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Summary. Using a physical model of the capacity
for non-evaporative heat loss and measurements
of metabolic heat production, I evaluated the evap-
orative requirements for thermoregulation in the
deer mouse, Peromyscus maniculatus, and the white
rabbit, Oryctolagus cuniculus. The physical limit
to non-evaporative heat loss was calculated from
the heat transfer properties of the two animals and
expressed as a maximum thermal conductance
(Cay)- Two physiologically-based thermal conduc-
tances were derived from evaporative water loss,
respiratory gas exchange and core temperature
measurements made between § and 34 °C on the
deer mouse, and taken from published data for
the white rabbit. The thermal conductance for non-
evaporative heat loss (C) was calculated from net
heat production, whereas C, represented the ther-
mal conductance required to dissipate metabolic
heat production. Evaporation is required when
metabolic heat production exceeds the capacity for
non-evaporative heat loss (as shown by C,,>C,_, ).
However, evaporation increased in both animals
although additional capacity to lose heat remained
(le., C<C,,,). Evaporation increased with C
above 30 °C for the mouse and at each 5 °C mea-
surement interval from 15 to 30 °C for the rabbit.
Thus, evaporation was greater than that required
for thermoregulation for both animals as deter-
mined from a physical model of heat loss because
both evaporation and C increased together to regu-
late heat loss.

Introduction
To thermoregulate under hot conditions or during
exercise, endotherms must often supplement non-

Symbols: see list on title page of preceeding paper
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evaporative heat loss with evaporation (Dawson
1982; Hales 1974). Delivery of heat by blood flow
to the skin of peripheral, poorly insulated areas
increases thermal conductance, thereby enhancing
non-evaporative heat loss (Conley and Porter
1985; Thauer 1964). But a limit exists to these con-
ductance changes for which evaporation provides
an efficacious, alternative avenue for dissipating
excess heat production (McLean 1974).

The relative reliance on evaporation is often
related to the ability to lose heat non-evaporatively
(McLean 1974). For example, with increasing body
size, the relative ability for non-evaporative heat
loss decreases due to a decreased ratio of surface
arca to heat production and increased evaporation
is required for thermoregulation (Taylor 1977;
Weathers 1981). Beyond this generalization, how-
ever, the factors governing the partitioning of heat
loss between evaporative and non-evaporative ave-
nues are not well characterized.

The purpose of this study was to evaluate the
evaporation requirements for thermoregulation of
two small mammals based on heat transfer proper-
ties and metabolic heat production. In the preced-
ing paper of this series, the conductances to heat
loss of the torso and appendages were character-
ized under laboratory conditions for the deer
mouse, Peromyscus maniculatus, and from pub-
lished data for the white rabbit, Oryctolagus cuni-
culus (Gonzalez et al. 1971). From these conduc-
tances, 1 calculated a maximum thermal conduc-
tance (C,,,) for each animal, which represented
the physical limit to non-evaporative heat loss. I
assessed evaporation requirements by comparison
of metabolic heat production to the physical heat
loss limit.

Material and methods

The animal characteristics, experimental procedures and re-
sults, the heat transfer calculations, and the nomenclature used



434

in this study appear in the preceeding paper (Conley and Porter
1985). The deer mouse results were based on measurements
of evaporative water loss, respiratory gas exchange and skin
and core temperatures made at air temperatures of 8, 21, 26,
30, and 34 °C. Similar measurements were made by Gonzalez
et al. (1971) for the white rabbit and the results presented here
were calculated from the mean values reported at 5 °C mtervals
from 5 to 35°C. Detailed below are the methods specific to
this study.

Measurements. The procedures and calculations for water loss
measurements using dew-point hygrometry have been described
in detail previousty (Bernstein et al. 1977; Welch 1980). All
reported values represent steady-state levels measured over a
15 to 30 min period that occurred during the 1-2 h experiment.
A neck yoke restrained the mouse in a standing position to
a wide-mess wire platform below which voided urine and feces
were collected in mineral oil. This apparatus stood within a
glass dessicator through which ambient air, dried using anhy-
drous CaSO, (W.A. Hammond Drierite Co, Xenia, OH), was
drawn at flow rates from 480 to 576 cm® min ™! (STPD). Excur-
rent air passed along stainless steel tubing through a calibrated
rotameter (Brooks model R-2-15-D Emerson Electric Co, Hat-
field, PA) to a dewpoint hygrometer (Model 440, EGG Co,
Waltham, MA). Comparison of the known mass of water intro-
duced into the system with that calculated from the hygrometric
measurements revealed a measurement accuracy of +5%. An
accuracy of better than 3% for V02 and VCOZ was established
by dilution of ambient air using known volumes of dry CO,.

Calculations. Water vapor pressure was calculated from dew-
point temperature using Teton’s equation (Murray 1967) from
which water vapor density was determined using the ideal gas
equation. Evaporation rate was calculated as the difference be-
tween incurrent and excurrent water vapor density times the
air flow rate (Welch 1980). Heat production rates were calcu-
lated from respiratory gas exchange of O, and CO, using the
thermal equivalent of oxygen corrected for the respiratory quo-
tient (Conley and Porter 1985, Eq. 1) and expressed in surface-
area-specific units as either metabolic (Qy4yl; Wm™?) or net
heat production (OnAg). The latent heat of vaporization of
water at core temperature was used to convert specific evapora-
tion rates into heat loss rates (Qp4;). The difference between
metabolic and evaporative heat loss rates yielded the net or
non-evaporative heat loss rate from the animal:

QN=QM_QE' €))

Two physiologically based thermal conductances were calcu-
lated from these heat production rates, and core (7, °C) and
air temperature (7). The first represents the whole-animal ther-
mal conductance for non-evaporative heat loss (C, Wm™2
°C~1) and was calculated from net heat production (Qy):

C= QN(TC - Ta) - LAu_nl - (2)

The second represents the thermal conductance necessary to
dissipate metabolic heat production (C,), and was calcnlated
by substitution of metabolic heat production () for Qy in
Eq. (2).

The physical limit to non-evaporative heat loss for the ex-
perimental conditions was calculated as the maximum thermal
conductance (C,,,)- The previously determined external con-
ductances (k,,) were weighted by the appendage (A4,,,) and
torso (4,,,) surface areas to yield C,,, (Conley and Porter 1985).

For example, C_,, for the rabbit was calculated as

c, =(h

max
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where h,, . and A, _ are the torso and ear external conduc-
tances (Wm™2°C~Y), respectively; and 4, and 4, are the
torso and ear surface areas (m?), respectively, of the rabbit.
The same calculations were made for the mouse but included
the separate conductances for the tail and feet.

A Student-Neuman-Kuels test was used for multiple com-
parison of means with statistical significance defined at the 0.05
level (Zar 1974).

Results

The relation between surface-area-specific meta-
bolic heat production (Qy Ag") and evaporative
heat loss (Qy A.!) vs air temperature were differ-
ent for the two ammals (Fig. 1). For the mouse,
Oy Anl significantly decreased at each T, from
8 to 30 °C (P<0.001 for all comparisons) but was
not different between 30 and 34 °C (P> 0.2), which
agrees with Chappell and Holsclaw (1984) for un-
restrained deer mice under free convection condi-
tions. In contrast, the rabbit Q) A, decreased
to a plateau at 15 °C and increased above 30 °C.
This range of T, of nearly constant Oy 4, repre-
sents the thermoneutral zone and spans 15 °C for
the rabbit but extended over a smaller range that
included 30 and 34 °C for the mouse. Above 34 °C,
the mice would not settle down in the restraining
apparatus and rapidly became hyperthermic (7, >

40 °C).

Surface-area-specific evaporative heat loss (O
AL) was similar for the two animals below 20 °C
(Fig. 1). It was significantly less at 26 and 30 °C
compared to 8§ °C (P<0.01 and P<0.05, respec-
tively) for the mouse, whereas it increased with
T, for the rabbit. Above 30 °C, Qg 4! increased
for the mouse and was greater at 34 than at 26
or 30 °C (P<0.001 and P<0.01, respectively) but
not greater than at 20 or 8 °C.

The three thermal conductances C, C,_, and
C,... Uersus air temperature appear in Fig. 2 for
both animals. The brackets formed by the mea-
sured (C) and the maximum thermal conductance
(C,ax) represent the conductance range possible for
adjustments of heat loss without evaporation. Such
an adjustment is apparent in the larger mouse C
at 34 °C than at any other T, (P<0.001), and the
increased C of the rabbit above 20 °C. The increase
in C_,, apparent above 30 °C for the mouse re-
sulted from enhanced free convection (i.e.,
bouyancy effects) that accompanied the vasomotor
increase in appendage skin temperature and an in-
creased torso conductance, presumably due to a
pilomotor reduction in fur depth (Conley and
Porter 1985). However, heat storage in the rabbit
above 30 °C (Gonzalez et al. 1971) entered into the
calculation of 4 (Conley and Porter 1985) and

<X, tor
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Fig. 1. Specific heat production (Qy 4") and evaporative heat
loss (Qg Ayl) as a function of air temperature (7},) for deer
mouse and white rabbit. Values for deer mouse are means and
vertical lines are the 95% confidence intervals
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Fig. 2. Thermal conductances (C_,,, C,,, and C) as a function
of air temperature (T} for deer mouse and white rabbit. See
text for definition of each conductance. Values are the same
as in Fig. 1

erroneously increased C,, (Eq.3). The conduc-
tance required to dissipate metabolic heat produc-
tion (C,,) equals or exceeds the maximum thermal
conductance at 34 °C for the mouse and above
25 °C for the rabbit. An enhancement of evapora-
tion is required above these 7, to dissipate the
heat in excess of the non-evaporative heat loss ca-
pacity. However, both animals increased evapora-
tion at T, at which C was below its limit, C_,,.
An evaporation increase occurred above 30 °C for
the mouse and above 15 °C for the rabbit. Thus,
evaporation was greater than that required based
on the capacity for non-evaporative heat loss rep-
resented by C

max*

Discussion

Evaluation of the physical requirements for evapo-
ration in thermoregulation permitted me to evalu-
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ate the relationship between evaporation and the
capacity to lose heat. This capacity was represented
by C,,.,, below which non-evaporative heat loss
was determined by C. Evaporation is required for
thermoregulation when metabolic heat production
exceeds this capacity for heat loss. Comparison of
Cpnax With the thermal conductance required to lose
metabolic heat production (C,,) revealed the air
temperature at which this evaporative supplement
was required. As shown in Fig. 2, C,, exceeded
Crax above 25 °C for the rabbit and above 34 °C
for the mouse. Evaporation was elevated at these
air temperatures for both animals (Fig. 1), but C
had not reached C,,, for either animal. Thus, a
reserve in the capacity to lose heat non-evapora-
tively remained (i.e., C<C,,,) for both animals.
Therefore, evaporation was greater than that re-
quired based on the physical capacity to lose heat
(e, Chap)-

For both animals an increased C accompanied
the elevation in evaporation. In the rabbit, evapo-
ration increased together with C above 15 °C and
at each subsequent 5 °C interval up to 35 °C. For
the mouse, both evaporation and C increased
above 30 °C. Ingram et al. (1963) have shown that
an increase in cutaneous evaporation accompanied
the appendage vasodilation that underlaid thermal
conductance changes in the ox. Similary, an in-
creased blood flow through excised rabbit ears also
increased cutaneous water loss (Hattingh 1975). It
appears that the vasomotor changes that are re-
sponsible for increasing thermal conductance may
also enhance cutaneous evaporation.

For the rabbit, respiratory evaporation also in-
creased above 25 °C (Gonzalez et al. 1971). Respi-
ratory evaporation in the rabbit is controlled by
a combination of core and skin temperature (Stitt
1976), as has been shown for appendage vasodila-
tion in other animals (Ingram et al. 1963; Lynch
et al. 1980). This similar control may underly the
simultaneous use of these two mechanisms in the
regulation of heat loss.

A coupling of these mechanisms argues against
a two step process in which thermal conductance
first reaches its limit followed by an increase in
evaporation (McLean 1974). Instead of simply
compensating for a short-fall in the ability to lose
heat non-evaporatively, evaporation acted in par-
allel with vasomotor-induced thermal conductance
changes to balance heat loss to match heat produc-
tion.

These results suggest that the contribution of
evaporation to thermoregulation did not simply
reflect the capacity to lose heat production non-
evaporatively in these two animals. The measured
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contribution of evaporation was greater than that
necessary based on heat loss requirements alone.
In part, a coupling of evaporation with vasomotor
changes may account for this larger contribution,
but respiratory evaporation also increased for the
rabbit at an air temperature lower than required.
In addition, these and other results show an in-
crease in evaporation below the thermoneutral
zone of the mouse (due exclusively to cutaneous
evaporation; Edwards and Haines 1978) and of
the prairie dog (Welch 1980). Thus a physical mod-
el provides insight into the minimum evaporation
requirements for thermoregulation, but factors
such as the control of respiratory evaporation and
a possible coupling of cutaneous evaporation with
vasodilation may elevate evaporation above the
minimum level.
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