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Thermal ecology of small animals 
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One of the most representative cases in which the relation individual-
environment is evident is the heat exchange between animals and their 
physical environment. Based on the physical laws regulating heat exchange 
and on the geometrical relationships between areas and volumes, I show in 
this articles some strategies for avoiding heat loss used by small animals. The 
article is organized in four sections. The introduction deals with the laws of 
radiation, conduction, convection and evaporation, and how they constraint 
the strategies for avoiding heat loss. Next, how these strategies are related to 
the larger area of small animals (with regard to their volume). The remaining 
sections refer to some aspects of the thermal ecology of both exothermic and 
endothermic animals, based on Chilean examples. Emphasis is placed on the 
responses to heat exhibited by bugs (exothermic animals), which may select 
substrate temperatures and use the thermal key for host attraction, and on the 
huddling behaviour of rodents (endothermic animals) that shows how 
geometrical constraints may be important for energy saving. 
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INTRODUCTION 

Ecology studies the factors affecting the 
number and distribution of the organisms 
on time and space. Most of the time, the 
b io t i c and non b io t ic e n v i r o n m e n t a l 
factors affect firstly the physiology or the 
structure of an individual and then, its 
physiological and structural characteristics 
secondar i ly impose cons t ra in ts to the 
behaviour, number and distribution of the 
organism. This in termediate level, the 
i n d i v i d u a l , is r e c o g n i s e d by the 
ecophy s io logy which s tud ies these 
aspects. One of the most representative 
cases in which the relations environment-

individual and individual-distribution or 
behaviour are evident is the heat exchange 
b e t w e e n a n i m a l s and the i r phys i ca l 
environment (thermal ecology). In this 
a r t i c l e , based on the phys i ca l laws 
r egu la t ing heat e x c h a n g e and on the 
geometrical relationship between area and 
volume, some of the responses to heat of 
both exothermic and endothermic animals 
and some strategies for avoiding heat loss 
are shown. 

An ima l s e x c h a n g e heat with their 
e n v i ronmen t by four m e c h a n i s m s : 
radia t ion , conduc t ion , convect ion and 
evaporat ion (Kleiber , 1961; Birkebak, 
1966; McNab, 1974). 
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Radiation refers to processes which 
t ransmi t energy by means of 
electromagnetic waves. When we consider 
thermal radiation, we deal with waves with 
wavelengths between 10 ' and 10 2 |im. The 
exchange of heat between an animal and its 
surrounding environment by means of 
radiation follows Stefan-Boltzmann's law: 

dQ/dt = Ace ( T 5

4 - T a

4 ) , 

where dQ/dt is the rate of heat exchange; 
A, the exposed surface of the organism; a, 
the constant of Stefan-Boltzmann; e, the 
emittance (emissive power in terms of a 
black body); and T b and T a , the body and 
environmental temperatures, respectively. 

Conduction accounts for the flow of 
heat in a solid, as a result of the transfer of 
energy from one molecule to an adjacent 
one , with the net energy exchange 
proceeding from the higher temperature to 
the lower temperature region. It follows the 
Fourier's law: 

dQ/dt = -(k-A/d) • (T b -T a ) , 

where k is the thermal conductivity; and d, 
the thickness of the exchange surface. 

Convection deals with the transfer of 
heat between a fluid and a solid surface 
which is in contact with the fluid. When the 
fluid motion is caused only by temperature 
differences between the surface and the 
surrounding fluid, the heat exchange is 
referred to as free or natural convection, 
but when the motion of the fluid is caused 
by some external source it is referred to as 
forced convection. The heat exchange by 
both natural and forced convection follows 
Newton's law: 

dQ/dt = h-A- (Tb-TJ, 

where h is the heat transfer coefficient, 
which unlike the thermal conductivity is 
not solely a property of the solid or the 
fluid but is dependent on many parameters 
of the system: speed of the fluid, thermal 
conductivity, viscosity, density of the fluid 
and geometry of the solid. 

E v a p o r a t i o n p lays an impor tan t 
function in the temperature regulation of 

animals and plants. In animals, most of the 
e v a p o r a t i v e heat loss occurs in the 
respiratory system or the skin. It is the 
product of the mass evaporated (E) times 
the latent heat of vaporisation (/): 

dQ/dt = IE (McNab, 1970). 

C o m b i n i n g the four mechan i sms 
described above, the following equation 
results: 

dQ/dt = [ e o - A T a

3 -k-A/d + /i-A]-(Tb-Ta) + IE. 

Calling "dry thermal conductance" (C) 
the first part of the right hand of the above 
equation, we obtain: 

dQ/dt = C'-(Tb-Ta) + l-E 

If temperatures are moderate or low, we 
can write: 

dQ/dt = C-(T b-T a), 

where C is the "wet thermal conductance". 
In this simplest form, we can recognise two 
factors affecting heat exchange between an 
organism and its surrounding environment: 
t empera tu re gradient and thermal 
conductance. Furthermore, thermal conduc­
tance inc ludes several envi ronmenta l 
parameters, and geometric and structural 
characteristics of the organism, of which the 
body area (A) is the most important. 

From the later equation, two strategies 
to avoid heat loss are evident: i) without 
regulation of T b , maintaining T b similar to 
T a (exotherms); and ii) with regulation of 
T b , maintaining T b > T a (endotherms). In 
the first s t r a t egy , the heat loss is 
min imised , but the me tabo l i sm is 
temperature dependent following Van ' t 
Hoff's law: 

MR 2 = MR 1 -Qio° ' 1 ' n V T i ) , 

where M R ] and M R 2 represent the 
metabolic rates at temperatures T| and T 2 . 
respect ively; and Q 1 0 is the change in 
metabolism when the temperature varies 
10°C (Schmidt-Nie lsen , 1987). On the 
other hand, in the second strategy, the heat 



Biol Res 31 : 367-374 ( 1998) 369 

loss must be compensated for by a high 
heat production (MR = dQ/dt). 

THE BODY AREA PROBLEM 

C o n s i d e r i n g the known d imens iona l 
relations among length, area and volume, 
we can write: 

A oc V 2 " , 

or: A / V o c V " " 3 , 

where A is the body area; and V , the 
volume of the body (body size or body 
mass, with a density = 1). 

In consequence of the above, small 
animals have a larger area, related to their 
volume, than large animals and also, they 
are labile to heat loss. In the endothermic 
animals, which compensate the heat loss 
with heat production, the mass-specific 
metabolic rate and, in consequence, several 
o ther phys io log i ca l pa r ame te r s (e.g., 
respiratory frequency, heart rate , etc) 
increase with a decreasing body size. For 
example , Sorex cinéreas (Insectívora, 
Soricidae), a small shrew of about 3 g, has 
a metabol ic rate about 100 t imes the 
me tabo l i c rate per body mass of an 
elephant of 3000 kg (Schmidt-Nielsen, 
1987). This shrew has a heart rate of over 
600 beats per minute, while the elephant 
has one of 25 beats per minute (Morrison et 
al, 1959). 

The area p rob lem in endo the rmic 
animals was considered by Rubner (1883) 
sn his known surface law: 

MR oc w 2 / ? 

(Giinther & Vargas, 1996), but now we 
know that for a wide range of body size 
(from u n i c e l l u l a r to p e r i c e l l u l a r ) , 
including endothermic and exothermic 
animals, the metabolic rate of organisms 
scales to an exponent V 4 (Schmidt-Nielsen, 
1987; Wes t et al, 1997). Cur ren t 
hypotheses, such as resistance to elastic 
buck l ing in te r res t r ia l o rgan i sms 
(McMahon, 1973) or diffusion of materials 
across hydrodynamic boundary layers in 
aquatic organisms, cannot explain why 

many biological processes scale to this 
exponent (Giinther et al, 1992; Giinther & 
Morgado, 1996; Giinther & Vargas, 1996; 
West et al, 1997). Recently, some reports 
suggest that this exponent is related to the 
fractal geomet ry of the ana tomica l 
structures responsible for the exchange of 
oxygen and nutrients (Sernetz et al, 1985: 
West et al, 1997). The latter authors 
propose a quantitative model that explains 
the origin of quarter-power scaling based 
on three unifying assumptions: i) a space 
filling fractal-like branching pattern of the 
network which supplies the entire volume 
of an organism, ii) a size invariant unit of 
the final branch of the network, and iii) a 
minimum of energy required to distribute 
the resources. 

E X O T H E R M I C ANIMALS 

The exothermic animals maintain a body 
t empe ra tu r e ( T b ) s imi la r to the 
environmental temperature (T a ). Also their 
metabolic rate is a function of T a . For 
e x a m p l e , Phylodrias chamissoni s, a 
Chilean snake, increases its metabolic rate 
near ly 5 0 0 % with an increas ing 
temperature from 15 to 30°C (Bozinovic & 
R o s e n m a n n , 1988a) . However , these 
animals are able to maintain their body-
temperature nearly to a constant value. 
Phylodrias chamissonis maintained its 
body temperature around 29 ± 1.4 °C, when 
exposed to a thermal gradient of 15 to 75°C 
(Bozinovic & Rosenmann, 1988). In this 
sense , e x o t h e r m i c an ima l s are not 
necessarily poikilotherms. They are able to 
regu la te the i r body t empera tu res 
behaviourally, changing: i) their form, as in 
some h ibe rna t ing l i za rds , which roll 
themselves, reducing their exposed area to 
the environment; ii) their posture, as in 
lizards which extend their legs separating 
their bodies from the hot stones, avoiding 
heating by conduction and permitting free 
convection; and iii) their position, as in 
lizards which change their positions in a 
wall, exposing their bodies to the sun in the 
morning and the evening, permitting the 
heating, but avoiding the sun rays in the 
midday. Also, all exothermic animals are 
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able to find m i c r o - e n v i r o n m e n t s of 
adequa te t empera tu re for their 
physiological requirements (see Porter & 
Tracy, 1983). 

The bugs Triatoma infestans and 
Mepraia spinolai (Hemiptera, Reduviidae) 
are good examples of the relation between 
e x o t h e r m i c an imals and heat. The 
envi ronmenta l tempera ture affects the 
fecundity and the maturity rate of the 
individuals (Table I). Mepraia spinolai is 
able to reproduce only when temperature is 
over 20°C. Also, when the temperature is 
low, it stops its development in IV- or V-
intars nymphs (Ehrenfeld et al, 1998). 
Triatoma infestans shows a similar pattern 
(Jorg, 1960, 1989). 

The dispersion of T. infestans is also 
af fec ted by t e m p e r a t u r e . When the 
environmental temperature increases over 
25°C, the proportion of individuals which 
begin to flight also increases (Lehane el 
al, 1992). 

In spite of this vulnerability to the heat, 
both T. infestans, a diurnal species, and A7. 
spinolai, a nocturnal one, are able to select 
substrate temperatures . When they are 
exposed to a thermal gradient of 16 to 50 
°C, both species have cycles of preferred 
temperatures, showing a preference for 
higher temperatures between 16 to 20 hours 
for M. spinolai and from 16 to 4 hours for 7". 
infestans (Table II) (Canals et al, 1997b). 
Both species are strictly hematophagous. 

Table I 

Some demographic parameters of the bugs Triatoma infestans and Mepraia 
spinolai under different temperatures. 

Species Temperature Stage Reproduction 

M epra ia .sp in o la i 28°C 

20°C 

Adults (12.4 mo) 
Adults (9.5 mo) 

V instar (8.8 mo) 
IV instar (10.5 mo) 

i 
+ 

Triatoma infestans 28°C Adults (100%) t 

18.5°C Adults (60%) t 

10°C Adults (30%) 

Individuals of the species M. spinolai were followed during 16 months (Ehrenfeld et al, 1998). Time at which 
developmental stages was reached is shown within parentheses. Individuals of T. infestans were followed during 12 months 
(Jorg. I960, 1989). Proportion of adults within parentheses. 

Table II 

Temperature preferred by Mepraia spinolai and Triatoma infestans in a thermal gradient 
of 16 to 50 °C during the photophase (p) and the scotophase (s) (Canals ct al, 1997b). 

Hour Phase M. spinolai T. infestans 

6 - 8 P 23.9 23 1 
8 10 P 23.5 23.0 
10 - 12 P 23.4 22.0 
12 - 14 P 25.2 21.2 
14 - 16 P 26.0 23.7 
16 - 18 P 26.3 23.4 
18 - 20 P 27.3 23.9 
20 - 22 s 26.7 24.7 
22 - 0 s 24.9 25.8 
0 - 2 s 24.2 23.8 
2 - 4 s 23.3 24.5 
4 - 6 s 23.0 23.8 
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and they use the thermal key for the 
orientation and attraction by their potential 
hosts (Lazzari & Nunez, 1989; Canals et al, 
1998b). This is also true for other species of 
triatomines, as Rhodnius prolixus (Nicolle & 
Mathis, 1941; Friend & Smith, 1971; Fujita 
& Kloetzel, 1976), which would be able to 
perceive thermal gradients by convection 
currents (Wigglesworth & Gillet, 1934a,b). 
Lazzari and Nunez (1989) found that T. 
infestans can also perceive radiant heat with 
intensities of 4.2-10" 6 Wat t /cm 2 , which 
represents an increase of 0.004°C of the 
temperature of the receptor. The thermal 
receptors would be located in the sensilas 
coeloconicas distributed along the body, and 
in two fossae located in the antennae 
(Lazzari & Nunez, 1989). 

E N D O T H E R M I C ANIMALS 

When endothermic animals are exposed to 
cold, they present social and individual 
strategies to avoid cooling (Table III), 
associated to structural and physiological 
c h a n g e s . The s imple change , from a 
mammalian to an spherical form, decreases 
the exposed area nearly in 50% (i.e., 
changes in the Meeh's constant (k) from 10 
to 4.84 in A = k-V 2 / 3 ) . However, below 
some critical threshold (the lower limit of 
the t he rmoneu t r a l zone) , they must 
compensate the heat loss by increasing its 
metabolic rate. 

Some animals which live in extreme cold 
weather, hibernate reducing their metabolic 
rate, heart rate, respiration and many other 
functions (Schmidt-Nielsen, 1987). Some 
others can fall in daily torpor (Herreid & 
Schmidt -Nie lsen , 1966; Bozinovic & 
Rosenmann, 1988). It has been proposed that 
torpor is a reflect of a primitive physiology of 
the organisms (Kaiser, 1961); however, in the 
last two decades, torpor was found to be 
related to the concurrence of a small body 
size and a low metabolic rate. A limit line of 
endothermy proportional to W 2 / 3 (W = body 
mass) has been proposed (McNab, 1982). A 
good example of torpor is found in bats, 
which present facultat ive torpor when 
exposed to cold (Schmidt-Nielsen, 1987). 
Myotis chiloensis, a small South American 
bat, presents two possible responses to cold: 
i) increasing its metabolic rate, maintaining 
an homeothermic temperature (36.6 ± 2.2°C); 
or ii) decreas ing its metabol ic rate, 
maintaining the body temperature similar to 
the environmental one, about 0.5°C over T a 

(Bozinovic et al, 1985). 
Some of the most interesting reactions 

to cold are the social responses, such as 
huddling and nesting. 

Huddling is one of the most relevant 
behavioural adapta t ions that increases 
winter surv iva l (Sea lander , 1952). It 
consists in the grouping of individuals 
close together to keep warm. It is effective 
in decreasing the metabolic rate per body 
mass; hence, it increases energy savings 

Table III 

Strategies for regulating body temperature of endothermic animals exposed to cold 
(modified from Guyton, 1987). 

Social i Heat Loss Huddling 
Nesting 

Cold Individual Î Heat Production 
Shivering 
T Hunger 
T Activity 
T Adrenaline & Noradrenaline 

X Heat Loss 
Vasoconstriction 
Piloerection 
Form changes 
Hibernation and Torpor 
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allowing resources allocation to somatic 
growth and reproduction (Canals et al, 
1997a). The reduced energy expenditure is 
mainly attr ibuted to the reduced area/ 
volume ratio of the group (Contreras , 
1984). This author proposed that the ratio 
between the exposed surface of huddling / 
non -hudd l ing ind iv idua l s (R a ) would 
follow: R a = n~ 1 / 3, with n the number of 
huddled individuals . He based on the 
assumption that a group of n individuals of 
the same volume (VI) was equivalent to one 
individual of a volume V = n-Vl. This is an 
auto simile, or fractal idea, of the huddling 
behaviour, but it presents one problem: 

if n —> » , then R a —> 0. 

Canals et al (1989, 1997a) probed 
analytically and experimentally that the 
area ratio of grouped/non-grouped prisms, 
spheres and deformable bodies follows: 

R a = 0 - ( l / n ) + (l-0), 

with 0 = 2 a/A, a deformation coefficient 
which represents twice the average relative 
area that is lost by grouped bodies, that is two 
times the area lost (a) divided by the average 
area of the body (A). Combining the equation: 

MR = C-(T b-T a) 

with the allometric relationship: 

C = 3.4 W 0 - 4 9 

(Herreid & Kessel, 1967), Canals et al 
(1997a) found that the metabolic ratio of 
huddled/non-huddled individuals followed: 

R m = f(n)-[0(l/n) + (l-0)]°-735. 

The asymptotic value of R m is obtained 
when n —> oo, that is. 

M m = (1-0)0-735, 

then, the maximum energy saving during 
huddling or "huddling effectiveness" is: 

H e = 1 " M m . 

One impor tant considera t ion in the 
model is that species with high deformation 
capacity (0) might have high huddling 
effectiveness too. 

The above model fully adjus ts to 
several species (Canals et al, 1997a. 
1998a) and it is possible to attribute over 
8 5 % of the sav ing energy to the 
decreasing surface during huddling. The 
huddling effectiveness of species from 
several locat ions ranged from 17.8 to 
59 .7%. The huddl ing effect iveness of 
Chi lean spec ies ranged from 36.8 to 
51 .5%, which is a significative energy 
saving (Table IV) . The same authors 
found also that the huddling effectiveness 
increases when the developmental stage 
decreases (Table IV; Canals et al, 1998a). 
Furthermore, Bozinovic et al (1988) found 
that the use of nest increases the energy 
saving during huddling as a consequence 
of 40% reduction of the conductance of 
the group. 

Both, huddling and nesting are important 
behavioural responses of small animals to 
cold, which permit the allocation of the 
saved energy to growth or reproduction, or 
to colonise zones of cold weather. 

Table IV 

Huddling effectiveness (%) of some Chilean small mammals , including rodents, the marsupial Thylamys elegant. 
and adults (a), subadults (sa) and juveniles (j) of mice (Canals et al. 1997a, 1998a). 

Species Temperature (°C) Huddling effectiveness ('. 

Abrothrix andinus 12.5 36.8 
Abrotrix lannsus 15.0 .36.8 
EUgnwdontia typus 15.0 41.7 
I'liillotys darwini 5.0 43.9 
Thylamys elegans 12.5 51.5 
Mus imtsculus (a) 20.0 42.4 
Mux museuhis (sa) 20.0 49.8 
Mus musculus (j) 20.0 65.0 
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