by which heat was exchanged differed. These
sensitive to changes in body temperature and that there isdata indicate that there exists a heat-sensitive control
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Fig. 4. (A) Qo values for the change in heart rate during heating
and cooling in the heat lamp dry treatment (meanse.).
During the initial ‘rapid cardiac response’ to the application or
removal of heat, heart rate changed dramatically while body
temperatureTp) remained nearly stable. (B,C) Close-up views of
representative examples for the rapid response periods are
shown. Qo values for the heart rate change during the ‘rapid
response’ periods were extremely high (>4000, represented by
>20 on they-axis), indicating the temperature independence of
heart rate during those periods. The times when the heat lamp
was switched on and off are indicated by the solid vertical lines.
Note that values on theaxis in B and C denote both heart rate

S 104 |
51 e
I N .
] *—eo—O—_ o200
O T T T T T T T T T T T T T
26 28 30 32 30 28 26
Ty (°C)
40 70
iB Lamp on iC Lamp off

and body temperature.

control cardiac response during heating and cooling
(Robleto and Herman, 1988Yia the baroreflex, by

contraction or dilation of capillary beds, and/or by directly
stimulating the heart. The baroreflex is likely to play a role
in modulating heart rate, particularly in crocodiles
(Altimiras et al., 1998); it has been demonstrated that

10:--"|""|"'
5 10 15 20 25 40 45 50 55 60

Time (min) Time (min)

Heart rate (beats min-1) or Ty, (°C)

mechanism that triggers a heart rate response before bo

peripheral blood flow changes in response to heat (Grigg

and Alchin, 1976; Smith et al., 1978), and this response in

blood flow may precede the response in heart rate

(Morgareidge and White, 1972).

dyThe difference between heat lamp and hot water treatments

temperature changes. It seems likely, therefore, that the heantlicates, however, that there may be additional control
rate response is at least partly controlled locally at the animatechanisms operating. In many reptiles, thermoregulatory
surface. Prostaglandins are a possible mechanism that magsponses are thought to be controlled by the light-sensitive
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pineal gland (Tosini, 1997). Crocodilians were long believed
not to possess a pineal gland (Tosini 1997), but a pineal-like
organ was recently discovered in the American alligator
(Daphne Soares, personal communication). The fact that,
in our study, the heart rate response differed between
radiant heating and convective heating in water (although
the hysteresis effect was apparent in all experimental
treatments) indicates that light-sensitive mechanisms may
play a role in controlling cardiac response during heating and
cooling. Furthermore, the body surface/region over which
heat is transferred may also modulate the response of the
heart. During radiant heating, the dorsal surface of the
crocodile was chiefly responsible for the transfer of heat,

Fig. 5. Changes in heart rate during heating and cooling changed in
proportion to the heat load experienced at the animal surface (means
* s.e.M.). (A) The heart rate response to heat load was sigmoidal in
shape, with rapid decreases and increases below —15W and above
25W, respectively. The range of heat loads experienced by the
animals was greatest during the hot water (HW) treatment and least
in the heat lamp wet (HLW) treatment. The fitted line shows a
rational function. (B) Changes in heart rate during the linear portion
of the sigmoidal curve (=16 W to 20W) increased with increasing
heat load. Over this linear range, there were no differences between
the heat lamp dry (HLD) and HLW treatments, but rates of change
were significantly less in the HW treatment. Linear regression lines
are shown for the HW treatment (broken line) and for the HLD and
HLW treatments combined (solid line).
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whereas during convective heating, it was the ventral andagnacci, A., Kraeuchi, K., Wirz-Justice, A. and Volpe, A.(1997).
lateral surfaces of the crocodile that were involved in the Homeostatic versus circadian effects of melatonin on core body temperature

. . . in humansJ. Biol. Rhyth12, 509-517.
transfer of heat. Along with the involvement of the pmeaIChurchiII, S. W. and Chu, H. H. S.(1975). Correlating equations for laminar

gland, our results also suggest that the heat transferred acrossnd turbulent free convection from a horizontal cylindier. J. Heat Mass
the dorsal surface (as opposed to the ventral and laterajiransferls 1049-1053.

f Id h di h . Ctajrchill, S. W. and Bernstein, M.(1977). A correlating equation for forced
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cooling. Trans 99, 300-306.

Many reptiles use an array of postures whileCrawford, D. L. and Powers, D. A.(1992). Evolutionary adaptation to

th lating behavi V.1 ticul diles in th different thermal environments via transcriptional regulatidiol. Biol.
ermoregulating behaviourally. In particular, crocodiles in the g, g gos-813.

wild alter the relative proportions of body surface area exposettawford, D. L., Pierce, V. A. and Segal, J. A.(1999). Evolutionary

to different heat transfer mechanisms to regulate body physiology of closely related taxa: analyses of enzyme expressiorzZool

o~ N , 389-400.
temperature (SeebaCher* 1999; G“gg etal., 1998; SeebaChebgglowski, E. M. and O’Connor, M. P. (2001). Physiological control of

al., 1999). Our experimental treatments mimicked some typical warming and cooling during simulated shuttling and basking in lizards.
thermoregulatory postures observed in thermoregulating Physiol. Biochem. Zool4, 679-693.

. s igg, G. C. and Alchin, J.(1976). The role of the cardiovascular system in
crocodiles (SeebaCher' 1999)’ and our data indicate that t éhermoregulation o€rocodylus johnstoni. Physiol. Zodl9, 24-36.

placement of the animal within its biophysical environmenicrigg, G. C., Drane, C. R. and Courtice, G. P(1979). Time constants of

determines the magnitude of the physio'ogica' mechanisms heating and cooling in the eastern water draBbysignathus lesueryiand

; . lizati bout heati d cooling i ii&kherm. Biol.
used to control rates of heating and cooling. iogf_ 195:? eralizations about heating and cooling in repliesherm. Bio

There were marked ‘rapid responses’ in heart rat€.of Grigg, G. C., Seebacher, F., Beard, L. A. and Morris, D(1998). Thermal
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. - naturalistic situationProc. Roy. Soc. Lond. 865 1793-1799.
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changes in heart rate in reptiles with heating and cooling haveProc. Roy. Soc. Lond. 866, 1291-1297.

. s . . - .Grigg, G. C. and Seebacher, F(2001). Crocodilian thermal relations. In
failed to show this initial rapid response period (Dzialowski Crocodilian Biology and Evolutiofed. G. C. Grigg, F. Seebacher and C.

and O’Connor, 2001). We believe that this reflex response E. Frankiin), pp. 297-309. Chipping Norton, Australia: Surrey Beatty &
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. . - . derley, H. and Leroy, P. H.(2001). Family origin and the response of
Investigators, where animals were often restrained when heatgdhreespine sticklebaclGasterosteus aculeatut thermal acclimationd.

and cooled. For example, Dzialowski and O’Connor (2001) comp. Physiol. 71, 91-101.
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cholinergic systems in reptiles (Lance and Elsey, 1999) an@uey, R. B. and Bennett, A. F(1987). Phylogenetic studies of coadaptation:
given that Seebacher and Franklin (2001) identified a role of preferred temperatures versus optimal performance temperatures of lizards.

. . . . Evolution41, 1098-1115.
the adrenerglc and chollnerglc systems in the control of heqﬁcropera, F. P. and DeWitt, D. P.(1996).Fundamentals of Heat and Mass

rate during thermoregulation Pogona barbataactivation of Transfer New York: John Wiley & Sons.
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