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INTRODUCTORY REMARKS

John P. Hannon

On behalf of the Commander and Staff of the Arctic Aeromedical
Laboratory, it is indeed a pleasure to welcome such distinguished
guests to this second Symposium on Arctic Biology and Medicine. We
hope that your trip was an enjoyable one,despite the long distances
many of you were forced totravel.Itis our desire that you remem-
ber this visit to our Laboratory and to the State of Alagka as a
pleasant one as well as a scientifically profitable experience, and
if there is anything that I or the other Staff members might do to
assure this end, please do not hesitate to call on us. Before we
begin the formal portions of our program, I would like to say a few
words regarding our reasons for selecting the Comparative Phys-
iology of Vertebrate Temperature Regulation as a symposium topic.

As you are all well aware, the ability to adapt to an adverse or
unusual environment is one of the more fundamental characteristics
of all living things. In fact, we might go so far as to say that the
ability to adapt to such environments is an essential prerequisite
to the successful perpetuationofanypopulationofplants or animals.
Thus, when a species is unable to adapt to an adverse environment
it becomes extinct.

To those ofus who live in arctic or subarctic areas, the adapta-
tions of plants and animals to adverse environmental temperatures
arc of singular importance. The accumulation of knowledge about
such adaptations therefore, is one of the primary reasons for invit-
ing you to participate in this Symposium.

Since temperature adaptation is a very broad subject, it was
obviously impractical to attempt toorganize a symposium that would
adequately cover the whole field. Consequently, we decided to con-
tinue the pattern thut was followed inourfirst Symposium on Arctic
Biology and Medicine; namely, to give intensive consideration to
one riather narrow aspect ol this ficld, Furthermore,we also decided




that we should give primary emphasis to subject material that had
not been discussed in detail at previous symposia.

The Comparative Physiology of Vertebrate Temperature Regu-
lation seemed to admirably meet these criteria. Here was a sub-
ject where the work covered practically the whole range of zoologi-
cal sciences. Here, also, was a subject where the quite similar
work by investigators inone scientific discipline often went unrecog-
nized by investigators in another closely related scientific discipline.
. For example, those of us who study the biochemistry of cold accli-
- matization in small laboratory mammals may be unfamiliar with
biochemical studies on fish or othervertebrate heterotherms;those
~of us who study the temperature regulation of cats and dogs may
“ not be cognizant of temperature regulation studies on doshestic ani-
- mals such as the cow; and those of us who ate coficerteet wivh the
natural temperature adaptations-of arctic apivhelp may mot relete
our information to studies that have been comtucim? of deser?
animals, ' C

Our first concern, therefore, in organizing ¢bie sympogism was
to bring together representatives of the various scimmtific dige iplines
who are interested in vertebrate temperature reguilavion, Beyom!
- this, we had two other desires in organizing thig gyfmposipin. Ohe
“of these was to obtain participants who could discuse veriebaste
temperature regulation from the evolutionary standpeint. Opt othe?
desire was to obtain participants who could intesredave temperatytre
adaptations to other forms of environmental adaptavion, & feel that
we have been at least partially successful in achieving &0tk of these
desires. And in this regard I would like to express my gratitude to
Dr. Laurence Irving, Dr. J. Sanford Hart and Dz, C, Ladd Prosser
for their valuable suggestions regarding possible participants and
subject material.
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ACCLIMATION OF POIKILOTHERMIC VERTEBRATES
TO LOW TEMPERATURES

C. L. Prosser

Temperature limits the distribution of many poikilothermic ani-
mals, and knowledge of responses to temperature is important for
physiological ecology. Natural selection acts on the capacity for
change within a given genotype; hence it is important to learn how
such an environmental variable as temperature brings about bio-
chemical changes in individual animals. Natural variation inrespect
to. temperature relationg cad dege de described in terms of the re-
sponseg to the stressep af cold émd deed: gurvival, repraduction,
various rate functions, bebdvipf. Oncy g variation is described
for natural populations 0§ eniemal, ig ip agcepsary to analyze that
component whicl §$ genetic and Urtt which ip esvironmentally in-
duced; this analysis 13 peseitted by secUmation af similar animals
to a range of temparatures, Fin2lly, e physistogical mechanists
of the varialion with respect to temparatyrscsnde pursuad down to
the moleevise changes, ¢nd U2 sequence of events Dy which tem-
perature briags ehous changl in genatic®ily gimilse iddividuals can
be elucidasad.

COMPARISCN ©OFf ROREOTHERIS AND POIXXX.OTHERMS

The differeneces Detweed e pothitoRetd (Remperature conform-
er) and a homeotherm (Remperatyfe fegulator) are multiple and
fundamental. Birds and mammals evolved feom reptiles and differ
from ;iresen’s—day reptiles in possession of a thermoregulating center
in the brain, in insulation, in peripheralvascularresponses to ambi-
ent temperature (which are oppositetothoge of reptiles), and in type
of metabolic compensation.’Varying degrees of homeothermy--- ex-
pressed in hibernation, estivation, nocturnal temperature drop, and
heterothermy of tissues---indicate that some animals can shift from
homeothermy to poikilothermy and thatcertain peripheral tissues of
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some birds and mammals can function over a much wider range of
temperature than can the core tissues. The corresponding enzymes
must differ in cold functional skin and in constantly warm liver.

When the ambient temperature (air or water) falls, a homeo-
therm shows a typical sequence of protective responses. The meta-
bolic response in relation to body temperature is diagrammed in
Figure 1, Peripheralcold receptors signal thedrop in skin tempera-
ture and initiate reflexes such as hair orfeather erection, peripheral
vasoconstriction, and behavior such as huddling. These initial re-
sponses result inheat retentionby increased insulation, With further
chilling, the temperature-sensitive center in the hypothalamus is
stimulated and further defenses may be mobilized. Cooling below the
critical ambient temperature or tothattemperature below which in~-
sulative changes areinadequate 9o thatatransientdrop in boady tem-
perature occurs, resultp in increased metabolism which serves to
maintain body temperature. Nor-adrenaline secretion is enhanced,
and shivering may Qe initisted and heat praduetion increased. If cold
stress coniinues, the hypothalamus activates the anterior pituitary
to liberate sdyenocoriicotropic and thyretropic bhormones. The ad-
renal coriex and thyraid initiate & metabolic increase and extensive
biochermnical regporsied af rizivus organs, psrticulariy tivertovary-
ing extents inm different epecicy. In iaborstory scelimation to cold
some AnmIS show an incrensad gtandand metaboligm; in ficld ac-

clitnagigzatiop many epimeis ¢how s redyuction ingriticaltemperature. -

Som¢ tpetabaliv epgymey bacomes more eclive than othezs and the
sensitivity to glimulating Bormaney iy sitered ¢(Hannon, 1960; Hart,
1959 ; Kerangs, 1960). The increagm) metadoitam of ¢cold acclimation
may pergist Jtar wiyirdwe} of harmangl glUmylatien, and in the
aAnual cyzie of widier, inpuistive edaptetiong make tetgdolie ones
less negessery. In gome gpixied the ddrensl corten ip active and
the thyraid isae scve gadnr 3ty winter canditiony.

Ove?r ¢ QotthaheyS sl $abn e iRsplite® changes ere pufficient
20 maintain teigtive cunptancyoidcdy temperature in 2 homeotherm,
At elevated ambient temperstures, reflexes provide increased peri-
phera! bload flow, sutface coolingby sweat, panting, and other means
of controlling bady temperature. However, there is no reduction in
metabolism and in conditions of fever the oXygen consumption may

increase.

<3




POIKILOTHERMIC ADAPTATIONS

HOMEOTHERM

Temp,
Body temp,

- c 0o Consumption

—mw

Mertabolism

AMBIENT TEMP,

Figure 1. Schematic representation of temperature regulation in a homeotierm
At 8 critical ambient temperature the body temperature is temporarily reduced, but
metabolism increases, thus maintaining body temperature. C, cold acclimsied; W,

warm acclimated.
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When environmental temperature drops, the temperature of a
poikilotherm (e. g., fish) drops with it. Any metabolizing organism
produces some heat, and the liver of a Jarge fish may be significantly
warmer than its environment. Butpoikilotherms lackinsulation, and
their body temperatures are virtually the same as that of their en-
vironments. If thedrop in temperature is rapid and considerable, the
poikilotherm may enter a chill coma and evendie from respiratory
failure. If the cold stress is less, there may be initial stimulation,
increased nervous activity (well shown in crustaceans and insects)
and aninitial transient increase in oxygen consumption, the so-called
initial shock reaction. This is followed by adecline of metabolism to
a stabilized state which corresponds to the reduced temperature. The
Q_ for metabolism is usually between 2.0 and 2.5; hence the meta-
bolic response to temperature is steeper than the change in body
temperature. With time (days or weeks) some metabolic compensa-
tion may occur.The compensatorychanges for either a fall or a rise
in temperature in a poikilotherm are diagrammed in Figure 2. The
time course of acclimation differs according to the function mea-
sured and the kind of animal.

Precht (Precht, 1958; Prechtetal., 1955) has classified the pat-
terns of acclimation as indicated in Figure 3 and has termed them
capacity adaptations. The five possible patterns are: (1) overcom-
pensation so that metabolism is higher inthecold than at the initial
temperature, (2) perfect compensation with the same metabolism at
each temperature, (3) partial compensation, (4) nocompensation, the
metabolism continuing to follow the van't Hoff relation, and (5) in-
verse compensation or further reduction in metabolism. The com-
monest pattern of acclimation is the third, partial compensation, so
that if the metabolism of animals {rom temperaturest andt is
measured at the same intermediate temperature, the one acclimated
to the cold has a higher metabolism. This acclimation pattern can
apply to other rate functions besides metabolism-heart rate, breath-
ing rate etc. A comparable sequence is described for moderate in-
creases in temperature (Precht, 1958). Acclimation toheatis a re-
duction in metabolism below the initial level determined by the ()
relation (Gelineo, 1959). The net effect of long-term acclimation 1s
to tend toward relative constancy of cnergy liberation despite

changes in body temperature.




POIKILOTHERMIC ADAPTATIONS

POIKILOTHERM

Initial

Metabolism

Temp,

Figure 2. Schematic representation of tempeyature relations Ina poikilotherm.
Metabolism decreasee more steeply than body temperature, Acclimation results in
a rise in metabolism at low temperature and a fall at high tempawture, thus tending
toward relative constancy of metabolism as the environmentaltempsrature changes,
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Figure 3. Precht's patterns of metabolic scclimationincold. Animal moved from
a high temperature (t ) to alowope(t ) aml metabolic rate falls direotly along eclid
line. Rate remains at & if no ecclimation orcurs with time (ven't Haff agprazimetion);
rate rises to 2 if acclimation is complete. Pattemn 1 represents over-compsnsation,
3, partial compensation, amd 5, under-compensetion or reverse acclimation. Modi-

fied from Precht, 1958.




POIKILOTHERMIC ADAPTATIONS

Tolerance of sudden temperature stress, called ''resistance
acclimation' by Precht, is also modified. This is shown by shifts of
both high lethal and low lethal temperatures according to acclimation
(Fry et al., 1946; Fry, 1947). The curves describing rise or fall of
the two lethal temperatures as a function of acclimation need not be
parallel, and the area enclosed by both curves, the tolerance zone,
is species specific. The relation of temperature tolerance or resist-
ance acclimation to capacity acclimation is not known, and further
knowledge of heat and cold death might indicate which processes are
altered, Stress tests provide a useful tool for analysis of acclima-

tion.

Poikilothermic vertebrates differ from homeotherms in that
they tend by compensation to maintain relatively similar activity
when body temperature changes, whereas the homeotherm maintaing
constant temperature. There is no "comfort' or thermoneutral zone
for the poikilotherm 88 long as chill or heat coma are avoided. Effi-
ciency of feeding and general bady activity increese in a non-linear
fashion up to some "optimal' temperature which may be only a few
degrees below the lethal point. Furthermore, there is no evidence in
poikilotherms for a sequence comparable to Selye's stress syndrome
of mammals.

Whether or not hortnones areinvolved in the enzymatic changes
of metabolic acclirnetion in poilkdlotherms is not known. Evidence
concerning thyroid participation in adaptation of fish is conflicting
(Hoar, 1959). Aslight increane in height of thyroid epithelium at ele~
vated but not °at reduced temperatyres was reported for the minnow
(Phoxinus) (Barrington and Matty, 1954), and in trout the thyroid
shows signs of increased activity in the cold (Olivereau, 1955b).
However, no histological change was found in thyroids of catfish,
cagp, tench, eel, Mygil, or Scyllium after acclimation in cold (7 C-
14 C) or warm (0 C-23.5 C) (Olivereau, 198%a,b,c). Thiourea
treatment is said to eliminate metabolic differences between cold-
and warm-acclimated crucian carp (Carassiug (Suhrman, 1955), but
thiourea increases the differences in Leuciecup (Auerbach, 1957).
Resistance to cold in long-day goldfish increases when thyroid hor-
mone is injected (Koar, 1958). Thiourea increapes cold resistance
of goldfish and decreases that of the crucian carp (Carassius)
(Precht, 1958). Iodine uptake by the thyroid is slightly increased by
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cold in a minnow (Umbra) but not in Fundulus (Berg et al., 1959).
Temperature effect on the thyroid of amphibians is negligible. How-
ever, seasonal variations in thyroid activity ofbothfish and amphi~-
bians, probably associated with photoperiod, are considerable. The
adrenals of poikilothermic vertebrates produce corticosteroids
which seem to function primarily in potassium and sodium balance;
no role in carbohydrate metabolism has been found in poikilotherms
(Jones etal., 1959). The amount of hydroxycorticosteroid in the blood
of a fish may be increased after swimming, but no response to tem-
perature stress has been reported (Jones et al., 1959), Changes in
metabolic enzymes in compensation for temperature occur inyeast
{Precht, 1956) and in invertebrates where thyromin and iodinated
tyrosines and corticosterone do not function as they do 1n homeo-
therms. Also, the biochemical chénges of poikilotherms in tem-
perature adaptation can be either an incresge or a decrease in
specific enzymes. It seems likely that the acolimetion of poikilo-
therms is either 8 direct effect of temperature on angyme forming

" systems or an indirect engyme induction due to ¢iffarantial wtiliza-

tion of substrates at different temperatures. Thus there is little
similarity in the metabolic acclimation of poikdiotherms snd honeo-
therms. )

DIFFICULTIES AND METHODS IN ACCLIMATION MEASUREMENT

The analysis of biochemical mechanisms of temperature accli-
mation is beset with many difficulfies. The identification of limiting
steps involves extrapolation to theintact animal from mesagurements
on tissue slices, homogenates, isolated mitochondria, and purified
enzymes. Such extrapolation is difficult and hasad on severa] as-
sumptions, Itisnotpossible to provide invitro conditions which dup-
licate in all respects those under which a?x—(—a;fzyme functions in vivo,
Balance of organic as well a3 inorganic ions, concentrations of co-
factors and hormones cannotbeduplicated, nor can spatial organiza-
tion, as of particulates in a cell, An important part of acclimation
involves regulation by theneuroendocrine system, Yetthe integrated
system can be analyzed only by taking it apart. One method of
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identifying changes in enzyme activity is to observe effects of in-
hibtors; yet these are not nearly so specific as desired. Another
method is to purify enzymes, but extraction precedures are often un-
certain as to recovery or loss of activity., A common method is to
supply an excess of a specific substrate so that the enzyme acting on
it is made limiting; this provides auseful comparison between sys-
tems treated differently (as by temperature), but it does not tell
much about limiting steps invivo,. Tracing labelled substrates is in-
formative and has not often been used in acclimation biochemistry,
although it has indicated a general similarity of metabolic paths in
fish and mammals (Brown, 1960; Brown and Tappel, 1959; Martin
and Tarr, 1961). Useful information can be obtained from kinetic
studies of both intact and dissected systems.

A serious problem, especially with poikilotherms, is the identi-
fication of appropriate environmental variables. Three factors, tem-
perature, nutrition, and photoperiod, interactinan inextricable way.
Many fish and amphibia eatlittle inthecold, and it has been common
practice to observe acclimation in starved animals. Unfortunately a
fish starvedoat 25 C is not comparable in its food reserves to one
starved at 5 C. Alsoifeachis fed ad libitum, the absorption of food
may be so slowin thg cold that the nutritional state is different from
that of one fed at 25 C.Wehave evidence that the metabolic differ-
ences are greater in starved than in fed goldfish kept at low and high
temperatures, Various methods, such as feeding followed by cross
acclimation so that the total time spent at the two temperatures is
the same for both groups, have been used in an effort to approach
nutritional equivalence, but no method is fully satisfactory.

Photoperiod has marked metabolic effectin fish and amphibians.
Ekberg (1961) found agreaterdifference between enzymes from cold
and warm acclimated fishon a 17-hour than on a 7-hour photoperiod;
he also found a marked seasonal difference in the metabolic response
ol voldfish gills. Roberts (1961) observed a photoperiod effect
on Carassius carassius at 20 C bul not at lower temperatures,
Hoar (1955; Hoar and Robertson, 1959) observed seasonal dif-
lerences  in temperature tolerance and in oxygen consumption
by wcoldlish even when acclimiated  at the same temperature;

these seasonal effects reflect photoperiod and may be associated
with enhanced thyroid activity on short photoperiod. Froes show

marked seasonal differences i many of therr physiological proper-

9
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ties independent of temperature. Itis important, therefore, that pho-
toperiod be kept the same for different conditions of temperature
acclimation.

Another difficulty in metabolic acclimation results from the
differences between active anc rest (standard) metabolism and the
impossibility of controlling .uovement in poikilotherms. There is
evidence that active and rest metabolism follow slightly different
enzyme pathways. Data from anesthetized fish differ from those
from quiescent awake ones; hence anesthetics are usually avoided.

Kinetic analyses have been useful in studies of enzyme induction
and of the role of amino acid pools in protein synthesis, but such a-
nalyses have. ot often been applied to problems of acclimation.

The time-course of acclimation deserves more attention. One
related method is to compare the rate-temperature curves of stabil-
ized rate functions for poikilothermic animals that have been differ-
ently acclimated (Prosser, 1958).Such curves permitsome specula-
tion concerning the mechanism ofacclimation (Figure 4). When there
Is no acclimation, the rate-temperature curves coincide for animals
from either temperature (Figure 4a). This lack of acclimation has
been described for winter and summer Cunner {(Haugaard and Irving,
1943) and for a variety of insects and shore invertebrates. One type
of acclimation to cold is atranslation of the rate curve to the left or
upward (Figure 4b) without change in slope.Suchsimple translation
has heen observed for O consumption by the scorpene trout (Gelin-
€0, 1959), cocarboxylaseof the eel (Carlsen, 1953), oxygen consump-
tion by salamanders, Kurycea (Vernberg, 1952) and Triturus (Riech
ct al., 1960), for metabolism of some northern and southern species
of frogs (Tashian, 1957), of the lizard Sceloporus at 16 C and 23 C
(Dawson and Bartholomew, 1956) as well as for numerous inverte-
brates (Prosser, 1961).

A third pattern (Figure 4¢) is rotation ahout a midpoint, i. e,,
change in slope or ¢ only. Thisoccurs for ()0 consumption by the
European ecl with an ntersection of curves for 11 C and 26 C
acclimation at about 210 C (Precht, 1951) and also for metabolism
by the salamander Plethedon (Vernberg, 1952). The most common
pattern 1s u combination of translation with rotation. When the Q

of cold-acchmated animals s less than that of warm-acelhimate

10
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ones, the two curves may intersect by extrapolation above the normal
temperature range (Figure 4d). Examples for vertebrates are heart
rate of the newt Triton (Mellanby, 1940), metabolism of cottid fish,
winter and summer, northern and southern latitudes (Morris, 1961),
and O_ consumption by frogs acclimated to SOC and 25 C (Riech et
al., 1960). If the Ql of cold-acclimated animals is higher (Figure
4e), the two curves may intersectat a low temperature, often by ex-
trapolation. Above the intersection the rate is greater for cold-ac-
climated than for warm-acclimated animals, This i% reported for
O _ consumption by the crucian carp acclimated to 5 C and 26 C
(Suhrman, 1955) and for O2 consumption by brain tissue of goldfish

(Freeman, 1950).

Translation of a rate-temperature curveimplies achangein ac-
tivity (in a thermodynamic sense) and may be caused by change in
enzyme concentration, changein the relative activities of enzymes in
series or in parallel, or a change in controlling conditions---ioni¢
strength, pH etc. Rotation of a rate-temperature curve implies a
change in Q__ and hence in activation energy and may resuilt from
alteration of]t%e enzymatic protein, change in some co-factor, or a
shift incontrolof a reactionto alternate enzymatic pathways. Differ-
ent tissues of the same animal may show different patterns of meta-
bolic acclimation, e. g., the heart of goldfish shows no change, but
skeletal muscle, and to a lesser degree liver, shows acclimation
with a reduction of QlO in the cold.

Metabolic and Enzymatic Changes

A number of selected examples of compensatory acclimation of
metabolism of intact poikilothermic vertebrates is givenin Table I.
A greater oxygen consumption of ¢old- than of warm-sacclimated ani-
mals when measured at intermediate temperatures is indicated for
lampreys (Scherbakov, 1937), eels (Precht, 1951), marine fish Fun-
dulus and Gellichthys (Wells, 1935a,b), goldfish for both active and
standard metabolism (Kanungo and Prosser, 1959a), and frogs (Riech
1960). The extent to which photoperiod and nutritional state modify
these differences is not clear, but the principal experimental vari-
able in cach experiment was temperature. When measured at the ac-
climation temperatures, the maximum active metabolism is lower
than the maximum standard metabolism (Fry and Hart, 1948b); if

12




POIKILOTHERMIC ADAPTATIONS

Animal

lamprey
(Scherbakov, 1937)

ael
(Precht, 1951)

Carassius gibello
crucian carp
(Suhrmann, 1955)

Carassius carassius

cArassius
(Roberts, 1960)

gold fish
(Kanungou, Prosser,
19594)

Gillichthys
(Wells, 1835)

frog
(Riech et al., 1960)

frog
(Jankowsky, 1960)

Teble 1. Metabolic acclimation of intact polkilothe rmic vertebrates.

Active

Temperature
of
Measurement

16°

200

2°

Standacd ) o

]

259

22

10°
mo

15°
25

[« ]

Acclimation Temperature
and Oxygen Consumption

per Wet Weight

1.5-3.5°
0.21 mgOy/g,, /hr

11°
5 10109/ 100 gy/hr
7.mli0,/100g,,/hr

50

4.4 m10y/100gw/hr
16.5 mi0,/100g,,/hr
24.6 m107/100 gy /hr

4-70

70 m10,/kg/hr
72 miO,/kg/hr

10°

8.7 miOy/100gy/hr
13.7 mlOg/100 gy hr

11,29 mI05/100 gy, lir
19.33 ml02/ 100 ggp/br

10-12°
0.11 gme/hr

50
8 miO;/100gw/hr
11 mi0,/100gy,/nr

10
158 mm3/nr/g2/3
411

13

15-17°
0.14

26°

26°
3.3
6.8
18.1

20°

Per Cent by which
Cold Exceeds Warm

50%

180%
0%

39
128%
83¢

168 (7 br dey) 58%
238 (17 br day) 690G

w0
6.64
7488

2.78
12.2

30°
L9

as°
30
7.8

a5°
122
7

4§
169

)

1089
%

0%
o9
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mectabolism of animals acclimated to extreme temperatures is mea~
sured over the entire curve, the two maxima are similar (Kanungo
and Prosser, 1959a) (Figure 5). Species differences maybe marked
as between Carassius carassius and C. gibelio (Suhrman, 1955 and
Roberts, 1960); C. carassius shows aninverseortype 5 acclimation,
C. gibelio a positive or type 3 acclimation,

Data for oxygen consumption by tissue slices, homogenates, and
whole gills are given in Table II. There is some disagreement for
the same tissue among investigators, and some tissues show more
temperature compensation than do others. Ingeneral, skeletal mus-
cle shows more change thandoes liveror heart. FFor brain, compen-
sation is reported by two authors and lack of compensation by two,
Gills of fish show marked metabolic compensation. For both gills and
muscle, Roberts (1960) reports higher daytime metabolic rates and
slightly greater differences between warm- and cold-acclimated
tissues when the fish have been on ashort day (7-hour) photoperiod
than on a long day (17-hour) photoperiod. No attempt has been made
to equate the O consumption by various tissues to the total by the
intact animal an%i to evaluate the relative contributions of each, but
the percentage of change found for isolated tissues is less than for
intact animals,

lividence for acclimatory effects on somc enzymes of poikilo-
thermic vertebrates and not on other enzymes is summarized in
Table III. The reported enzymatic effects are insufficient to account
for the observed changes in metabolism. Differcnces in some de-
hydrogenases and electron transport enzymes have been reported.
Gills from cold-acclimated goldfish were more sensitive to cyvanide
(BEkberg, 19568) (and liver more sensitive to antimycin (Kanungo and
Prosser, 1959h)), while liver showed no significantdifferences with
respect to inhibition by cyanide, azide, carbon monoxide, or amytol
(Kanungo and Prosscr, 19590). Cocarboxylase showed some compen-
sation in liver and questionable cffect in muscle (Carlsen, 19539).
Succinic dehydrogenase of eel liver as measured by methylene bluc
reduction showed considerable change (Precht, 1951). In goldfish
this enzyme was altered in muscle and inliver when measured on a
protein (but not on a wet weight) basis (Murphy, 1961). Malic dehy-
drogenasc of goldfish liver showed considerable mverse acclima-
tion (Precht's type 5) (Murphy, 1961). Cytochrome oxiwdase showed

IR
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Temperature Acclimation Temperature Per Cent by
Tissue of and Og Consumption per which cold
and animal Measurement Unit Weight Wet (w) or Dry (d) Exceeds Warm
Muscle
Crucian carp 79 (7 hr dep 20° (7 hr)
(Roberts, 1960) x° 100 ol /g Nz »1 ug
79 17 W dep)
a° wr 186 38%
sunfish ue 28°
(Roberts, 1961) 2s° 0023 uity/mgeNe  GOM? 889
goldfish 9% (32 br dey) »°
(Murphy, 1981) 2° suncinets 882 410,/ mggAx M3 n.s.
: (6-8 days)
. 814 {2325 daye) »s (31
. 0° glucces 538 (6-9 days) " n.s.
887 (30-35 dsy®) - 1494
frog (R. pipiens) ?° w
(Riech et al., 1960) " 160 mm¥/gy e " .y
frog (R. temporariey L P
(Jankowsky,1980) 0 (V] am’/w ¢13 o,
Gills
goldfish 1 %°
(Ekberg, 1958) 10° (Feb.) 0.007 » p/ongaltc  0.100 149
180 " 0.507 wid g/rngu/ir DA 113
26° 147 widy/mgi /N 0.523 1069
Crucian carp &9 (7 ar ap R0° (7 br day) 260
(Roberte, 1960) 2° 181 movd /g A 548
7% (A7 hr dey 2° (17 h)
0° 518 409 26Q%

Table 1. Oxygen consumption by tigsues (usually with glucose) from poikilo-
thermic vertebrates acclimated at different temperatures. (n.s., not significant)
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Tissue
and Animal

Liver
goldfigh
(Ekberg, 1968)

gokifish
(Nanungo, Progsesr
1os8)

gokiflel
(Murpby, 1403

froy
(Rlech ot &l., 1240)

Brala
sunfieh
(Raberts, 1681)

goMitioh
(Preemaen, 14T

goldlied
(Exbery, 1850)

Heart
goldfisd
{Murphy, 1061)

oy
(Riach st al., 1980}

Temperature
of
Measurement

10°
22°

mO

18°

25°

'O

109°

22°

10°

309

25°

Acclimation Temperature
and Oy Consumption per
Unit Weight Wet (w) or Dry (d)

10°
0,821 p10,/mgq/hr
1,989
1.44

10°
1.2 p10o/mgq/hr

5()
363 110,/g,/hr
697 u10,/g,, /hr

50
32

10°
0.519 p 109/ mgy/hr

¥ 1§0/gy/min

10°
1.83 p1/mgg/hr

50
530 1100/ gy /or
888 12109/gw/Nr
1744 11109/ gu /D2

50
225 11109/ gy,/0r

30°
0.454
0.849
141

30
0.84

30°
403
727

300

25°
0.521

6.2

300
1.5

.300

493

7517
1524

300

Per Cent by

which
Exceeds

374
64%
n.s.

439

n.s.
n.s.

n.s,

80%

n.8.

n.s.
N.d.
n.s.

n.s.,

Cold

Warm

2




Temper
Oxidative of
Enzymes

Measurement

PROSSIER

ature

Acclimation Temperature and Enzyme

Activity Per gm Wet Weight

Cold
Succinic dehydrogenase
eel liver 119
{Precht, 1451) .43
goldfish hiver 5°
(Murphy, 1561) 15 15.9 u1/g,,/min
259 17 u1/g,/mn

golkdfish muscle
{Murphy, 1969

Cocarboxylsee
eel liver
(Carigen, 1959)
eel muacle
(Carlaen, 1953)

Malic dehytirogeness
godlish fiver
(Murphy, 1951) 15°

m()

Cytochrome ¢ oxidage
goldfigh liver
{Murphy, 1861) 159

25

goldtieh muscle
(Murphy, 1961)

DPNH cytochrome raductase
goldfish Liver
(Murphy, 1961}

TP NH cytochrome roductsge
goidfish lver
(Murphy, 186])

Catalase
carp gtil
{Biberg, 1961)
ael lver
(Pracht, 1851)

CN inhibitlon
gotdfiah gill
(EXbarg, 1968)
goldfteh liver
(Ekberg, 1958)
goldfigh liver
(Kanungo, Prosser, 1959)

8.11 k10,/g,;/min

440

390

50
9.15 u10p/gy/hr
14.7 u l/L;w ‘nun

5()
15.0 u1/g/min
23.4 u1/gy/min
-236 u 1/mgpr/min
13.9 1109/ /min

219.7
Y

0

e 14 b
459 %

or mg Protein

Warm

269
.24
30°
14.3
19.9

8.64

345

30°

57.5F

61.2F

Per Cent by
which Cold
Exceeds Warm

794,

n.8.
n.s.

21%

28%

n.g.?

-444,
34,59,

= os
E.mill
S
=2

n.N.
454

n.s.

No eignificant difterence in tnhibition by CO, CN, anide.
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Acelimation Temperature and Enzyme
Activity Per gm Wet Weight
or mg Protein

Per Cent by which
Cold Exceeds Warm

Hexose monophosphute
shunt enzyines

Cold Warm
Glucose - 6-PO, dehydrogenuse
Crucian carp gill 59 250
{Ekberg, 196]) 44.2 arb. umts 43.9 n.s
goldtish hver 59 300
(Murphy, 196) O~ 298 0.548 -46%,
6 ~ PO, - gluconic dehydrogenase
Crucian carp gil 59 259
(Ekberg, 961 110 arb. amty 4.7 1349,
goldhah Lver 50 30°
{(Murphy, 19€]) 0.041 0.034 n.s.
Glycolytic enzymes
Aldolage
Crucian carp gt 5" 259
(Ekberg, 961) 96.3 64.3 0%
Anaerobic acid production
Cructan carp gl 59 259
(Ekberg, 1961) 263 (7 hr, day) 176 (7 hr. day) 494,
326 (17 hr, day) 194 (17 hr. day) 689,
Lactic dehydrogenase
gokifwh liver & 300
(Murphy, 1861) 1 g 1415/g,, n.g.
19.1()/111,;!”; 11 mgy,, 65%
10A inhibition
gokifish giit U RIS

{Exherg, 1958)

52.6 % mhih.

To4% inhil

Table [I1. Actlvity of emgymes from porkilothernne vertebrates acclimated in
different temperatures. (--Values, 1nverse acelimation, or Precht's Type 5). (n.s.
not significant), Enryme ectivities in different units of measurement.
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either no effect or a veryslight compensation and goldfish liver has
no such excess of cytochrome oxidase as rat liver (Murphy, 1961).
Catalase showed no change (Carassius gill, Ekberg, 1961) or an in-
verse or type 5 acclimation (eel liver, Precht, 1951). No differences
between warm-~ and cold-acclimated goldfish were found for DPNH
reductase and TPNH cytochrome reductase (Murphy, 1961). Wide
variability in P/Oratios led to equivocal results (Kanungo and Pros-
ser, 1959a; Murphy, 1961).

The enzymes of the hexose monophosphate shunt show very low
activity in fish, and their importance is doubtful (Brown, 1960). For
example, the activity of glucose-6-phosphate dehydrogenase in gold-
fish liver is only 3% of thatin rat liver (Murphy, 1961). This enzyme
showed no compensation in crucian carp gill (Ekberg, 1961) and an
inverse (type 5) acclimation in goldfishliver (Murphy, 1961). Another
enzyme of the shunt, 6-phospho-gluconic dehydrogenase, showed a
large compensation in crucian carp gills, but no change in goldfish
liver homogenates. The suggestion (Kanungo and Prosser, 1959b)
that there might be increased use of the monophosphate shunt in the
cold seems invalid.

The most important metabolic changes in acclimation to cold
seem tobe inglycolytic enzymes. Sluggishfish such as carp are said
lo survive anaerobically in the cold (Blazka, 1958). Active fish such
as the Kamloops trout show an increasein lactic acid concentration
in muscle of as much as 4 1/2 times in 9 minutes of exercise and
elevated lactic acid persisted for severalhours post-exercise (Black
et al., 1960, 1961). Blood lactate inunexercised trout and salmon is
high in comparison with mammals and may rise as much as 6 to 10
fold after exercise (Black ct al., 1960). Pyruvate follows the same
time course as lactate. A trout accumulates lactic acid and pays off
an G _aebt (Black ot al., 1960); @ crucian carp does not accumulate
lactate but increases its CO_ excretion (Blazka, [968). 1t appears
that fish rely considerably on glycolytic metabolism. Lactic dehy-
drogenase activity is high in goldfish liver, and it shows some tem-
perature compensation (Murphy, 1961). Total acid production by cru-
cian carp gills was elevated in cold-acclimation, but the CO_ pro-
duction wis not (Ekberg, 1961). Aldolase was markedly increased in
carp gills by cold acclimation(kkberg, 1961). lodoacetate sensitivity
of goldfish gills was less o the cold. It appears that the most
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striking enzymic increases 1n fishtissuesinthecold are in those of
glycolysis. However, intermediate acids mustultimately be oxidized
and the relatively small changes in electron transportenzymes aie
difficult to explain.

The preceding evidence indicates that some enzymes change and
others are unaltered in the compensatory acclimation of figh, that
corresponding enzymes differ fordifferenttissues, and that enzymes
may either increase or decrease according to temperature. The
meaning of inverse acclimation (e. g., malicdehydrogenasein gold-
fish liver and catalaseineelliver)isnot clear. In general, the more
an animal is taken apart,the lessis the apparent acclimation. In oyr
laboratory Murphy recently examined the activity of numerous en-
zymes of goldfish liver and has had difficulty obtaining statistically
significant differences between those from cold- and warm-acclima.
ted fish. The range of variability is very great for those genetically
heterogeneous fish and reproducibility of experiments poor. Cer-
tainly there is no evidence for a general change in activity of all me-
tabolic systems, and major effects are probably inthe integration of
metabolism.

Non-enzymatic Chemical Changes

Other changes besides those in enzymes of intermediary meta-
bolism have beennoted in cold-acclimation, Changes in water content
may be significant for marine fish. At1.6°C in sea-water the tide-
pool fish Girella lost 23% of their water, and they suzvived only 2
days, whereas in 459 sea-water at the same temperature no water
loss was observed and survivsl was pratenged (Doudoroff, 1938;. In
fresh-water fish, however, an increase of 2 in water content was
reported for goldfish after 2 gays std © (Meyer et al., 1856) and a
decrease after 25 days at § € {Hoar and Coltle, 1962). %Oldﬁsh
liv((): r showed no significant difference in water contentfor § C and
30 C acelimation (Murphy, 1961).

0

Protein content of li%er from goldfish acclimated at 5 C was

9.9 and from those at 30 C was 12.5% (Murphy, 1961); no change
was found in the protein content of muscle.
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Changes in lipids have been reported. Acclimation of goldfish to
cold was accompanied by increased unsaturation of tissue lipids and
acclimation to heal by a decreased unsaturation (Hoar and Cottle,
1952). In cold the tissue phospholipids of goldfish increased in re-
lation to cholesterol, but no consistent correlation was observed be-
tween the ratioot cholesterol to phospholipid and thermal resistance.
Also no good correlation was found betweendietary lipid unsaturation
and thermal resistance, although a high cholesterol diet increased
resistance tobothheatand cold (Irvineetal,, 1957). Preliminary oh-
servations indicate a higher percentage of stearic and palmitic acids
in liver of 30 C-acclimated than of cold-acclimated goldfish
(Murphy and Jghnsmn, 1961). Liver of goldfish from 50 C had 1.769
lipid, from 30 C had 3.97% lipid. The iodine numbers were as fol-
lows: 30o C, 87.7; 150 C, 100.3;5 C, 102.3; hence the liver lipid is
more unsaturated in the cold-acclimated state. Similar changes were
noted by Houar and Cottle (1952). In view of the central nervous
changes to be reported below, it is likely that numerous changes in
the lipids of cell membranes will be found.

What mechanisms urderly biochemical changes ?Changes in lip-
ids must depend ondifferences in sotne synthetic enzymes. As stated
above, there is no evidence for invelvement of the adrenal cortex and
conflicting evidence tor involvement of the thyroid in temperature
acclimation of poikilothermic vertebrates. Much more work should
be done on possible hormonal regulation of metabolism. However,
present evidence favors a direct effect of temperature. This could
occur in several possible ways: (1) Inthe cold, the total meiabolisni
is lower than at high acclimation temperatures; hence metaholic sub-
strated in general may accumulate, and these muy induce nore in-
termediary enzymes st several levels, (2) an intermediat: such as
pyruvate {or lactate) may accumulate because its degradative en-
zymes have 3 higher Q_ than those enzymes forming it, and thus
this inter mediate tmuy reach concentrations which induce an alternate
path. If B&C, in the system:

A wsjp B @ C

f)

D esp L

has a high QIO , Baccumulates and may induce the enzyme catalyzing

99
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B [:) D. (3) An accumulation of products of one step can repress or
can stimulate an earlier step in a sequence. The actions (2) and (3)
may be on enzyme-forming RNA or even on the DNA template. In
naturc the capacity of a particular enzyme-forming system to change
can formi the basis for selection under temperature stress.

The biological significance of the chemical changes in tempera-
ture acclimation is uncertiain, Many enzymes show enhanced activity,
some are unaltered, and 2 few decreased inaction after cold accli-
mation. No calorimetric measurements of total energy liberation
have been made, and determination of P /O ratios for liver mitochon-
driu have led to equivocal results, The lipid changes are in the dir-
ection of lower melting points inthecold, A fish or a salamander at
a low temperature is never das active as 4t a high temperature,

Behavior and nervous changes

In a temperature gradient a fish "selects' a temperature where
the frequency of spontaneous movements is least; this selection is
determined by sensory input from cutaneous thermoreceptors and
Is upsct by lesions of the forebrain (Sullivan, 1954; Iisher, 1958).
The "selected" temperature is higher than a low temperature of ac-
climation and lower than a high acclimation level (Sullivan and Fish-
er, 1953, 1954), and shifts according to acclimation (Fry and Har,
1948a). When maximum swimming speed is measured at different
temperatures, the optimal temperature rises (Fry and Hart, 19484),
and the temperature at which active swimming stops is higher
(Roots, 1961) as the acclimation temperature rises.

The O, consumption neasured in maximum swimming activity
rises with femperature more rapidly over a low temperature range
and then more slowly than does the standurd or rest metabolism
(Figure 6). The difterence between the two curves (active and stand-
ard) tor fully acchimated fish is considered a measure of extra en-
ergy availuble for swimming, the "scope of activity" of Fry. This
difference curve or scope of activity rises to a maximum in lake
trout (Salvehinus) at a temperature close to that of maximum cruising
speed (-Gilj-s-on_und Fry, 1854), and it has been suggested that the

maximum motor activity determined by the energy available te
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the fish (Fry, 1947). The change after acclimation of the temperature
at which swimming is maximum is, according to this view, due to
compensatory metabolic alterations such as have beendescribed a-
bove. Certainly no animal can move more rapidly than energy can
be made available to it. Fisher (1958) has questioned whether the
maximum metaboiism per se determines the cruising speed or
whether the limit may be imposed in thenervous system. It is possi-
ble to increase oxygen consumption beyond that at maximum cruis-
ing speed by electrical stimulation (Basu, 1959). Some fish (trout)
show two temperature optima for cruising, and these can be altered
by brain lesions; swimming rate is affected by light intensity (Fish-
er, 1958). It appears, therefore, that available energy is not the only
limiting factor for activity.

In addition to changes in the temperature preferendum and tem-
perature of maximum cruising speed with acclimation, or the tem-
perature of sudden reduction in swimming, other measurements in-
dicate adaptive alterations in the central nervous system. Conduction
in peripheral nerves is blocked by cold, and the critical temperature
for cold block declines with cold acclimation (Roots, 19%1). Spgnal
reflexomovement of the fins of goldfish was blocé{ed at %0 C,5 C
and 1 C respectively for fish acclimated to 35 C, 25 C, and 15
C; the reflex persisted at below 1O C in fish acclimated to 5 C.
Roots has conditioned fish to avoid either a light or dark end of a
divided agquarium, and also to interrupttheir breathing rhythm when
given a visual stimulus. The cold-blocking temperatures of these
conditioned 1(‘)eflexes is higher than for simple reflexes,e. g., block
occurs at 15 Cfor 25 C-acclimated fish, Thus a hierarchy of tem-
perature sensitivity is lound, with midbrain functicns mostsensilive,
spinal functions less so, and peripheralnerve least sensitive to cold
(Roots, 1961).

Similarly in two species of skate (Raja) sensitivity of nerve and
muscle to heat decreases in the following series: myoneural junc-
tion, nerve conduction, striated muscle contraction, and heart and
gut muscle activity (Battle, 1926). It is concluded that important a-
daptive changes occur inthenervous systemduring temperature ac-
climation. Changes in nervous function reflect chemical alterations
of excitable membranes and subtie changes in interneuronic inter-

action which are totally unknown. In the absence of the insulative
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changes which occur in homeotherms, the nervous changes under-
lying behavior are of particular importance in poikilotherms.

Resistance to Temperature Extremes

In nature, the adaptations favoring survival at extremes of heat
or cold maybe more important than compensations in the mid-range.
Some geographic races of fish (e. g., Salvelinus alpinus) have been
shown to differ in their lethal temperatures butnot in temperatures
of maximum cruising speed (McCauley, 1958). The literature on
change of lethal temperature with acclimation is extensive (Brett,
1956), but very little is known of the responsible cellular changes.
Some orgaﬁé are more sensitive thanothers; for example, the brain
is more sensitive than the hearti, but the chemical bases for such
ditfferences are unknown. Differences in inactivation temperatures
have been observed for some enzymes from thermophilic and meso-
philic bacteria (Koffler, 1957), and the inactivation temperature for
amylases, pepsin, and trypsin from fish is lower than for the same
enzymes from mammals (Chesley, 1934; Vonk, 1941). Acetylcholine
acetylase of a [ish (Labrus) brain is maximally active at 25" C and
is inactivated at 37" C, whereas corresponding temperatures for the
same enzyme from rabbit brain are 420 C and 470 C respectively
(Milton, 1958), Changes in lipids as shown by their melting points
may be important for cell permeability. The effect of endocrines,
such as the thyroid, on heat death was mentioned above. It may well
be that more marked changes occur in resistance to temperature
extremes than as metabolic compensations within thenormal range,
and there may be little relation between the compensations of capa-
city adaptation and the stress responses of resistance adaptation.

CONCLUSIONS

Acclimation of poikilothermic vertebrates to temperature is
hasteally different from that in homeotherms in thatcompensations

of poikilotherms tend toward mamtenance of relatively constant
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metabolism and behavior with changing body temperature, whereas
the acclimation of homeotherms tends toward maintenance of con-
stant body temperature. Some poikilotherms showno compensations,
but their body processges remainslow (as inhibernation) at low tem-
peratures.

No consistent pattern is yet evident for biochemical changes.
According to in vitro measurements, some enzymes appear to com-
pensate; many do not. Glycolysis may be most affected in fish. The
meaning of lipid changes is not clear, althoughlower melting points
in the cold are found in fish as well as in peripheral fat of mammals.

The integrated metabolic system of intact animals shows more
consistent compensation than isolated enzymes, Undoubtedly hor-
mones are important in acclimation, as shown by the effects of
photoperiod. However, there is evidence for direct effects of tem-
perature, possibly through some sort of enzyme induction. Marked
differences occur in the response of different organs and tissues to
temperature.

Behavioral compensations reflect a heirarchy of differences in
nervous adaptations with complex conditioned responses being most
sensitive and peripheral nerve conduction least., These changes in
sengitivity of nervous systems tocold mightberelated to alterations
in membrane lipids.

Changes in resistancetoextremetemperature stress are clear-
ly indicated dy decline in temperatures of both heat and cold death
with redyced acclimation temperature. Mechanisms of changes in
resistance to temperature extremes are unknown as are the rela-
tions between compensation (capacity) acclimation and resistance
acclimation.
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DISCUSSION

HUDSON: Dr. Prosser, do you see any signifiance in the
lower blocking temperature of the peripheral nerves compared
with the higher parts of the CNS, since functionally, as far as the
animal is concetned, if the cord is not responding it would not
do any good to have the nerves responding?

PROSSER: I am not surethatIcan give you any offhand answer.
Certainly, the complex behavior which permits feeding and escape
from predators would be very necessary for survival. Perhaps this
means merely that integration is the important thing, This cold-
hardiness of peripheral nerves has been seen before; synaptic
transmission shows cold block at a higher temperature than nerve

conduction.

ADAMS: Dr. Prosser, do you see any change in the lower
lethal temperature in poikilothermic vertebrates as a result of
acclimation to higher temperatures, or the converse? One of the
questions, of course, in homeothermic literature is the inter-
relationship of cold and heat acclimatization.

PROSSER: Yes, Precht has reported cases where acclima-
tion occurred in both directions. But the curves of Fry and his
associates arec quite clear in showing a change in the lower lethal
temperature with acclimation which may or may not be parallel
to thce change in the high lethal temperature. Both of his curves

shift in the same direction.

HART: Do lower lethal and upper lethal temperatures both

change in the same direction?

PROSSER: Yes., [ wish we knew more about Lhe mechanism
of this process. 1 have a feeling that we need to use stress tests.,
We have been looking at chuanges in the tolerated mid-range of
temperature. There arce virtually no data on the eritical tempera-
tures ol enzyme functions. We know very little about changes in
denaturation temperatures. Dr, Junsky s doing something with this

and might want to comment on it.
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I should say in respect to the mechanisms of acclimation that
there has been some indication that one can change the tempera-
tures of inactivation of enzymes., The prize example of this is in
the thermophilic bacteria, where Koffler* and othersohave shown
that the cytochromes function at temperatures up to 70 C, where~
a.sothe corresponding proteins from mesophils are knocked out at
35 C. This is a fantastic difference. It must mean that there is a
difference in tertiary structure in the same enzyme protein.

HART: I wanted to ask you aboutthosecurves which you showed
of activity metabolism versus temperature--was it for the green
sunfish, which is a different species, or was it.for the goldfish you
showed ?

PROSSER: The activity curve that I showed you was for the
green sunfish. Your curves have been for goldfish and they were
smaller goldfish than we used. We have not been able to get such
complete curves for the goldfish; that was the reason I did not
show you goldfish data. We bhave some curves, but for some rea-
son we have not had as good luck getting complete swimming
curves for them as for the green sunfish.

HART: Those are beautiful curves. These curves agree with
the general concept that Fry developed, which is that the activity
would be determined by the difference between standard and active
metabolism.

PROSSER: Yes, I think that is so.

HART: | wondered if you had any data on the resting versus
dactive metabolism to compare with those active metabolism data?

PROSSER: Not for the green sunfish.

HART: Does this conflict with Fry's concept?

sKoffler. H. 1957. Enzyme of thermal bacteria. Bacteriol. Rev. 21:227-240.
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PROSSER: No, I do not think it conflicts. All I am saying is
that I think that Fisher's data* suggests that there are central
nervous components which are involved in the swimming responses
in addition to the metabolic ones. The difference between our
curves and your data** is that your activity curves rise to a peak
and then drop off rather gradually. The ones which Dr. Root has
obtained come up to a peak as you saw, and drop off very steeply.

HART: Yes, but the active metabolism may drop off very
rapidly, too.

PROSSER: Yes, I think it does. In the data which I showed
you from Kanungo, the curves would come up tQ a maximum. The
shape is somewhat different from those of Fry . The metabolism
of these goldfish was measured at different temperatures. It was
not measured at the temperature of acclimation only as it was in

Fry's data.

HANNON: In the data that you have just presented, I have seen
a number of instances where the effects of temperature on poikilo-
therms and homeotherms are quite similar. For example, in many
poikilotherms acclimatization tocold is accompanied by an increased
metabolic rate. We see this same effect in small mammals such

as the rat.

PROSSER: For a different reason, though.

*[isher, K. C. 1959. Adaptation to temperature in fish and small mammals.
Physiological Adaptation. pp 3-49. Ed. C. L. Prosser. Amer. Physiol. Soc.,

Washington.

**lry, F. E. J. and J. S. Hart. 1949. Cruising speed of goldfish in relation to
temperature. Jour. Fish. Res. Bd. Canada. 7:169-175.

AFry, F. E. J. and J. S. Hart. 1948. Relation of temperature to oxygen con-
sumption in goldfish. Biol. Bull. 94:66-77.




PROSSER

HANNON: This may or may not be true; I do not feel that we
have enough evidence at the present time to justify any firm con-
clusions either way. One basicdifferencebetween these two types of
animals that should be noted, however, is the decline in the meta~
bolic rate of the poikilotherm when he is exposed to high ambient
temperatures. This isquite in contrastto the response of the homeo-
therm, in which exposure to high ambient temperatures has either
no effect on or increases the metabolic rate.

This high temperature decline in the metabolic ratein fish and
other poikilotherms is most interesting to me from the standpoint
of its similarity to the effect of temperature on many enzymes.
There are a great many enzymes that show increasing activities
with increasing temperature until some critical point, or tempera-
ture oplimum, is reached. Beyond this temperature optimum the
activity declines. In many enzymes thisdecline athigh temperatures
is reversible, provided the point of protein denaturation is not
reached. I would imagine that a similar reversible inactivation
would also apply to the overall respiratory metabolism of poikilo-
therms.

PROSSER: Yes, but I do not think that the same thing is hap-
pening here. This is a result ofacclimation. The direct metabolism
temperature effect is what one f{inds in short term exposure to the
heat. The acclimatory reduction in metabolism at high temperature
takes days to develop, just as does the increase in metabolism in

cold.

HANNON: To the best of my knowledge, instead of reducing
metabolism at high temperatures, as the poikilotherms do, the
mammals increase their heat loss. ThisIfeelis a basic difference.

At the cellular and sub-cellular level, I was quite impressed
by the many striking similarities between the metabolic activities
of poikilotherms and homeotherms following cold-acclimatization.
In fact, I do not feel there are as many incongruities here as you
do. For instance, you have given a number of exaumples where cold
acclimatization leads to an increase in the metabolic rate of the
inticct animal. You have also shown with whole cell preparitions
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that this increase is reflected in a similar increase in the meta-
bolic activity of several tissues such as liver and muscle. We find
essentially the same results with small mammals. Then to carry
such studies a step further you have also given a number of instances
where cold acclimatization in the poikilotherm produces changes
in enzyme activity that are the same as we find in rats. I would
include among these latter effe¢ts succinic dehydrogenase, cyto-
chrome oxidase, glucose-6-phosphate dehydrogenase, and lactic
dehydrogenase as well as DPNH and TPNH cytochrome ¢ reductase
which are not affected by prolonged cold exposure in either type
of animal. It is true that there are several instances where poikilo-
therms and homeotherms are at first glance quite different in
their responses to prolonged cold exposure. This, however, may
or may not be significant since even in one species cold exposure
can lead to quite a variety of effects.

There are a number of factors that can influence the nature
of the results obtained from in vitro tissue metabolism studies.
In intact cell preparations, for—example, we have the problem of
quite limited exogenous substrate permeability or utilization. This
is particularly true for those substrates thatexistin an ionic form.
But it is also true for such a common metabolite ag glucose. In
vilro metabolic rate of whole cell preparations, therefore, is
largely dependent upon the availability of endogenous substrate,
and we must be quite cautious in interpreting them.

PROSSER: That is why we used homogenation.

HANNON: Homogenates are also notoriously bad for oxidizing
free glucose. They will not do it like the intact animal will.

PROSSER: We have used succinate, too.
HANNON: Practically everybody, I think, has reported an
increase in succinate oxidation in the liver and muscle of cold-

acclimated mammals. Skin has also shown this increase.

PROsSSER: Do you find an increase in the monophosphate
shunt enzymes?
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HANNON: In our own work we have found a decrease in both
liver and muscle after one month of acclimatization. Other people
who have acclimatized their animals for a much longer period
find no change in the system. This brings up another question: A
number of investigators, including some of the workers at Dr. Hart's
laboratory, Heroux in particular, have found thatthe liver metabol-
ism of animals that are subjected to seasonal, outdoor acclimatiza-
tion is the same in both summer and winter. Along similar lines,
we have found that liver metabolism varies withthe duration of expo-
sure. It goes through a peak--in our particular circumstances at
one month--and then it falls back to the normal levels. It would
appear then, that the initial response to a low temperature, at least
in this organ, is an increase in metabolism per unit mass of tissue.
With longer exposure, however, we find an increase in the rela-
tive size of the liver. Metabolically, this increase in mass replaces
the increase in unit activity, and theliverthus retains a high meta-
bolic rate by virtue of its size.Inotice in your data that practically
all of the metabolic rates are expressedas oxygen consumption per
gram ol tissue, and there is no indication of whether the relative
mass of tissue has changed. You do have evidence that the protein
content does change, but I would like to ask whether there were any
changes in relative liver mass comparable to those we have observed

in rats.

PROSSER: Dr. Murphy has found thc changes in liver size and
in the same direction that you find them. That is, the liver of a
goldfish that has been held at 30 C is very small, whereas the one
that has been held at 5O Cis large. We thought it has more fat on
@ounit weight basis. It does not, It has less fat. You are finding

that the fatty acid metabolism increases, are you not?

HANNON: Yes, but we have studied only the liver, Dy, Depocas,
I believe, has found thit the intact animal can oxidize fatty acid

at greater rates in the cold, Am 1 correct, Dr. Hart?
HART: Yes, but not associated with accelinmition. There is a

greater elevation ot oxudition in the cold, hut there was no change

associated with acebimation,
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PROSSER: What about the Krebs cycle enzymes?
HART: No alteration.

PROSSER: How about the glycolytic ones?

HANNON: In general, we have found that the overall metabolic
capacily of the Krebs cycle is increased by prolonged cold exposure.
In the one month cold-exposed animal this is evidenced by an in-
crease in the activity of all the Krebs cycle oxidases we have stu-
died. At the enzyme level, cold exposure may or may not lead to
an increased activity. Thus, in the eleciron transportsystem of the
liver, it was found that the activities succinic and malic dehydro-
ecnase and cytochrome oxidase were elevated following one month
in the cold. DPNH-cytochrome  reductase, on the other hand was
unaffected. Similar increases in Krebs cycle activity have also been
secn in muscle. On thebasis of thesedata, we might tentatively con-
clude that the primary effect of cold exposure (at least after one
month) is an increase in the metabolic capacity of those reactions
that are rate-limiting, e.g. succinic and malic dehydrogenase and
cylochrome oxidase. This conclusion, however, mayhave tobe modi-
fied for animals that have been exposed for intervals longer than
once month. Also, we have only limited data on how cold exposure
affects muscle lissue, and we have no idea how changes in relative
mass might affect the results that are obtained.

PROSSER: Were these Krebs cycle activity measurements cal-
culated on a unit weight basis?

HANNON: That is correct. The increase in oxadation will pro-
hably disappear with exposures that would Lead to an increasce in the
relative amount ol tissue. In response o an eavlicr comment, |
should mention that faty acwd oxidaton, at least the oxidation ol
palmitie acid, does proceed ata prester rate o the oo tissae ©

the cold=acelimatized rat.

PROsSSER: The [actor ol exposure tme, 1 am sure, is vory
mmportant. We hive used periods ot one to three weeks hechusoe
this aorees with acelmation time tor Tethal temperatures. How-

cever, Dee Murphy showed e some duta taken from experiments
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on muscle where both glucose and succinate were used as sub-
strates. Her values for cold-acclimated fish seemed not to change
at all. They stayed high, so that after some weeks the value in the
cold was higher than the warm, hence the acclimation response
was reduced activity in the warm acclimated animals with virtually
no change in the cold acclimated animals. All the enzyme data that
I gave you were from fish that had been on a 12 hour photoperiod.

HANNON: A number of things are variables here that we know
very little about. And one of them is the variable of intermittent.
exposure. Other factors are the effects of changes in light as well
as changes in the age or changes in the size of the animai. All of
these variables, at least potentially, could lead to a big difference
in the type of response you get.

HART: I would like to ask one other thing in connection with
the enzyme work; since there appear to be large changes asso-
ciated with the overall activity of the animal during acclimation,
I wonder if enzymes associated withthe maximum metabolism might
Le worth investigating.

PROSSER: How are you going to find these?

HART: I wonder if the cytochrome oxidase activity would have
some bearing on this.

JANSKY: We could expect some differences inthecytochrome-
oxidase activity and especially in the shifting of the optimum of
this enzyme according to the temperature of acclimation. We have
sume evidence about it on insects.

HART: What would be your opinion of this approach, Dr.

Jansky?

JANSKY: [ would say we could {ind some differences in the
maxtmuny metabolism, and especially in the shifting of the tem-

perature for maximal enzyme acuvity.,
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PROSSER: Yes, I think the shifting of the optimum is very
important, and this is one of the things that we are proposing to
do soon, but I am not sure that I would agree that the cytochrome
oxidase system is necessarily the limiting one for activity meta-
bolism since these enzymes seem always present in excess. Are
you implying that this is the principal route for activity as opposed
to standard metabolism?%

HART: I would not like to say anything about that now, since
we will hear more evidence about this later on.

HANNON: I think at this time we might point out that after
one month of acclimatization you do find anincrease in cytochrome
oxidase activity. 1 feel that it is important to keep in mind that
practically all hydrogen transport from Krebs cycle oxidations
eventually channels through this particular enzyme. Thus, it would
seem likely that cytochrome oxidase may not be as much in excess
as the activity measurements might suggest. In fact, it may even
be rate limiting. If this proves true then cytochrome oxidase would
be a very good index of maximal metabolic capacity.

PROSSER: Yes, but we found very little effect on any of the
Krebs cycle enzymes that we have looked at. I do not understand
the inverse acclimation of some of them. I doubted the phenomenon
on the basis of Precht's experiments. However, we came up with
two enzymes which show it, and it is highly significant.

IRVING: One of the things that impressed me is that when we
look at the changes of the influences of temperature on various
functions we expect to see some more ov less continuous slopes,
that is, something which will relate the rate to temperature in the
fornm of a curve; and yet many changes of behavior occur explo-
sively at given temperatures, whether it be the flight or the biting
ol the insccts, or the sensation of same. Insects do not half fly.
They either completely fly or they are completely quiescent. Of
course, they also have certain reverse or discontinuous changes--

as, for example, inthedischarge of cold receptors, which apparently
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constitute a whole area or population with different temperature
thresholds. Abrupt physiological changes in temperature constitute
the animal's own analysis of what the situation is because he must
then expunge all other influences of everything else at those par-
ticular moments.

PROSSER: This is something we are going to explore. We hope
soon to probe in the brain with electrodes and see if we can find
some different recording of electrical activity atdifferenttempera-

fures.




EVOLUTION OF TEMPERATURE REGULATION
IN BIRDS

William R. Dawson *

The possession of homeothermy by birds and mammals has ex-
ercised a major influence on their evolution, both through the bio-
logical opportunitiesithas afforded and through the physiological de-
mands it has imposed. The evolution of the mechanisms responsible
for this condition merits consideration not only because of its im-
portance to these groups of vertebrates, but also because it com-
prises a major step in a general trend within the Animal Kingdom
toward increasing control of internal state. The present discussion
will deal primarily with the evolution of the mechanisms of tempera-
ture regulation in birds, although reference will be made to mam-
mals where comparisons are appropriate. The developmentof tem-
perature regulation in this lattergroupis treated in detail elsewhere
(Johansen, 1962).

THE HISTORICAL BACKGROUND

Current concepts of the origin and early deploymentof birds are
largely a matter of deduction, owing to the very incomplete fossil re-
cord. The structure of the earliest known bird, Archeopteryx litho-
graphica, from the upper Jurassic of Bavaria, places the origin of
the class among the thecodont reptiles (Swinton, 1960). Birds appear
to have arisen from a single line which appeared with the radiation
of this reptilian order in the Triassic. The stage in the development
of this line at which homeothermy was achieved is unknown, and for
this reason subsequentreferences to the establishment of this condi-
tion in the "avian evolutionary line' are intentionally vague. Swinton
(1960) suggests thattheimmediate antecedents of birds were arbore-
al and at least partially homeothermic, and thattrue flight was not

spreparation of this paper was supported in part by u grant from the National

Science Foundation (G-9238).
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achieved until after the appearance of effective temperature regula-
tion.

The adaptive radiation of birds, in good part made possible by
the possession of homethermy, apparently began shortly after birds
first appeared. However, it did not proceed at a constant rate. As
far as can be determined from known fossils, the major flowering
of avian evolution occurred early in the Tertiary. By the end of the
Eocene most of the known orders of birds had appeared, and by the
end of the Miocene, most Recent families of birds were probably in
existence, Today there areover 8,000 species ofliving birds, repre-
senting some 28 orders and 161 families. Six orders and 39 families,
not counting fossils of uncertain taxonomic position, are known to
have become extinct (Storer, 1960). All contemporary birds appear
highly modified for their respective adaptive niches, and none is es-
pecially primitive. Beddard (1898:160-161) concluded, "the few spe-
cially reptilian features in the organisation of birds have, so to speak
been distributed with such exceeding fairness through theclass that
no type has any great advantage over its fellows;." In contrast,
mammals include both primitive and highly advanced types. Among
the former, the monotremes, though specialized in some respects,
have many of the structural features of therapsid reptiles (Simpson,
1959).

BODY TEMPERATURE

Central bodyotemperatures of active birds are generally main-
tained between 38 Cand43 C,withthe limits for individual species
being narrower (King and Farner, 1960). Perhaps utilization of this
band of temperatures resulted from a compromise between two un-
favorable ranges of temperature (Burton and Edholm, 1955).On one
hand, it was far enough above the rather moderate temperatures
which apparently prevailed in the Triassic and Jurassic (Brooks,
1949) so thatphysiological changes required to cope with minor fluc-
tuations in ambient temperature would he relatively small. On the
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other hang, it was sufficiently far below thelethal temperature level
(about 47 C for contemporary birds) that moderate elevations of
body temperature resulting from activity, for example, could be sus-
tained without injury.

The fact that the central body temperatures of birds do fall in
a fairly narrow band indicates that relatively little diversification
of this physiological character has occurred in the evolution of birds
subsequent to the establishment of homeothermy. One consequence
of this conservatism has been to render the fundamental level of
body temperature non-adaptive to climate (Scholander etal., 19502;
Irving and Krog, 1954; Scholander, 1955; and Irving, 1960), although
temporary hypothermia and hyperthermia appear to have roles in
short-term adjustments to cold and heat, respectively, in some spe-
cies. Steen (1958) found that freshly captured small birds adjusted
to winter conditions in Oslo, Norway. These included Titmice (Parus
major), Green Finches (Chloris chloris), Bramblings (Fringilla
montifringilla), House Sparrows (Passer domesticus), Tree Spar-
rows (P. montanus), and RedopollsO(Acanthis flammea). They became
hypothermic by as muchas9 t010 C when exposed to cold at night.
However, hypothermia did not develé)p in these birds when they were
experimentally acclimated to -10 C. Bartholomew and Dawson
(1958) regard hyperthermia as a regular feature of the response of
birds {o heat. The tolerance by these animalsof as much as 4 C in
excess of normal levels allows establishment of a favorable condi-
tion for heat transfer from body to environment when environmental
temperatures rise to near thelevel of body temperatures maintained
in cool environments. This response isofgreat significance in arid
regions because it reduces thedemands for evaporative cooling from
what they would be in hot weather ifbody temperatures were main-
tained constant. The statement concerning the non-adaptiveness of
body temperature of course pertains to central body temperatures
and not to the temperatures of the peripheral tissues, particularly
in the legs, of birds. Variation in the temperatures of these tissues
comprises an important component of physical thermoregulation in

these animals (Irving and Krog, 1955).

The fact that the general level of body temperature adopted by
birds exceeds that of mammals may confer a slight advantage in
wirm environments, but its effect on heat exchange is probably in-
consequential in cold ones. The dhfference in thermal levels for the
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two classes probably reflects nothing more than differences in the
temperature relations of the independent reptilian stocks from which
they emanated. Variations in levels of activity and lethal body tem-
peratures comparable in extent to the differences separating birds
and mammals can be found among contemporary reptiles, desert
lizards and snakes for example, (Cole, 1943; and Cowles and Bo-
gert, 1944).

The stabilization of body temperature at a high level in birds
may have demanded physiological adjustments beyond those con-
cerned with the establishment of thermoregulatory capacities, even
if the antecedents of the first homeotherms in the avian line had
utilized high body temperatures for activity in the manner of many
contemporary reptiles, particularly lizards. These animals, despite
their utilizing body temperatures similar to those of homeotherms
for activity (see Cowles and Bogert, 1944; Norris, 1953; and Fitch,
1956), apparently have not developed the capacity for prolonged
existence at a high thermal level. Wilhoft {1958) found that main-
tenance of fence lizards (Sceloporus occidentalis) at their activity
temperature (34o C) for approximately three months resulted in the
death of some animals, increased frequency of molting in some, and
increased thyroid activity in all. None of these changes was observed
in the control animals, which were allowed a more normal thermal
pattern in which warm body temperatures alternated with cooler
ones. The duration of the daily periods spent at warm body tem-
peratures by heliothermic lizards such as Sceloporus and Uma is
apparently controlled in partby the parietal eye (Stebbins and Eakin,
1958). Elimination of this structure or shielding it from radiation
significantly increased the extenttc which the lizards exposed them-

selves to sunlight.

EVOLUTION OF THERMOREGULATORY PROCESSES

The evolution of the complex array of processes on which home-
othermy depends must have involved many steps. [thas been possi-
ble o gain some insight into the probable nuture and sequence of
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these steps in mammals by comparisonofspecies representing pri-
mitive and more advanced levels (see Eisentraut, 1960) in develop-
ment of homeothermy, This approach was employed in the classic
study by Martin (1903) and has mostirecently been utilized by Johan-
sen (1961). Such an approachis less usefulin attempting to trace the
evolution of temperature regulation inbirds because of the absence
in the contemporary avifauna of especially primitive forms with re-
spect to attainment of homeothermy (see "The Historical Back-
ground'). In the subsequentdiscussionagooddeal of dependence has
been placed on information concerning the ontogeny of temperature
regulation inbirds and ondata on the physiological responscs of con-
temporary reptiles to temperature. Due regard has been given the
difficulties of deriving evolutionary interpretations from such in-
formation: Ontogeny may only recapitulate phylogeny when expedi-
ent, and contemporary reptiles are for the most part far removed
from any line of direct importance to the history of hirds.

Behavior of Significance in Temperature Regulation

Significant behavioral patterns in management of temperature
relations are widespread and presumably of considerable antiquity
among vertebrates. The abilily of fishes to select particular tem-
peratures in experimental gradients is well known, and it appears
that this type of behavior plays a role in the distribution of at least
some specles in nature (Sullivan, 1954). More pertinent to a con~
sideration of the evolution of temperature regulation in birds is
the ability of reptiles under favorable conditions to control their body
temperatures by behavioral meuns (Cowles and Bogert, 1944 ; Bogert,
19494, 1949b; Norris, 1953; Fitch, 1956; and saint-Girons and Saint-
Girons, 1956). Selection of suitable microclimates and absorptionof
solar radiation allow many species to establish characteristic and,
in some cases, very high levels of body temperature when they ave
abroad and active. The extent of the control of body temperature
which can be achieved by behuvioral means when sutticient solar
radition s available s indicated by the Andean lizaed (Liolaemus
multiformis), which Pearson (1954) tound could mamtmn s tempera-
ture above: :5()(' C by basking, even thoughnearby shade temperatures

wele at or below freezing.
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Undoubtedly the first homeotherms in the avian linereceived a
considerable legacy of thermally significant behavioral patterns
from their reptilian antecedents. Indeed, the evolution of physiologi-
cal mechanisms for regulation of body temperature may well have
been originally concerned with augmenting thermoregulatory be-
havior. As physiological capacities for temperature regulation im-
proved, behavior came to occupy the ancillary role in the manage-
ment of the heat economy evident in birds today. Many species, as
a result of their migratory habits, are able to exploit various en-
vironments on a seasonal basis and to evade unfavorable conditions
to a great extent. Birds resident in hot climates modify the impact
of their environments to some extent by utilizing shade, minimizing
activity, and, in some cases, bathingduring the heat of the day (Daw~
son, 1954). In a few instances birds resident in cold climates also
employ behavioral mechanisms in coping with winter conditions. For
example, at night ptarmigan (Lagopus) utilize the shelter afforded by
burrows in the snow (Irving, 1960) and Creepers (Certhia brachyda-
tyla) huddle together in bunches of 10 to 20 (Lohrl, 1955). In general
it appears that birds, particularly the smaller ones, are less suc-
cessful in evading the extreme conditions of their environments than
their mammalian counterparts. The factthatmost desert birds are
diurnal and fail to take advantage of the shelter afforded by under-
ground burrows forces them to contend with heatas well as aridity.
This has an important effect on their water economies because it
requires rapid rates of evaporalive water loss (Bartholomew and
Dawson, 1953; Bartholomew and Cade, 1956; Dawson, 1958). Such
is not the case in most small desert mammals, which are fossorial

and nocturnal (see Schmidt-Nielsen and Schmidt-Nielsen, 1952).
The failurc of birds in cold climates to utilize underground bur-
rows and nests also deprives them of effective means of protec-

tion utilized by many mammals.

With the establishment of homeothermy in the avian line, the
general thermal requirements for development became vestricted
to a4 fuirly narrow range ol temperatures a few degrees below the
level of body temperature madults. This restriction must have been
accompanied by the evolution of eluborate patterns of parental be-

havior, which are evident in contemporary birds (Kendeigh, 1952).

50




-

EVOLUTION OF AVIAN TEMPERATURE REGULATION

Incubation in birds is nicely regulated sothatthc eggs are maintain-
ed within the appropriate temperature range most of the time, de-
spite external conditions (compare Huggins, 1941; Irving and Krog,
1956; and Eklund and Charlton, 1958). Incubation is facilitated in
many birds by the development under hormonal control of a well-
vascularized and defeathered incubation patch (Bailey, 1952). The
uniformity of incubation temperatures for most species indicates
that little diversification of the thermal requirements for develop-
ment occurred after they were originally defined.

Considerable diversity of parental behavior with respect tothe
post-hatching phase of development in birds is evident, and this is
consistent with the wide variation in the state of maturity of the
young on emerging from the egg (see "Patterns in the Ontogeny of
Temperature Regulation'). The behavior of the parents nicely com-
pensates for any thermoregulatory deficiencies inthe young, so that
development proceeds under essentially homeothermic conditions
(Kendeigh, 1952) independent of external temperatures. The activi-
ties of the parent birds include not only protecting the young from
cold by brooding, but alsoshielding them from solar radiation under
certain conditions, as noted in pelicans (Pelecanus erythrorhynchos
and P. californicus) and Herons (Ardea herodias) by Bartholomew
et al. (1953) and Bartholomew and Dawson (19 54a) and in Nighthawks
(Chordeiles minor) by Howell (1959). As youngbirds attain effective
temperature regulation, the role of parental behavior in their heat

economy progressively declines.

Thermostatic Mechanisms

It is difficult to trace the originofthe neural mechanisms con-
trolling temperature regulation inbirds, if only because these mech-
anisms have thus far been characterized in only the most general
terms. Regulatory activity appears to he controlled principally by
thalamic or hypothalamic centers (Rogers, 1928; Rogers and Lackey,
1923y, although somece activity persists after these centers have been
climinated (Kayser, 1929a, 1929b). In the Domestic Fowl (Gallus
gullus) shivering can he clicited by stimulationof cutaneous cold re-
ceptors or of centralareas through reductionof skin temperature or

ceniral body temperature, respectively (Randell, [o43), Panting
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appears to be controlled by a center in the midbrain, judging by von
Saalfeld's observations on Rock Doves (Columba livia), and cannot
be elicited by peripheral stimulation (Randall, 1943).Pantingis un-
affected by vagotomy in the rockdove, butis abolished by this opera-
tion in the Domestic Fowl (Hiestand and Randall, 1942).

Whatever the details of the original and presentfeatures of the
mechanisms governing temperature regulation in birds, itis appar-
ent that they must have been dependent fundamentally on a capacity
for the detection of absolute temperature (as opposed to detection
of temperature change). This capacity is not an original develop-
ment by homeotherms, but also must be present in many poikilo-
therms, judging by the widespread distribution of temperature selec-
tion among them (Fry, 1958). The functional basis of absolute tem-
perature detection is little understood, although analysis of the non-
adapting fraction of the thermal sensitivity of some peripheral re-
ceptors is providing some information (Bullock, 1955). The means by
which it is accomplished in the behavioral regulation of body tem-
verature by reptiles is unknown, but recent work (DeWitt, personal
communication) suggests that in the lizard (Dipsosaurus dorsalis),
and presumably inotherspecies, itis actually the temperature of the
brain or one of its parts thatis regulated. Rodbard (1948) claims to
have demonstrated the existence of a thermally sensitive area in the
hypothalamus of the turtle, which controls blood pressure, and on
this basis suggests that the thermoregulatory centers of homeo-
therms evolved from ahypothalamic area controllingcirculatory ac-
tivity, such a conclusion seems premature considering the absence
of information on the neural mechanisms responsible for controlling
thermoregulatory behavior and panting in reptiles.

Metabolic Lievel and Chemical Regulation

The basal metabolic rates of birds and mammals are as much as
cightfold greater than the resting metabolic rates of reptiles of com-
parable size at the same body temperature (Martin, 1903; Benedict,
1932, 1938; and Dawson and Bartholomew, 1958), and the intensifica-
tion of metabolism has apparently comprised a mostimportant step
in the evolution ol homeothermy. Zeuthen (1953) has suggested that
this intensitfication was achieved through prolongntion of the develop-

mental phase i which metabolism and s1ze ave nearly proportonal,
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Hemmingsen (1960) emphasizes that the transition from a poikilo-
thermic to a homeothermic metaboliclevel was to a great extent de-
pendent on an increase in the area ofthe respiratory surfaces. Ob-
viously this transition exercised a profound effect on the respiratory,
circulatory, and other organ systems of the nascent homeotherms.
The bolstering of the capacity of these systems, which served to sus-
tain heightened demands of metabolism, probably contributed subse-
quently to the development of the thermoregulatory processes. For
example, modifications of the cardiovascular system, which allowed
operation with a higher cardiac output and higher systemic blood
pressure, probably improved capacities for transport of heat over
those possessed by reptiles.

The elevation of the general level of metabolism made possible
the development of effective chemical regulation. Such regulation
appears to provide the initial means by which young birds control
body temperature in moderate to cool environments. For example,
the development of temperature regulation in young House Wrens
(Troglodytes aedon)at an ambient temperature of 18 C is closely
correlated with the appearance of muscle tremors (Odum, 1942).
Similarly, in young domestic fowl, the ability to maintain body tem-
peratcx)lre at a high level during exposure to an ambient temperature
of 20 C initially appears tobe associated with the acquisition of the
ability to shiver (Randall, 1943). These observations suggest that the
development of chemical thermoregulation was one of the initial
steps in the evolution of homeothermy inbirds. Martin (1903) reuch-
ed a similar conclusion for the evolution of this condition in mam-
mals on the basis of his studies of temperature regulation in adult
monotremes, marsupials, and placentals. If this suggestion is cor-

rect, the advent of chemical thermoregulation must have provided
the initial means by which a level of body temperature established
under favorable conditions as a result of suitable behavioral pat-
terns and of an intensificd level of metabolism could be maintained

in cooler surroundings.

The principal development in the evolutionof chemical thermo-
regulation in the avian line has concerned mechanisms for varying
muscular heat production. Increasing muscle tonus and, ultimately,
shivering are the principal means besides activity by which con-
temporary birds augment their heat production (Steen and knger,
19575 King and Farner, 1960}, The ability tosustain elevated levels

N
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of heat production for long periods of time appears well developed
in many birds, particularly small northern species. These birds,
which include the Snow Bunting (Plectrophenax nivalis) studied by
Scholander et al. (1950b), the Yellow Bunting (Emberiza citrinelia)
studied by Wallgren (1954), the several previously mentioned species
studied by Steen (1958), the Evening Grosbeak(Hesperiphona vesper-
tina), and Red and White-winged Crossbills (Loxia curvirostris) and
L. leucoptera) studied by Dawson and Tordoff (1959 and unpublished),
have lower critical temperatures well above the ambient tempera-
tures which they encounter in their habitats during winter. Although
it would seem advantageous for these animals tobe able to supplant
the thermogenesis achieved by shivering with that stimulated by hor-
monal substancesin meeting their requirements for elevated heat
production, they appear not to possess the latter mechanism (Hart,
1958).

Once the intensification of metabolism had been achieved in the
avian line, relatively littlediversification of metabolic level appears
to have occurred, other than that associated with the diversification
of body size. Although the relation of basal metabolism to body
weight in birds is less well known, particularly at the extremes of
size, and apparently more complex than thatfor mammals (King and
Farner, 1960), it appears similar in arctic, temperate, and tropical
species. This has led Scholander, Irving, and associates to empha-
size that basal metabolic rate is fundamentally non-adaptive fo cli-
mate (Scholander etal., 1950a; Scholander, 1955; Irving et al., 1955,

and Irving, 1960).

Physical Regulation

The various components of physical regulation, which serve to
alter heat loss by modification of rates of heat transfer and evapora-
tion, probably did not arise simultaneously inthe avian evolutionary
line. The ability of contemporary reptiles such as the lizards Dipso-
saurus dorsalis and Sauromalus obesus to pant when heated (C—m\'lo.s
and Bogert, 19-44: Dawson and Bartholomew, 1958; Dill, 1938) sug-
gests that this mechanism for enhancing evaporative cooling could
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have appeared in thislineas alegacyfrom its reptilian antecedents.
The early development of panting in young birds, e. g., albatrosses
(Diomedea immutabilis and D. nigripes), studied by Bartholomew
and Howell (1961); herons, studied by Bartholomew and Dawson,
(1954a); and House Wrens, studied by Kendeigh (1939), likewise sug-
gests that this mechanism is of considerable antiquity in birds. If
panting was inherited from the reptilian antecedents of birds, its
function was apparently bolstered by subsequentchanges in the car-
diovascular and respiratory systems, associated with the intensifi-
cation of metabolism. Rates of evaporative water loss by panting
lizards are a fifth or less those of panting birds of comparable size
at the same body temperature (compare data on the birds Pipilo
fuscus, P. aberti, and Richmondena cardinalis (Dawson, 1954, 1958)
and on the lizard Dipsosaurus dorsalis (Templeton, 1960)). It would
be of considerable value to an understandingof the origin of panting
to determine whether or not the midbrain center controlling panting
in the Rock Dove (vonSaalfeld, 1936), and presumably in other birds
as well, is homologous to the neural apparatus governing this ac~
tivity in reptiles.

The apparently universal distribution of panting among birds
contrasts to the situation in mammals, which may bring about eva-
porative cooling at high temperatures by panting, sweating, or be-
havioral means. It is probably significant that panting, though it is
not a highly effective means of heat dissipation, is the only one of
these mechanisms which would not interfere with flight by marring
the integrity of the plumage of birds. Flighthas undoubtedly created
special problems for these animals because of the high level of heat
production which it involves. Dissipation of this heat must require
extensive evaporative cooling, owing to the effectiveness of the in-
sulation provided by feathers. The development of the avian res-
piratory system was probably influenced by this need for evapora-
tive cooling as well as by the requirements for gas exchange. Zeu-
then (1942) and more recently Salt and Zeuthen (1960) have suggested
that the air saes arce importantin producing the necessary evapora-
tive cooling during flight. This suggestion appeuars plausible, but

awaits experimental evaluation.
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The cvolutionary history of those components of physical regulation
affecting the extent of insulation inbirdsis obscure, but it is possi~
ble to delineate certain of the factors which must have influenced
their development. Whether the evolution of feathers was originally
related to heat conservation as suggested by Young (1950) or to the
establishment of capacities for gliding and ultimately, flight, it is
obvious that both thermal considerations and aerodynamic require-
ments have influenced their characteristics. The dual role of
feathers appears tohave imposed restrictions on the amount of vari-
ation permissible in the thickness of plumage. Irving detected no
major differences between arctic and tropical birds of comparable
size in the thickness of plumage (Irving et al., 1955). Subsequently
he did note some minor structural differences between feathers of
migratory and resident small birds in Alaska, which seemed to in-~
dicate that the latter had more effective insulation (Irving, 1960).
In contrast to birds, large differences in pelage thickness between
many arclic and tropical mammals are apparent (Scholander et al.,
1950¢).

The aspect of physical regulation dependent on vasomotor ac-
tivity could have been established in the avian line prior to the
development of feathers as an outgrowth of the improvement of
circulatory capacity necessitated by the intensification of metabol-
ism. However, the character of the insulation afforded by the
plumage probably provided a stimulus for the developmentof vaso-
motor mechanisms to their present high level of performance in
birds. lsven with the inevitable wear and loss of feathers between
molts, the minimum insulation afforded by the plumage is consider-
able, and this must make heatloss from the naked or thinly feathered
portions of the body of greuat importance during vigorous activity or
hot weather. The thinly feathered sides are exposed by holding the
wings away from the bedy in warm environments (Bartholomew and
Dawson, 195th; Hutchinson, 1954). These areas may also serve as
important sites of heat dissipation during flight, The unfeathered
portions of the legs of various species appearto he important sites
of heat dissipation under appropriate conditions (Bartholomew and
Cade, 1957; Bartholomew and Howell, 1961). Combs and waittles of
gullinoceous birds are appavently tmportant m this respect also
(see Yeates ot al., 19:01), although Hutchinson (195:4) does not agrec

that this has been convineingly demonstrated thus tar,
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The beneficial role in the avian heat economy of vasomotor ad-
justments favoring extensive blood flow through thinly feathered or
naked regions of the body in warm environments is reversed in the
cold and in most aquatic situations. This difficulty has been met by
the development of means for restricting heatloss from them. Heat
loss from the lower portions of the legs is apparently minimized in
many species by curtailment of the blood supply (during inactivity
they can also be protected by thebody feathers when the bird "sits"
on them). However, counter-currentarrangements for heat exchange
are evident in some species, for example, wading birds such as
herons, cranes, and flamingoes (Hyrtl, 1863, 1864). In either case
pronounced longitudinal temperature gradients can be produced.
Irving and Krog {1955) found thaot leg temperatures ig the Gull (Larus
glaucescens) ranged from 37.8 C proximallyto 0 C distally when
the animal was subjected tocold.Peripheral heterothermy, which is
so important to the maintenance of centralhomeothermy, has appar-
ently demanded thedevelopmentof mechanisms of temperature com-~
pensation in the peripheral tissues which are reminiscent of those
occurring in poikilothermic animals (Bullock, 1955: and Fry, 1958).
The demonstration of acclimation of conduction of the metatarsal
portion of the peroneal nerve to cold in the Herring Gull (Larus
argentatus) provides an excellent example of this temperature com-
pensation (Chatfield et al,, 1953).

The temporal relation of the development of those components
of physical regulation affecting the extent of insulation of birds to
the actual appearance of homeothermy in the avian line is largely a
mitter of deduction. These components may have been present in
incipicnt stages prior to the advent of this condition, but it seems
reasonable that their full development occurred afterwards and was
significant in conserving the increased amount of heat produced as
{ result of the metabolic changes discussed previously. If the fact
that altricial birds (in which the events in the ontogeny of tempera-
ture regulation can readily be observed because they occur after
hatching) develop fairly effective control of body temperature through
chemical regulation while their insulation is still in a rudimentary
state (Pembrey, 1895 Ginglinger and Kayser, 1929; Baldwin and
Kendeigh, 1932; and Dawson and Evans, 1957, 1960) has any phylo-
genetie signiticance, it would appear that thedevelopment of physical
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regulation has been mainly significantin reducing the energetic cost
of homeothermy and in extending the range of environmental tem-
peratures over which this condition can be maintained. Modification
of this aspect of temperature regulation has, of course, subsequently
comprised a major theme in the climatic adaptation of homeotherms.

It is appropriate in connection with the evolution of physical
thermoregulation to mention Bergmann's and Allen's Rules, which
state that forms from higher latitudes tend tobe larger and to have
relatively smaller appendages than their counterparts from lower
latitudes. The validity and significance of these rulesin climatic ad-
aptation have recently been the subjects of some controversy (Scho-
lander, 1955, 1956; Mayr, 1956; Newman, 1956; and Irving, 1957).
King and Farner's (1960:267) comments on these rules appear use-~

ful.

Neither of the rules appears to hold generally for most species
with extensive latitudinal (and hence temperature) distributions.
Furthermore, therelatively slight differences in thesize of the body
and length of the appendages arequite trivial with respect to adjust-
ment of heat dissipation (Hutchinson, 1954; and Scholander, 1955,
1956). Thisisnot meant to argue for the invalidity of the "rules' in
species in which such clines doclearly occur, for it is quite plausi-
ble that these clines may have developed because of the slight en-
ergy-conserving advantages conferred by these differences.It must
be emphasized, however, that the magnitude of the changes in bodily
dimension necessary to provide adequate ad justment of heatdissipa-~
tion, or evenany appreciable fraction thereof, far exceeds the genet-

ic potential of any species.

PATTERNS IN THE ONTOGENY OF TEMPERATURE REGULATION

Considerable variation in the state of development of birds at
hatching is evident, and this is reflected indifference in thermore-
gulatory capacities. At one extreme are the young of altricial spe-
cies, e. g., passerines, which arc hatched ina very immature state
and do not develop effective temperature regulation until a week or
more after emergence from the egg. At the other extreme are the
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young of precocial species, e. g., gallinaceous birds, which are
hatched at a relatively mature state and soon afterward develop such
regulation. Indeed, several observations indicate that some ability
for temperature regulation is presentinprecocialbirds even before
hatching. Between the extremes represented by typically altricial
and precocial birds are many species, e. g.,caprimulgids, which are
intermediate in their developmental state at hatching.

The precocial condition is assumed to be primitive in birds
(Kendeigh, 1952). Evolution of the altricial condition has been keyed
to the elaboration of patterns of parental behavior. Its appearance
has been considered important from the standpoint of bioenergetics.
The immature state ofnewly hatched altricial young and the relative-
ly short period between fertilization and hatching allows a smaller
egg of lower energy content than is generally found in precocial birds
of similar adult size (Huxley, 1927). Therefore less demand is made
on the energy resources of altricial females per egg produced. The
fact that the young do not develop beyond a very immature state in
the egg is compensated for by parental activity in their care and
feeding. In many species this burdenis shared by both parents. Par-
ental behavior is effective in maintaining the young at near-homeo-
thermic levels of body temperature before their powers of tempera-
ture regulation become established. Thus they are able to develop
under favorable conditions without having to expend energy beyond
basic maintenance and developmental needs. In passerines, atleast,
the energetic obligations of homeothermy are only assumed when the
young are nearing mature size (Kendeigh, 1939; and Dawson and
kivans, 1957, 1960). On the other hand, precocial young, although they
too may be brooded or may huddle with their siblings in cool envi-
ronments (Lehmann, 1941; and Kleiber and Winchester, 1933), must
rely on their own ecnergy to a considerable degree for growth and
development and for maintenance of body temperature once they are
hatched (Bartholomew and Duawson, 19544).

[t has been suggested (Kendeigh, 19525 and Witschi, 1956) that
the evolution of small birds was in part made posgsible by the devel-
ment of the altricial mode of development. Certainly, the lower limit
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of avian size is reached onlyin altricial species. The energetic con-
siderations relating to smaller egg size and to the fact that the young
are not required to assume the energetic obligations of homeothermy
during a major portion of their development support this suggestion.

DISCUSSION AND SUMMARY

Any account of the evolution of homeothermy in birds will neces-
sarily be highly speculative on the basis of the information now at
hand, but it can beuseful in emphasizing what appear to be the prin-
cipal determinants of this evolution and in suggesting pertinent lines
of future research. The transition from poikilothermy to homeo-
thermy in the avian evolutionary line musthaveinvolved may steps,
some concurrent and some sequential. With the capacities for be-
havioral control of body temperature which were probably present in
the poikilothermic forms, this transition was probably more signifi~
cant with respect to extension of the range of conditions over which
body temperature could be held in the range suitable for activity than
to any primary emancipation from the thermal environment. The
initial steps in the establishment of physiological temperature regu-
lation were probably metabolic, involving an overall intensification
of metabolism with its far reaching demands on the structure and
function of the various organ systems and then the development of
chemical regulation with its underlying control mechanisms. Per-
haps the rudiments of all the control mechanisms governing tem-
perature regulation of birds were present in their poikilothermic
antecedents, serving to control the behavioral and physiological com-
ponents of the temperature regulation which these animals probahly
possessed. Extensive investigation of the neural mechanisms con-
trolling thermoregulatory activity inbirds and reptilesis needed be-
fore an evaluation of this suggestion can be undertaken.

The various components of the physical regulation inbirds ap-
parently became functional at different times. The presence of pant-
ing in various contemporary thermophilic reptiles indicates thatthis
process is not the sole property of homeotherms and raises the pos-
sibility that it is present in birds as a legacy from their reptilian
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antecedents. It appears reasonable to postulate that the mechanisms
controlling the extent of insulation were developed after consider-
able quantities of heat became available to the nascent homeotherms
with the intensification cf metabolism. However, the bolstering of
circulatory function required in this intensification must have pro-
vided a preadaptation for physical regulation through establishment
of an efficient heat transport system. The requirements of gliding
and ultimately flight undoubtedly intervened in the development of
that component of physical regulation involving the plumage. Conse-~
quently the role of the plumage as insulation is at least in part a
compromise between thermal considerations and aerodynamic re-
quirements. The nature of this insulation has undoubtedly lent great
importance to the perfection of circulatory mechanisms having to do
with control of heatloss from the thinly feathered and naked portions
of the avian body.

If the order of eventsin the establishment of birds was as sug-
gested here, physiological temperature regulation must initially
have been a costly process energetically, However, this would have
been outweighed by the advantages which it conferred to the early
homeotherm over its poikilothermic prey and competitors. Perhaps
the diversification of the early homeotherms within the avian line
contributed to a selection for the perfection of mechanisms of physi-
cal thermoregulation; with this diversification competition among
homeotherms would have been intensified, with the most efficient
types having the advantage.

Associated with the evolution of homeothermy in the avian line
was the restriction of the thermal requirements for development.
Satisfaction of these requirements was keyed to the development of
patterns of parental behavior. It appears-that the precocial mode of
development is the primitive condition inbirds. The evolution of the
altricial mode of development has apparently been of great signifi-
cance from the standpoint of bioenergetics because it requires a
smaller egg of lower energy content than inprecocial development,
becausc it restricts the utilization of energy by the developing young
to a minimum consistent with those maintenance processes exclusive
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of temperature regulation and with the requirements of development
until the young are well on their wayto mature size, and because it
requires elaborate patterns of parental care following the hatching
of the eggs. The evolution of smallsize in birds appears to have been
contingent upon the development of the altricial condition.

While the details of the evolution of temperature regulation in
birds are obscure, they are less complex than those of mammals.
Birds appear tobe a monophyletic group in which there was probably
but one development of homeothermy. Mammals on the other hand
are almost certainly polyphyletic (Olson, 1959; Simpson, 1959), and
homeothermy could have developed independently in eachof several
evolutionary lines as they traversed the boundary between mammal-
like reptiles and mammals. The prototherians (monotremes) and the
therians (marsupials and placentals), the surviving groups of mam-
mals, appear to have been separatelyderived from the mammal-~like
reptiles (Simpson, 1959), complicating considerations of the evolu-
tion of homeothermy.

62




~1

9.

EVOLUTION GF AVIAN TEMPERATURE REGULATION

LITERATURE CITED

Bailey, R, E. 1952. The incubation patch of passerine birds. Con-
dor 54:121-136.

Baldwin, S. P., and S. C. Kendeigh. 1932. Physiology of the tem-
perature of birds Sci. Pub. Cleveland Mus. Hist. 3:1-196.

Bartholomew, G. A., and T.J.Cade. 1956. Water consumption of
house finches. Condor 58:406-412.

Bartholomew, G. A., and T. J.Cade. 1957. The body temperature
of the American Kestrel, Falco sparverius. Wilson Bull. 69:
149-154.

Bartholomew, G. A., and W. R.Dawson. 1952. Body temperature
in nestling western gulls. Condor 54:58-60.

Bartholomew, G. A., and W.R.Dawson. 1953. Respiratory water
loss in some birds of southwestern United States. Physiol.

Zool. 26:162-166.

Bartholomew, G. A., and W.R. Dawson. 1954a. Temperature re-
gulation in young pelicans, herons, and gulls. Ecology 35:466-
472.

Bartholomew, G. A.,and W. R. Dawson. 1954b. Body temperature
and water requirements in the morningdove, Zenaidura mac-

roura miarginella. Ecology 35:181-187.

Bartholomew, G. A., and W. R, Dawson. 1958, Body temperature
in California and Gambel's quail. Auk, 75:150-156.

10. Bartholomew, G. A, W. R. Dawson, and E. J. O'Neill. 1953, A

field study of temperature regulation 1nyoung white peheans,

Pelecanus eryvthrorhynchos. keology $4:55-1-500.




11.

12.

13.

14.

15.

16.

17,

18.

19.

£

P

DAWSON, W. R.

Bartholomew, G.A., and T. R. Howell. 196 1. Temperature regu-
lation in Liayson and black-footed albatrosses. Condor 63:185-

197.

Beddard, F. E. 1898. The structure and classification of birds.
Longmans, Green and Co., London,

Benedict, F. G. 1932. The physiology of large reptiles. (""Car~
negie Institution of Washington Publications," No. 425) Car-
negie Institution of Washington, Washington, D. C.

Benedict, F. G, 1938. Vital energetics. ("Carnegie Institution
of Washington Publications," No. 503) Carnegie Institution of
Washington, Washington, D. C.

Bogert, C. M. 1949a. Thermoregulation in reptiles, afactor in
evolution. Evolution 3:195-211.

Bogert, C. M. 1949b. Thermoregulation and eccritic body tem-
peratures in Mexican lizards of the genus Sceloporus. An.
Inst. Biol. 20:415-426.

Brooks, C. . P. 1949. Climate through the ages. McGraw Hill
Book Co., Inc., New York,

Bullock, T. H. 1955. Compensation for temperature in the meta-
bolism and activity of poikilotherms. Biol. Rev. 30:311-342.

Burton, A, C,, and O. G. Edholm. 1955. Man in a cold environ-~
ment. Edward Arnold, Ltd., London.

Chatfield, P. O., C. P. Lyman, and L. Irving. 1954. Physiologi~
cal adaptation tocold of peripheral nerve in the leg of the her-
ring gull (Larus argentatus). Am. J. Physiol. 172:639-644,

Cole, .. C. 1943. Experiments on toleration of high tempera-
tures in lizards with reference to adaptive coloration. kco-

logy 24:94-108.

64




22,

23.

24,

295.

26.

27.

28.

29

30.

31,

EVOLUTION OF AVIAN TEMPERATURE REGULATION

Cowles, R. B., and C. M. Bogert. 1944. A preliminary study of
the thermal requirements of desert reptiles. Bull. Am. Mus.
Nat. Hist. 83:261-296.

Dawson, W. R. 1954. Temperature regulation and water require-
ments of the brown and Abert towhees, Pipilo fuscus and Pipi-
lo aberti, Univ. Calif. Publ. Zodl. 59:81-124.

Dawson, W. R, 1958. Relation of oxygen consumption and evapo-
rative water loss to temperature in the cardinal. Physiol.
Z00l. 31:37-48.

Dawson, W. R., and G. A. Bartholomew. 1958. Metabolic and
cardiac responses to temperature in the lizard Dipsosaurus
dorsalis. Physiol. Zodl. 31:100~111.

Dawson, W. R., and F. C. Evans. 1957. Relation of growth and
development to temperature regulation in nestling field and
chipping sparrows. Physiol. Zool. 30:315-327.

Dawson, W. R., and I'. C. Evans. 1960. Relation of growth and
development to temperature regulation in nestling vesper
sparrows., Condor 62:329-340.

Dawson, W. R, and H. B. Tordoff. 1959. Relation of oxygen con~
sumption to temperature in the evening grosbeak, Condor 61:
388-396.

Dill, D, 8. 1938. Life, heat, and altitude. Harvard Univ, Press,

Cambridge, Muss.

Eisentraut, M. 1960. Heat regulation in primitive mammals and
in tropical species. Bull. Mus. Comp. Zool. 124:31-43.

Ekiund, C. R., and I'. E. Charlton. 1958. Measuring the tcin-
peratures of incubating penguin eges, O. N, Rl Res. Rev,,
Dec., 1958, p. 1-6.




32.

33.

35.

36.

37.

38.

39.

41.

DAWSON, W. R.

Fitch, H., S. 1956. Temperature responses in free-living am-
phibians and reptiles of northeastern Kansas. Univ. Kansas
Publ. Mus. Nat. Hist. 8:417-476.

Fry, F. E. J. 1958. Temperature compensation. Ann. Rev.
Physiol. 20:207-224.

Ginglinger, A., and C. Kayser. 1929. Etablissementdela ther-
morégulation chez les homéothermes au coursdudéveloppe-
ment. Ann. physiol. et physicochem. biol. 5:710-758.

Hart, J. S. 1958. Metabolic alterations during chronic exposure
to cold. Fed,Proc. 17:1045-1054.

Hemmingsen, A. M. 1960. Energy metabolism as related to body
size and respiratory surfaces, and its evolution. Rep. Steno
Memorial Hosp. Nord. Insulinlaboratorium 9(1I):1-110.

Hiestand, W. A., and W, C. Randall. 1942. Influence of proprio-
ceptive vagal afferents on panting and accessory panting
movements in mammals and birds. Am. J. Physiol. 138:12-15.

Howell, T. R. 1959. A field study of temperature regulation in
young least terns and common nighthawks. Wilson Bull.71:19-

32.

Huggins, R. A, 1941. Egg temperatures of wild birds under nat-
ural conditions. Ecology 22:148-157.

Hutchinson, J. C. D. 1954. Heat regulation inbirds, p. 299~362.
In J. Hammond, [cd], Progress in the physiology of farm ani-
mals. (Vol. I). Butterworths sci. Publ., London.,

Huxley, J.5.1927. On the relation between egg-weight and body-~
weight in birds. J. Linn, Soc. 36:457-466.

Lo




42,

43.

44.

45.

46.

47.

48.

49.

02,

EVOLUTION OF AVIAN TEMPERATURE REGULATION

Hyrtl, J. 1863. Neue Wundernetze und Geflechte bei Vogeln und
Saugetheiren. Sitzber. Akad. Wiss. Wien. Abt. III, 48:6-7.

Hyrtl, J. 1864. Neue Wundernetze und Geflechte bei Vogeln und
Saugetheiren. Denkschr. Akad. Wiss. Wien. 22:113-152.

Irving, L. 1957. The usefulness of Scholander's views on adap-
tive insulation of animals. Evolution 11:257-259.

Irving, L. 1960.Birds of Anaktuvak Pass, Kobuk, and Old Crow.
U. S. Nat. Mus. Bull. 217, p. vii+409.

Irving, L., H. Krog, and M., Monson. 1955. The metabolism of
some Alaskan animals in winter and summer. Physiol. Zo6l.

28:173-185.

Irving, L., and J. Krog. 1954. Body temperatures of arctic and
subarctic birds and mammals. J. Appl. Physiol. 6:667~680.

Irving, L., and J. Krog. 1955. 5kin temperaturein the Arctic as
a regulator of heat. J. Appl. Physiol. 7:355-364.

Irving, L., and J. Krog. 1956. Temperature during the develop-
ment of birds in arctic nests. Physiol. Zool. 29:195-205.

Johansen, K. 1961. Temperature regulation in the nine-banded
armadillo (Dasypus novemcinctus mexicanus). Physiol. Zodl.
34:126~144.

Johanscen, K. 1962. The evolution of mammalian temperature re~

gulation. This Symposium.

Kayser, C. 19294, I{Ggulzltion thermique ?1[)1‘05 section médul-
liare dorsole chez le pigeon. Compt. soc. biol. 100:2386-288.

. « d g . . ” 7 3

Kayser, C. 1929h, Contribution & ['¢tude du mécanisme nerveaus
4 . . . .

de la regulation thermique. Ann, physiol. physicochem. biol.

15:131-223.




4.

99.

o6,

o7,

59,

60.

61.

63.

DAWSON, W. R,

Kendeigh, S.C. 1939. The relation of metabolism to the develop-
ment of temperature regulationinbirds. J. Exp. Zool. 82:419~
438.

Kendeigh, S. C. 1952. Parental care and its evolution in birds.
Illinois Biol. Mon. 22:1-356.

King, J. R., and D. S. Farner. 1960. Energy metabolism, ther-
moregulation and body temperature, p.215-288.In A.J. Mar-
shall,[ed.], Biology and comparative physiology of birds. (Vol.
II). Academic Press, New York.

Kleiber, M., and C. F, Winchester. 1933. Temperature regula-
tion in baby chicks. Proc. Soc.Exper. Biol. Med. 31:158-159.

Lehmann, V. W, 1941. Attwater's prairie chicken, its life his-
tory and management. North American Fauna 57:1-63.

L'ohrl, H. 1955. Schlafengewohnheiten der Baumlaiifer (Certhia
brachydactyla, C. familiaris) und andere Kleinvogelinkalten
Winternachten. Volgelwarte 18:71-77,

Martin, C. J. 1903, Thermal adjustment and regpiratory ex~
change in monotremes and marsupials--A study in thedevel-
opment of homeothermism. Phil. Trans. Roy. Soc. London,
ser. B. 195:1-37.

Mayr, L. 1956. Geographical character gradients and climatic
adaptation. livolution 10:105-108.

Newman, M. T. 1956. Adaptation of man to cold climates. Evolu-
tion 10:101-105.

Norris, K. S. 1953. The ccology of the desert iguana Dipso-
saurus dorsalis. Kcology 3-4:265-287.




64.

65.

66.

67.

68.

69.

70.

7.1.

72.

T3

EVOLUTION OF AVIAN TEMPERATURE REGULATION
Odum, E. P, 1942. Muscle tremors and the development of tem-
perature regulation in birds. Am. J. Physiol. 136:618~622.

Olson, E, C. 1959. The evolution of mammalian characters.
Evolution 13:344~353.

Pearson, O, P. 1954. Habits of the lizard, Liolaemus multi-
formis multiformis, at high altitudes in southern Peru.
Copeia, p. 111-116.

Pembrey, M. S. 1895. The effect of variations in external tem-
perature upon the output of carbonic acid and the temperature
of young animals. J. Physiol. 18:363-379.

Randell, W. C. 1943. Factors influencing the temperature regu~
lation of birds. Am. J. Physiol. 139:56-63.

Rodbhard, S. 1948. Body temperature, blood pressure, and hypo-
thalamus, Science 108:413-415.

Rogers, F. T, 1928. Studies on the brain stem. XI. The effects
of artificial stimulation and of traumatism on the avian thala~
mus, Am, J, Physiol. 86:639-650.

Rogers, I'. T,, and R. W, Lackey. 1923. Studies on the brain
stem VII. The respiratory exchange and heatproduction after

destruction of the body temperature-regulating centers of the
hypothalamus. Am. J. Physiol. 66:453-460.

Saafeld, L. von. 1936. Untersuchungen uber das Hicheln bei
Tauben. Zeit. vergl. Physiol. 23:727-743.

Saint-Girons, H., and M. C. Saint-Girons. 1956. Cycle d'acti-

vité et thermore’gulation chez les reptiles (le/zzirds et ser-
pents). Vie et milieu 7:133-226.

69




74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

DAWSON, W, R,

Salt, G, W., and E. Zeuthen. 1960. The respiratory system, p.
363-409. In A. J. Marshall, [ed.l, Biology and comparative
physiology of birds. (Vol. I), Academic Press, New York.

Schmidt~Nielsen, K., and B. Schmidt-Nielsen. 1952, Water me-
tabolism of desert mammals. Physiol. Rev. 32:135-166.

Scholander, P. F. 1955. Evolution of climatic adaptation in ho-
meotherms. Evolution 9:15-26.

Scholander, P. F. 1956. Climatic rules. Evolution 10:339-340.

Scholander, P. F., R. Hock, V. Walters, and L. Irving. 1950a.
Adaptation to cold in arctic and tropical mammals and birds
in relation to body temperature, insulation, and basal meta-
bolic rate. Biol. Bull. 99:259-271.

Scholander, P. F., R. Hock, V. Walters, F. Johnson, and L.
Irving. 1950b. Heat regulation in some artic and tropical
mammals and birds. Biol. Bull. 99:237-258.

Scholander, P. F., V. Walters, R. Hock, and L. Irving. 1950c.
Body insulation of some arctic and tropical mammals and
birds. Bioi. Bull. 99:225-236.

Simpson, G. G. 1959. Mesozoic mammals and the polyphyletic
origin of mammals. Evolution 13:405-414.

Stebbins, R. C., and R, M. Euakin, 1958. The role of the "third
eye'" in reptilian behavior. Am. Mus. Nov.,no. 1870, p. 1-40.

Steen, J. 1958. Climatic adaptation in some small northern
birds. Ecology 39:625-629.

Steen, J., and P. 5. Enger. 1957. Muscular heat production in
pigeons during exposure to cold. Am.J. Physiol. 190:157-158.

0




86.

87.

88.

89.

90.

91.

D2

93.

9.

EVOLUTION OF AVIAN TEMPERATURE REGULATION

Storer, R. W. 1960. Adaptive radiation inbirds, p. 15-55. In A.
J. Marshall, ed. , Biology and comparative physiology of
birds. (Vol. I). Academic Press, New York.

Sullivan, C. M. 1954. Temperature reception and responses in
fish. J. Fish. Res. Bd. Can. 11:153-170.

Swinton, W. E. 1960. Theoriginofbirds, p. 1-14. In A. J. Mar-
shall, ed. , Biology and comparative physiology of birds. (Vol.
I). Academic Press, New York.

Templeton, J. R. 1960. Respiration and water loss at the higher
temperatures in the desert iguana, Dipsosaurus dorsalis.
Physiol. Zool. 33:136-145.

Wallgren, H. 1954. Energy metabolism of two species of the
genus Emberiza as correlated withdistribution and migration.
Acta zool. Fenn. 84:1-110.

Wilhoft, D. C. 1958. The effect of temperature on thyroid his-
tology and survival in the lizard, Sceloporus occidentalis.
Copeia, p. 265-276.

Witschi, K. 1956. Development of vertebrates. W. B, Saunders
Co., Philadelphia.

Yeates, N.T. M., D. H. K. Lee, and H. J. G. Hines. 1941. Re-
actions of domestic fowls tohot almospheres. Proc. Roy. Soc.
Queensland 53:105~128.

Young, J. Z. 1950. The lifeofvertebrates. Oxford Univ. Press,
London.

Zeuthen, . 1953, Oxygen uptake as related tobody size inor-
ganisms. Quart, Rev. Biol. 25:1-12.

Zeuthen, k5. 1942, The ventilation of the respiratory tract in
hirds. Kgl. Danske Videnskab. selskab Biol, Medd. 17:1-50.




LEVOLUTION OF TEMPERAT URE
REGULATION IN MAMMALS

Kjell Johansen

The term '"evolution" has a special affinity to all of us. It
1s an integrating symbol of what we are all coacerned with. How~
evaer, most of us, I am sure, are somewhat reluctant to use the
word in our scientific work. One reason for this, at least among
physiologists, is that our section of biology is founded solidly on
measurements and carefully designed experiments, and the infor-
mation acquired does not readily fall into line with the observations
that have formed the theories of evolution. Fossils, unfortunately,
do not render themselves easily to physiological study. I have a
strong interest in the possible routes along which physiological
mechuanisms may have evolved. In mynear awe for the term "evolu-
tion" I have found it expressive and also comforting to myself to say
that I have an interest in the physiological phylogeny of certain func-
tions. This term can be applied only to information compatible with
the exactness required in a physiological study. Moreover, by using
the phylum in a comparative manner, we are approaching the home
grounds of evolution. As you can see from the program, Dr. Dawson
and I have been ascribed the rather doubtful task of discussing the
cvolution of one of the profound and striking physiological character-
istics ol the highervertebrates, homeothermy. Today a few mamma-
limm forms exist which retain a number of extinct morphological
characters. These animals are oftencalled living fossils or missing
links, and are mainly represented by the Australian monotremes and
marsupials. For many reasons, I have decided to confine the main
parts ol my discussiontotheseorders plus the New World marsupi-
als and Nenarthra, which also represent the archiac forms rather
well, in spite of their extreme specializations. Reference will also
be made briefly to other orders of mammals classilied among the
more primitive forms. These arve the Insectivores and the Chirop-
terda, but there will be no time to discuss phylogenetic implications
of the evolvement of temperature regulation within adistinet order,
like for instance, the rodents. Briet digressions will be made to
exemplify how and why environmental extremes may lead to evolve-

ment ol spectadized physiological mechanisms also in the higher

)
to




JOHANSEN

mammalian forms. The presentation will naturally have tobe frag-
mentary, and maybe more questions will be asked than answers
given. This, I hope, will evoke a vigorous discussion in the distin-
guished group of specialists present. Since Thave selected the term
"physiological phylogeny," I will make no oronly superficial refer-
ence to the important and intriguing problems related to the onto-
genetic development of homeothermy in mammals.

The paleontologist supplies us with some starting points that
may be useful for our discussion. Our knowledge of the origin of
mammals as it has beenderived from fossils has been supplemented
by certain surviving mammals which, in their morphology, indicate
an early divergence from the main mammalian stocks. The mono-
tremes can, with a fair degree of assurance, be traced back to the
early Juiwssic period, about 150 million years ago. On this basis,
many writers have jumped tothe conclusion that the mammalian line
became warm blooded earlier than this date, probably as a response
to changing climatic conditions, or by being driven by the dominant
reptilian stocks to seek life in colder or warmer regions.

The marsupials, showing striking similarities to the modern
opossums, appear next in the fossil record. This indicates to us
that the modern marsupials may be representative of the soft part
conditions in mammals living 70 to 80 million years ago. A great
many of today's marsupial features are, however, to be considered
as specialized characters and not truly ancestral conditions. There
are ubout 230 living species of marsupials, found mainly in the
Austral-Asian regions, but there are also a few on the American
continent. The marsupials show many similarities to placental mam-
mals, particularly the Insectivores, which undoubtedly arethe oldest
stock of placental mammals.

The placental mammals arose with the Insectivores in the
Cretaccous period about 100 million years ago. All present living
placental mammals have probably developed from these carly
Inscctivores. The mostarchiacorders arethe present living Insecti-
vores, their close relatives, the bats (Chirvoptera). and u diverse
group of Xenarthra, The bats, or Chiroptera, show a very close
morphological resemblance o the Inscctivores, except of course,

the specralizations associated with flight. Among the Xenarthra
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(previously also termed Edentata) the armadillos (Dasypodidae),
have depasted the least from the ancestral plan, and are a very
ancient group, probably originating in the Paleocene, some 60
million years ago. Both the anteaters and the sloths of today are
decidedly very specialized animals. The remaining Xenarthra have
left very scanty fossil evidence. To briefly complete our paléon-
tological starting ground let us, via Figure 1, remind you of the
remaining mammalian orders living today. Any paleontologist, and
perhaps many of you, will be horrified at this unscrupulous sim~
plicity and superficial treatment of mammalian descent. I feel,
however, that this may be sufficient in our present context and
prefer to returnto moredetailed descriptions only if they are advan-
tageous to the physiological considerations to follow.

CETACEA

7

RODENTIA CARNIVORA
XENARTHRA PRIMATA

CHIROPTERA -a-.:}_\ . UNGULATA

INSECTIVORA

|

MARSUPIALIA
MONOTREMATA

Figure 1. Schematic arrangement of the existing mammalian orders.

Turning thentothe physiological phylogeny of temperature regu-
Lation, we should also listsome starting points. First of all, it seems
reasonible to assume that a certain variance in the environmental
[nctors is necessary for the establishment of tempe rature regulation.
In other words, before regulation appears there must be something
to reguliate against. This naturally leads us tobelieve that the grad-
ual establishment of temperature regulatory mechanisms musthave

7
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started under fairly constant environmental conditions. It seems
also reasonable to assume that the first homeotherms were found
among the terrestrial air breathers, because of the advantage of
the low conductivity of the air to heat. It is true, of course, that
¢ great many homeothe rmic animals, whales and seals, for example,
are today found in the sea, but they are secondarily aquatic forms
with particularly developed insulation. The most stable terrestrial
conditions are found and have always been found in the tropics. This
justifies the assumption that the first steps toward successful
homeothermy were taken in the tropics.

J. PP. Darlington (1948) has advanced excellent arguments telling
15 that the animal dispersal both for poikilothermic and homeother-
mic species started in the tropics and expanded north and south.
This expansion and all migratory movements of animals are gen-
crally very complex. Thus a successful species with a large dis~
tribution range extending north and south can rarely be ascribed
to one vr a few characteristics. It seems, however, justifiable to
assume thal a rapid expansion and migration southwards and north~
witrds [rom the tropics must have had a bearing on a concomitant
cstiublishment of mechanisms for better regulation of internal tem~
perature. You will see throughout this discussion, and, I am sure,
i Dr. Morrison's paper as well, that the tropics today also have
cereat number of primitive forms. There we find the monotremes,
most ol the living marsupials, the overwhelming partof the Chirop-
tera, the Inscctivores, and practically all the Xenarthra except the

me=-handed ormadillo.

Lot us then start in the tropics anddiscuss the qualities known

to us ol the temperature regulating abilities of some of the primi-
ornis contined o this cenvironment. We can realize that in

o miake the transition lrom the reptilian to the primitive
conmalin condition of temperature regulation, a rather radical
hrge i the speed of the biological machinery had to take place,
making possible o heat production high enough to keep a4 maintained
high cradrent of temperature hetween the core of the animal and
the cnvieronment. The assessment of a higher internal temperature
witl moturn fnerhitate an aceelerated nerve impulse, shortening of
e tent pertod of o muscele contraction, and acceeleration of diges-

ttoi, comong oonumber ot other biochenmieal and bhrophysreally linked
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processes. All these features will result in an intensification
of the life processes, making possible a greater exploilation of

the environment.

To keep a system at a constant temperature in a steady state
situation, a change in heat loss must be balanced by a correspond-
ing change in heat production, or vice versa. This requires a sen-
sitive mechanism set to a particular temperature which exerts
control over heat production or heat dissipation, or both. The sim-
plest regulator we can think of in this respect would be what we
are all familiar with in houses, refrigerators, etc., a regulator
that turns on the heat if the temperature falls and shuts it off if
the temperature rises above the set level. We can certainly appre-
ciate the limitations of such a simple system. In order for it to
work efficiently, the temperature of the object ought to be appre-
ciably higher than that of the environment. Moreover, as the
environmental temperature rises and exceeds that ol the object,
the whole system of regulation would fail. We shall soon see
that this simplest possible system of regulation is exactly what
we find in the lower mammals like the Echidna. We may ask why
life did not choose the other possible way to achieve simple regula-
tion, by regulating heatl loss rather than heat production. An obvi-
ous consequence ol regulation of heat loss only would be a lar
higher fucl cost. Securing the necessury fuel for such a regulation
would require both time and range of activity that were not pos-
sible for the ecarliest mammuls, The first records of body teni-
peratures in monotremes were made about 75 years ago. In 15K5
Maclay published records of cloacal and intra-abdominal tempeic-
tures in two specimens of Echidna aculeata, He found an average
L()(I)H[)Cl‘:ltul‘() ol 280 C.Lendenfeld (1886) reported aomarked incrense
(2 C) in the female Echidna afteregg laying. Richard senon (169)
scems to have made the first systematic study of body tempen
tures in monotremes on a fuirly large number of specimens. 1
cloacal temperature he measured rimged between 26050 C
34 .00 C and mtrapertoneally from 290 C tu:»(i.‘.)() C. This tepi
sents o fluctuation of TU C to T.:’)U C ot tempettures
only from JLU C l(>2~1oU.Svmun[)uinl\' to o clear intermedinte pos
itton of the monotremes between the reptiles sud the highe

mals, bhut he does not classify themoas potkilothermue ) as w

=

-1




JOHANSEN

at that time. Semon expressed the hope that the monotremes would
be just as important for the study of homeothermism in mammals
as they had been to the study of comparative anatomy ard develop-
mental history. If Semon lived today, he would have been very much
disappointed. In spite of a few very interesting studies that followed
shortly after him, practically nothing has, to my knowledge, been
done in the last 30 or 40 years,when the general study of tempera-
ture regulation has flourished so greatly. Sutherland (1897) rep-
orted 29.4 C to be the average temperature of 14 specimens of
Echidna. One cold morning an animal could be as low as 22 C;
whereas anogher one exposed to the mid-day heat registered as
high as 36.6 C. This was to Sutherland an immense range for a
mammal and suggested a reptilian lackofability to regulate against
temperature changes. Let me add that Sutherland did what practi-
cally all of us do who study temperature regulation. He completely
curtailed the animal's ability to regulate its body temperature by
natural behavior. I hope to demonstrate repeatedly the importance
of this factor.

Maybe we should digress to put the importance of natural behav-
ior in a proper relation to aphylogenetic discussion of temperature
regulation. Let us then restate some of the essentials in the out-
standing works of Cowles and Bogert (1944) on temperature regula-
tion in terrestrial reptiles. The essenceoftheir work is that terres-
trial reptiles, that is, lizards and snakes, can and do keep remark-
ably constant body temperatures during activity. Bogert (1949)
introduces some clarifying terms when he refers to the birds and
mammals as largely endothermic as opposed to the reptiles, which
derive their body heat mostly from external sources and can thus
be termed "ectothermic.'" The author points in particular to the
importance of the solar radiation, which may raisca reptile's tem-
perature to levels manydegrees higher than that of the air. It seems
reasonable to accept the suggestion from Bogert that the acquisi-
tion and perfection of the complicated machinery for a high internal
metabolic heat production has its antecedent in the cctothermic
assessment of heat present today in the reptiles. The behavioral
control of body temperature in reptiles implies o high degree of
sensitivity to temperature changes. Sutherland's data scem to jus-
tify the conclusion that the monotremes display variable body tem-
peratures i response to s greatl range of adr temperatures. In 1901

TS
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to 1903, C. J. Martindid a very outstanding study on thermal adjust-
ment in monotremes and marsupials. The sub-title ofhis paper was
"A Study in the Development of Homeothermism." To my knowledge,
this is the only published study with this title ever made. Since
Martin, incontrast to his contemporaries, also tried to record meta-
bolism and parameters of physical heat exchange and behavior, I
prefer to postpone the discussion of his main findings until after a
brief review of the following work done on temperature measure-
ments of monotremes. In 1915, Wardlaw presented a long paper
entitled "The Temperature of Echidna aculgata." He reports average
body temperature in the neighborhood of 30 C.Wardlaw's extensive
records alsocontaindataonseasonal as well as diurnal variations in
body temperature. Morning temperatures would invariablybe higher
than afternoon temperatures, the difference being about 3 C.
Wardlaw's data indicates a diurnal temperature change independent
of the external uir temperature. He also indirectly comments on the
ability of the Echidna to increase rather rapidly its metabolism and
body temperature during arousal from hibernation.

Burrell, in his mionograph on the platypus (1927), reports that
the body tgmperﬂtureo for seven females of this species ranged
between 30 C nng 33 C. Wood-Jones (1923) had earlier reported
an average ol 32.2 C for the same species.

Martin (1903) set as his purpose locating the monotremes and
marsupials on the ascending scale of superiority towards freedom
from the environment, He recorded the body temperature variations
at controlled air temperatures between 4 C and 400 C. His main
concern was, however, to ascertain to what extent variation in heat
production and variation in heat loss were used for purposes of
adjustment. For comparison, he used lizards, (_J_yqlgdus gigas, cats,
and rabbits besides the monotremes and marsupials. Figure 2 rep-
resents Martin's findings in regard to the relationships between
body temperature and air temperature. The results were recorded
under laboratory conditions where behavior as a means of adjust-
ment was drastically reduced or impaired. The Echidnas display a
variance ol about 10 C between the extremes of air temperature.
Ornithorynchus displays somewhat less variance and also regulates
at - higher level. The marsupials studied. Dasypus maculatus,
Bettongra,  (the  kangavoo  rat)y and  the  opposum, Trichosurus

79




JOHANSEN

r
P
L]} i a—
) . -t =
= —_— =5 o
& . S’ T - 8
= 2 '
& — L R — "
—i— #
o
'
L
——— —
gt o =
S 1 i
= L I.| I —_ :::L.
sl - — "
-
L -
1 "
=
"l
w
e
...I a1t s
e il
i
&
I.II
10|
L ¥

0° 10° - 20° 300 40°
AMBIENT TEMPERATURE

Frpure 20 Kelatonship between body temperature and ambient temperature
tor the hzand (Cyeladus spy aed the monotremes, marsuprals, and plicental
mammils studied by CoJo Martin (1903). The vadues tor Bradypus [rom sawaya
(1e41).

0




EVOLUTTONARY ASPECTS IN MAMMALS

vulpecula, showed o variance ol about 30 C--between 36.1O C and
:58? C. His cals showed a variance of 1.40 C whereas the rabbits
showed a range ol 3.60 C. Martin did what very few people do hut
what is necessary to get intelligible resulls; he reported the expo-
sure time to the various air temperatures, and also regulated air
temperature both up and down while recording body temperature.
His exposure times ranged between 60 and 100 minutes. Martin
argues that the plzlgypus has beenunjustly listed as a poikilothermic
animal. Between 5 C and 30 C air temperature, he claims that it
adjusts its body temperature even betterothan the rabbit. However,
when subjected to atemperature above 30 C, it became what Martin
called "feverish." Observations done by a number of naturalists on
the platypus indicate that its relation to the aquatic medium may be
important for its temperature regulation. By a closer examination,
it becomes apparent that body cooling is frequently attained in the
tropics by returningto water (Hesse, 1937). This is particularly true
among larger animals, like the water buffalo, the water buck, the
rhinoceros, the elephant, and moststrikingly, the hippopotamus. The
clephant also frequently operates his personal, built-in shower, and
his ears are of paramount importance in temperature regulation.
These animals have a number of interesting specialities in their
temperature regulation. However, the discussionof thesel think be~
longs more properly in Dr. Morrison's puaper. For the purpose of
ny discussion, it suffices to emphasize that body cooling by return-
ing to water frequently occurs in tropical forms and also among the
more primitive ones. Cooling results not only [rom slaying sub-
merged and benefiting from the larger conductivity of the water for
heat, but also [rom frequent emergence fromthe water and obtaining
a cooling effect by way of the evaporative characteristics of the air,
signilicantly, o great percentage of the primitive forms aid their
less-developed temperature regulition by burrowing., Itis interest-
ing that the substratum temperatures i tropical Australia never

0
exceod 55 7 (Vorhies, 19415).

Martin's duata on metabolic heat production shows o number of
Interesting features. Minimum heat production was found at about
::il)() C m oall the species. including the higher mammals. His fig-
ures, caleutated accordimg to body surtace show n similar metabolic
rate for both the monotremes and the marsuprals, which were only

one=third of the values he ot lor the higher placental mammals,
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This low level of metabolism in these primitive forms is, of course,
of the greatest interest. Martin found about 2.5 times incroease in
metabolism of Echidna at environmental temperatures of 5 C. He
points out that none of the experimental animais he used maintained
a constant body temperature throughout the range of air tempera-
tures.

Of great significance to our understanding about how homeo-
thermy has developed phylogenetically is the finding that monotremes
depend only on variation in heat production and not on physical mech-
anisms for their maintena%ce of body temperature. Athigh air tem-
peratures, that is about 30 C, the respiratory rates of the marsup-
ials are affected very little by the high temperatures; whereas in
Lh% monotremes, the breathing frequencies are decidedly lower in
30 C air than in cooler air. Martin was unable to find any sweat
glands in Echidna, and he alsodemonstrated that this species is de-
void of vasomotor ad justments important for heatdissipationor con-
servation. Without any means for adjusting the core temperature by
physical means, Echidna is vulnerable at high air temperaturesoand
dies easily of heat apoplexia atabody temperature as low as 38 C,
Under natural circumstances, I would assume thatbehavior mecha-
nisms are indispensible to Echidna. The animalis known to bury it-
self several feet inthe ground and only emerges after sundown on hot
days. This, in turn, willdrastically curtail the animal's activity time

and range.

Kathleen Robinson, in 1954, studied heattolerance in Australian
monotremes and marsupials. She confirmed Martin's earlier find-
ings about the lackof panting and vasomotor ad justment in the mono-
tremes. She measured the evaporative heat loss and found that it is
highcer in platypus than Echidna, indicating some activity of the sweat
glands in the former. These aredistributed mainlyon the snout, but
there s also one apocrine gland opening into the follicle of each of
the large hairs. The platypus shows also some adjustment in posture
o facilitate heatloss. Asits body temperature rises, it rolls over to
its back with the under surface exposed and the legs outstretched.
With higher body temperatures. the platypus becomes restless, and
mdicates some mmpairment in neuro-muscular coordination. The
antmtls do not salinvate or hek therr coatsduring heat exposure. On

the busis of the scattered data presented so tar, we may he justified
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in making a first attempt to characterize temperature regulation in
monotremes. These animals, the most primitive among mammals
available to us for experimentation, are definitely homeothermic;
that is, they can regulate against environmental changes at a level
higher than that of the air. This is achieved by variance in heat prod-
uction and behavior. At air temperatures around and above the body
temperature such regulation fails, and homeostasis is maintained by
behavior. This primitive condition requires a central nervous inte-
erating control of both behavior and heat production. Understandably
these animals are confined totropical stability and seek refuge in the
stability of thc substratum at the high air temperatures. The other
member of the living monotremes, Ornithoryhchus (platypus), shows
some advance in regulating ability over Echidna by having sweat

glands.

The marsupials show a distinct advance inhomeothermism, be-
ing able to vary both heat production and heat loss. I will briefly
refer to some of the work done on temperature regulation in mar-

supials.

Sutherland (1897) observed body temperatures on sixteen dif-
ferent species of m%rsupials. The average body temperature for all
the species was 36 C. Sutheriand lists the wombat (Phascolomys
plathyrinus) as the poorest regulator with an average temperature
of 34 C. Next came the members oft(l)ne genus Petaurus or the fly-
ing squirrels, with an average of35.7 C, The koala bears (Phasco-
larctos cinereus) had zlol‘zmge of fron(; 35.0° C to 36.5° C at air tem-
peratures between 7.7 C and 24.5 C. Sutherland adds that upon
exposure to the sun thebody temperature rose rapidly, in one speci~
men to 38.4 C. Very interestingly, females always showed higher

temperatures than males under the same conditions, and the diver-
gence was always greatest when the females were suckling their
young. The average excess temperature from 25 observations was
[.2° C. The fact that pregnant or suckling females have higher tem-
peratures and alsoa more efficient regulationhas often heen report-
ed, for example, Morrison (1945) for apregnantsloth. In the larger
marsupials, notably the kangaroo (Macropus gigunteus) tempera-
tures hetween :56” C and 37 C were recorded, Some marsupials,
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according to Krieg (1952), hibernate or have a similar torpid con-
dition. In Marmosa cinerea, which is considered old from a phylo~
genetic standpoigt, Eisentraut (1955) recorded an averagebody tem-
perature of 34.7 C, and a range of from 29.3 C to 37.8 C, show~
ing great dependence upon conditions of activity. I would like to
give Lisentraut credit for his attempt at systematically arranging
body temperatures, not as fixed numbers, but as ranges of tem-
peratures. To indicate an animal's body temperature as a fixed
point, even when giving this as an average, is not as expressive
as listing the range in body temperature for the animal during
normaual natural conditions. Such information requires undisturbed
recordings of body temperatures under all normal conditions rang-
ing from sleep to strenuous exercise. Information of this kind is,
unfortunately, available for only a very limited number of species.
Such information, however, will, in my mind, express more about
an animal's temperature regulating ability thando mostof the para-
meters now in general use. Eisentraut (1956b) suggests "activity
temperature' as a term for such a range. This apparently excludes
conditions of sleep and rest, which ought to be included. I will,
therefore, propose to call it "body temperature range at normal
behavior.," It is highly significant that the New World Didelphidae
(Didelphis, Marmosa) have lower body temperatures than the mar-

supials of the Old World. The taxonomists unanimously consider
the New World marsupials as the most primitive phylogenetically.
Morrison, in his work on two marsupials from Central America
(1956), states that the species studied, the brown opossum (Meta-~
chiru_s nudiciudatus) and the Eten opossum (Didelphis marsupialis),
showed a homeothermism in no way inferior to that of many higher
mammals. Sutherland's data (1897) show that even the very slug-
eish koala bhear (Phascolarclos) maintained his hody temperature
better than any ol the i)l(lc{?l_{t-ﬂl mammals. A number of authors
comment on the weli-developed ability of the common American
opossum (Didelphis virginiana) to regulate its body temperature.
As we all know, this species has migrated extensively northward,
and it scems of the greatest significance thatits temperature regu-
Lition s decidedly superior to that scen in the closely related

tropical forms.




JOHANSLEN

Robinson (1954) studied the dcvelopment of the mechanisms
for evaporative heat loss in Australian marsupials. She found a
close correlation with structural evolutionary trends. She recorded
breathing rate, pulse rate, evaporative weight loss, and she also
studied sweat patterns. There is a great amount of evaporation
from the respiratory tract and additional evaporation from the
buccal mucosa during open-mouthed panting. Sweat glands were
easily located over the entire body surface (Bolliger and Hardy,
1945). The sweat glands are, however, of a primitive apocrine type
and of seemingly little importance as evaporative mechanisms.
Evaporation is, on the other hand, significantly aided by salivation
and coat licking. Robinson concludes that the heat tolerance in the
Australian marsupials studied followed the ascending orderof phylo-
genetic development, for instance, the primitive bandicoot (Peram-
eles nacuta), next the opossum (Trichosurus caninus), then the
cuscus (Spilocuscus nudicaudatus), the koala (Phascolarctos cine-
reus), the wallaby (Petrogale penicillata), and most superior, the
wallaroo (Macropus robustus).

Higginbotham and Koan, in 1955, studied temperature regula-
tion at elevated air temperatures in the Virginia opossum (Didelphis
virginiana). They found that when body temperature increased to
about 38 C, panting, profuse salivation, and licking of saliva upon
feet and tail and parts of the trunk, was common. They monitored
anaesthesia to a point where panting and salivation still persisted,
but coat licking, of course, was abolished. This fact prevented the
animal from keeping the body temperature at sub-lethal levels,
and they conclude thatthe spreading of saliva upon the body surfaces
and subsequent evaporation constitutes anindispensable mechanism
for heat dissipation. Robinson and Morrison (1957) studied the reac-
tions to hol atmospheres of various species of Australian marsu-
pials and placental mammuals. Their material covers as many as
25 species of Australian marsupials, plus 4 in-igenous Australian
rodents. They make the very interesting and, in my mind, important
comparisons ol temperature response (o activity in some of their
subjects. In members of the Dasyuridae, rises of 40 C were not
uncommon. They report that mamtenance ol body temperature at a
constant but higher than normal value was \Ll( cessiully achieved by
all their animals at air temperatures of 3) At o )L) air tem-

peruatures, sonme species tailed to adjust ll):ls[(‘:lll_\' stiate condition,
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However, all their species of Phalangeridae achieved thermalequili-
brium at an air temperature of 40 C. The carnivorous marsupials
seemed to be particularly vulnerable at the 40 C air temperature.
Most of the species showed increased respiratory rates at the high
air temperatures. Also open- mouth panting, and salivation and coat
licking in typical postures promoting heat dissipation frequently
appeared. The Tasmanian devil (Sarcophilus harisii), was an
exception and showed no reaction other than an increase in water
consumption. The authors poigt to the fact that the species unable
to maintain equilibrium at 40 C were all among the most phylo-
genetically primitive. The author's attempt to classify the ability
among mammals to dissipate heat is shown in Tables I and II,
which are taken from their work.

Bartholomew (1956) has presented perhaps the only detailed
study of the various facets of temperature regulation in 2 marsu-
pial. He made careful studies of the macropod (Setonix brachyurus)
both under laboratory conditions and in the field. He recorded a
considerable diurnal lability in body temperature related to the
daily cycle of activity in the field. The species studied showed a
typical nocturnal activity pattern, and the day-time rectaltempera-
tures of 37 C were significantly lower than the night-time tem-
peratures. It is important that the slight excitement occurring dur-
ing attachment of thermocoupleg could cause temporary elevations
of body temperature up to 1.5 C in the %ectaltemperature. Upon
the exposure to high air temperatures (40 C), a copious secretion
of saliva and licking of the feet and tail, and a distinct vasodila-
tion of peripheral parts seem responsible for maintenance of ther-
mal balance at these high air temperatures. The increase in res-
piratory rate was appreciable, up to 200 per minute, but never as
vigorous as, for instance, panting in a dog. When the animals were
returned to room temperatures of 20 C there were indications
that the peripheral vasodilation persisted for some time after
removal of the heat stress. The elevation of the deep-body tem-
pgrature during the heat load seemed moderate and did not exceed
1 C. At extreme heat stress with dry bulb temperatures of 440 C
for 4 hours or more, the animals showed no apparent failure to
maintain the thermal equilibrium (Fig. 4). Temperatures of periph~
eral parts like the feet and tail, rose rapidly to levels almost




Group

Monotremata

Dasyuridae

Peramelidae

Phalange ridace

Phascokarctidae

Macropodidae

Rodentia

Chiroptera
Carnivora
Artiodactyla

Primata

Table |

From Robinso

and Morrison,

None

Echidna
Platypus

Mars. Mice
Mars. Rat

Bilby

(hant naked
-tail rat
Wdter rat
Rabbt
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Thermal Equilibrium

AT > 2° C

Nat. Cat

Bandicoot

Naked-tal
rat

White mouse
White rat

Fru:t bat

Cat

xr
x

2°¢C 240 > 1°C AT < 1°C
Tas. Devil
Gliders
Possums
Cuscus
Koala
Rat. Kanga. Wallaroo

Pademelon
Wallabies

C ow

Kangaroos

Field rat

Dog
Sheep

Monkey
Man

Comparison of the heat regulatory abihity of mammals at 409 C.
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Normal Rate

Slow
(20-30/min)

Moderate
(60-120/min)

Fast
( >150/min)

Modification at 10° C

Slight

Echidna
Platypus
Bilby
Man

Tas. Devil
Cuscus
Water rat
'White rat
Monkey

Sugar ghder
White mouse

Marked

Bandicoot

Gliders
Possums
Koala
Wallabies
Wallaroo
Kangaroos
Rabbit
Fruit bat
Cat

Dog

Pig

Sheep

Cow

Mars. mace
Mars,

Naked-tail rat Nat. ca
Field rat
Mars. rat
Table 11 Comparison of respiratory response in mammals at 40°

C  From Robmson and Morrison, 1957,
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within the range of the deep body temperature. The foot and tail
were, however, held at levels below the core and the environment
by conspicuous secx(‘)etion and licking with saliva. Again, upon a
sudden change to 20 C air temperatures, the maximally involved
heat loss mechanisms showed some delay in adjusting to the new
conditions, and body temperatures fell rapidly 2 C to 2 1/2° C.
The licking and salivation seemed, however, to stop immediately
upon cessation of the heat stress. At moderately low air tempera-
tures (3O C) two animals averaged slightly lowerbody temperatures
than normal for quiet animals at room temperature, whereas, one
animal over-compensated and showed a body temperature above
resting levels for most of the time. All animals shivered violently
during the cold exposure. Again I think it is highly important that
the body temperatures of the animals rose rapidly after removal
from the cold (Fig. 5), indicating again some persistence of the
compensatory mechanisms, this time violent shivering after the
aclual cessation of the cold stress. Bartholomew tried to evaluate
the peripheral vascular situation by temperature measurements.
His data, as in Figure 6, shows very conspicuous gradients, in
particular along the tail. Bartholomew interprets the gradients
in proportion to the degree of local vasoconstriction. It seems,
however, conceivable that a counter-current effect, which in other
animals is responsible lor tremendous temperature gradients in
peripheral extremities, might be in operation and thus conserve
heat. Again, Bartholomew noted that there is a gradual diminution
in peripheral vasoconstriction following exposure to cold. In my
own interpretations of his data thesce repeated findings of delays
in the transitions between regulatory states indicate some slow-
ness in the integrative apparatus controlling the effectorresponses
in temperaturce regulation. T will try to claborate this assumption
in more detail when discussing my own dutuoon the armadillo,
Bartholomew also exposed some wollabies to =10 Cfor two hours.
Such temperatures are never encountered by this species in its
normal habitat. At this time, boththe subjects studied over-compen-
sated o the cold stress, and showed adeep body temperature more
than 10 C above the normal resting level. The feet and tail showed
a marked vasoconstriction, and the peripheral temperature ap-
proached ()U C. Of great interest, the foot, and to a lesser degree
the tal, showad waves of vasodilation very similar to cold vaso-

dilation. Bartholomew's data indicate clearly that the ability to
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Figure 6. The deep body and skin temperatures of an adult Setonix sp. during
exposure o low mir temperatures. (G. A. Bartholomew, 1956).
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regulate deep body temperature in the marsupial (Setonix sp.) is
cqually as efficient as that displayed by many placental mammals
of similar size. The ability to regulate even extends to air tem-
peratures below and above those ever encountered in the animal's
natural habitat. Under'severe positive heat loads, both sweating
and panting was decidedly less important than copious salivation
and licking. This seems to be a general specialization within the
marsupial order; it has been demonstrated by Robinson and
Morrison (1957), and others. Bartholomew points out that this
very effective mechanism for fucilitating heat loss is a specialized

40 - e e
OEER T BOO
3
L
2]
]
14l
x
L]
Ll
ES
I ¥
| [ i H
3] S —_— = e -l"'i""" A=
L
20 40 60 80 100 120 140 160 180
MINUTES
Frgure 7. The response in body temperature of an adult Setonix sp. to an air

temperature much lower than that which ever normally occurs in 1s environment.
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behavioral response, in contrast to the pure physiological mechan-
isms of sweating, panting, and vasodilation. This specialization
limits the usefulness of the method sinceitcan only operate effect-
ively in an animal resting, and would be less useful to a rapidly
moving animal. To briefly summarize the temperature regulating
ability of the marsupials living today is verydifficult, if not impos-
sible. The group is exceedingly diversified, and having been prac-
tically indigenous to Australia with little competition for a very
long time, marsupial life has adjusted to most habitats available.
With the very interesting exception of the Virginia opossum of
North America, the marsupials are confined to the tropical or
neotropical regions. This, however, may not be related so much
to inferiority to placental mammals in temperature regulation
as to their very specialized mode of reproduction. In this regard,
Bartholomew presents very interesting and important data on the
ontogenetic development of temperature regulation in the marsu-
pial, Setonix sp. I consider this a topic in itself, however, and can
find no time to discuss it now. The marsupials so far studied in
regard to temperature regulation indicate clearly a lower level
of resting body temperature in the more porimitive forms like the
Dasyuridae which show values down to 33 C to 34 C at resting
conditions, at 20O C air temperature; whereas the specialized,
phylogenetically more advanced species show a higher resting
level and a smaller range of variation. As more information be-
comes available, like the important works on Australian marsu-
pials by Robinson and Morrison (1957) and Bartholomew (1956), this
unique indigenous fauna may enable us to talk with more confidence
about the role ol the phylogenetic position vis a vis the influence
of environmental factors for the establishment of homeothermy.
Common to temperature regulutioninall marsupials is the presence
of physiological effector mechanisms of both chemical and physi-
cial temperature regulation. some of them, like sweating and pant-
ing, scem generally to be of rather limited importance, being sub-
stituted by specialized behavioral responses like the coat licking.
In my own interpretation of Bartholomew's important work on
Setonix, it seems of the greatest significance that the integrative
ontrol of the otherwise well-developed  effector mechanisms
show some lag in preciston, compared to higher placental mam-
mals. It s concervable that even more striking ditferences in this
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respect are demonstrable in the more primitive marsupials not
yet subjected to such a detailed examination.

Turning next to the placental mammals, we are, of course,
confronted with an even greater complexity in phylogenetic develop-
ment and diversily in ecology than for the marsupials. The limita-
tion deemed necessary in this treatment may reflect a personal
bias, and I do hope the subsequent discussion will give room for
your feelings about these problems.

A starting point for the phylogenetic discussion of temperature
regulation among the placental mammals has to be the Insectivores.
The lenrce of Madagascar (Centetes ecaudatus) is probably the
most phylogenetically primitive of all the placental mammals liv~-
ing today. Eisentraut (1955, 1956b), who together with Rand (1925),
seems to be the only worker having experimented with temperature
regulation in this important species, states that the animal estivates
during the dry season, which corresponds tothe winter season. The
tenrec shows in general gn extraordinary labile body temperature,
fluctuating between 24.1 C and 34.8 C. The tenrec is a typical
nocturnal animal and shows a diurnal cycle of more than 10 C
when the air temperature changes only BOC to 40 C. The body tem-
perature must thus be closely related to the activity of the animal.
Eisentraut notes that the animal is ableto perf%rm normal coordin-
ated activity at body temperatures down to 25 C. It is unfortunate
that no detailed study measuring other parameters than body tem-
peratures has yet been done on this very interesting species. Rand
comments briefly that two other species of tenrecs (Hemicentetes
scmispinosus and Setifer setosus) remain active all year around.

kisentraut (1956b) also reports body temperatures intwoother
specics of primitive Insectivores (Hemiechinus auratus and Parac-
chinys acthiopicus). They show a range in body toxm)erutufo of
;53.40 C to 36.40 C and 31.20 C to 36.20 C respectively, We may
briefly comment on the extensive studies of the Kuropean hedge-
hog, particularly referring to its hibernating ability. Most authors
report a rather large labtility in the body temperature of this specices,
from :51.20 Cto 36.50 C. Morrison (1957) has argued that this great
range in all probability results from measurements taken in the
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hibernating season when the animal is in a transitory state. When
only body temperatures from representati\é)e times of activity are
taken, Herter (1934} reports a range of 2 C, and reports a dif-
ference in activity temperature between summer and winter of
about 1° C for the hedgehog. The one specimen of Erinaceus
europeus subjeo(t)ed to me%surements by Morrison (1957), shows
the range of 34.8 C to36.4 C with an average of 35.6 C. Although
it has been decided that we leave out any detailed discussion of
hibernation in this symposium, it seems justifiable to comment on
Eisentraut's statement (1956a) that hibernators generally show
imperfect heat regulation also during the active season; and he
includes all known hibernators in the group of lower warm-blooded
animals. I am, myself, and [ know many others are, willing to
challenge this statement. "Hibernation," although used to express
the seasonal and diurnal condition of sleep displayed by a variety
of the smaller mammals is really not representative as a term
for all these species, and a great number of the true hibernators
can, in my mind, be classified as extremely specialized and very
far from primitive in their mode of temperature regulation.

The shrews represent an interesting and successful group of
Insectivores. In spite of their small size, which is obviously dis-
advantageous in the cold, they have left behind most fellow Insecti-
vores and invaded the north temperate and even arctic regions.
They are, for instance, found here around Fairbanks and in Norway
even farther north. Apparently, no detailed studies have been made
of these extreme northern populations of shrews. Morrison, Ryser,
and Dawe (1959) have, however, presented a careful study of the
shrew (Sorex cinereus) obtained from the Wisconsin region. The
authors noted that the manipulation and handlingof the animuls dur-
ing measurements of their body temperatures invariably increased
L}g)c body temperature. The increase occurs very rapidly, often
1 C pe&' minute, and the body temperature could attain a level
above 41 C. similarelevation inbody temperature became apparent
after exercise. The body temperature seems always to level off
at about 410 C. Iigure 8 shows the results. More than anything it
demonstrates a great variability of body temperature; this animal
s unquesticnably one of the more successtul small animals living
today. Its labile body temperature can hardly be lassified as o
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primitive characteristic. It seems obvious to me that an animal
this size together with a number of other smaller ones, like for
instance the birch mouse (weighing 7 to 12 grams) I have studied
(Johansen and Krog, 1959), and the little pocket mouse (Perognathus
longimembris) studied by Bartholomew and Cade (1957), have to
allow for a greater variability in the body temperatures to regulate
at all. We can appreciate the enormous activity needed by these
animals to secure enough fuel for their high-paced metabolic
machinery. The labile body temperature is thus in a number of
species expressive of a specialization rather than a primitive
character. It should prove most interesting to study temperature
regulation in shrews of the northern-most habitats.

The exceedingly specialized bats, the Chiroptera, offer anum-
ber of interesting features in mammalian phylogeny. They are
mostly confined to the tropics, although some small Micro-
Chiroptera, Vespertilionidae, approach the arctic regions on the
Scandinavian Peninsula and in Alaska. It seems to the benefit of
all of us, however, that I leave the discussion of this important
order to a far greater specialist than myself, Dr. Morrison, who
has done extensive research on a number of species both among
the Micro- and Mega-Chiroptera (Morrison, 1959). Before I
leave the important Insectivores, let me remind you that they are
generally small in size, mostly confined to the tropical and tem-
perate regions. Theydisplay a rather great lability in body tempera-
ture, und many of them are hibernators. A substantial number of
species are typical substratum dwellers, with burrowing habits.
Some are excellent nest builders. Their body temperatures tend to
show a large range and lability, but are regulated at a higher level

than those of most marsupials.

Let us next turn to the phylogenetically very interesting group,
Nenarthra., They consist of the armuadillos,  the Dasypodidae, the
antedaters, the Myrmecophagidae, the sloths, the Bradypodidae, and
the Okl World scaly anteaters, the Manidae. The extremely inter-
esting  and  phylogenctically important  Oryeteropus called the
aardvark, or Cape Anteater, is a z<)<)l<)g1(';11TS' \:(-‘1‘)' isolated form.
This animal retains o number of characteristies present in the
carliest cutherians. Some authors, like H. Winge (1941) place it
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together with the edentates (Xenarthra), others with the insecti-
vores, and still others at the base of the ungulate stock. Unfor-
tunately for us, nothing has been done yet with this unique repre-
sentative of the primitive placental mammals.

Representatives of the Old World's scaly anteaters have like-
wise scarcely been subjected to study in regard to their tempera-
ture regulating ability. Eisentraut (19 56b()) reports & body tempera-
ture range for Manis tricuspis from32.2 Cto 35.2 C. A similarly
limited number of observations is available on the tropical anteaters
from Central America. Wislocki and Enders (1935) report that the
giant anteater (Myr mekcfopha&l jubata) shows a rectal temperature
between 32 C and 34 C at air temperatures between 16 C and
21 C. The three-toed anteater él‘amdndua tetradactyla) shows rec-
tal tempu%tul es between 33.7° C and 34.6°C at air temperatures
between 25 C and 27. 6 C. The more sluggish two-toed anteater
(Cyclopes didactylas) dls(];)layed a lower level of body temperature
between 28.9 C and 31.3 C and showed a greater variance during
exercise thun the other two species. Enders and Davis (1936)
recorded somewhat higher 1eot41 temperatures on the Tamandua
tetradactylum. They got 35 O C to J5. 7O C at an air temperature
of 27 C. The uniquely specialized group of sloths has been studied
by a number of workers. In 1924 Ozorio de Almeida and Branca
de A. Fialho observed a range from 30O C to 32.90 C at an air
temperature between 190 C and 25.8O C for the three-toed sloth
(Bgz_ldzpél_s griseus). Kredel (1928) recorded 4 range frorél 27.7° C
to 36.8 C at air temperatures from 24.5 C to 32.4 C. Upon
exposurce to o moderate cold stress, the three-toed sloth loses
considerable heat rapidly. According to Gibbs, cited by Wislocki
(1983), Bradypus griscus lost 80 C in deep rectal temperature,
dropping from 153( C 250 C in 2 hours and 40 minutes when
transferred from an air temperature of 260 C to 130 C. Britton
and Atkinson (1938) often observed spontancous variations in body

temperature of Bradypus with no apparent reason. In the light of
this it scems of interest that Irving et al, (1942) found that the
restuing metibolism could be readily depressed, particularly in
relation to drsturbances of the breathing pattern. The two-toed
sloth (Choloepus hoftmanni) 15 more active than Bradypus and
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shows also a hlghel average body temperature. Atair temperatures
of 28 C to 23 C, Bradypus showed an average of 33° C, whereas
Choloepus showed 34.4 C.Thedifference inintramusculartempera-
tures was even greater with values of 34.6 C for Choloepus and
32.4O C for Bradypus. Bradypus occurs only in the lower neo-tropi-
cal altitudes and is particularly prevalent in regions with small
fluctuations in air temperixture and dense vegetation providing ample
shade. Choloepus has a similar habitat but is also able to withstand
colder areas with occasional freezing in altitudes up to 7,000 or
8,000 feet (Britton, 1941). Choloepus has not yet been studied in
regard to temperature regul;ltionin these colder areas; this project,
however, seems to promise a great deal. The body temperatures
of Bradypus drop precipitously when exposed to 10 C air tempera-
ture and reached 20 C afterabout5hours. Below this temperature,
a lethargic condition seemed to ensue. Cold was apparently a strong
stimulus to muscular activity. Marked hypertonus was noticeable,
but no shivering was visible at any temperature. This is of particu-
lar interest in light of the extremely low mass of skeletal muscle
in the sloth. Britton and Atkinson (1938) report that the skeletal
muscle mass in Bradypus is only 25¢% of the body weight. The cor-
responding [igure for the higher mammals ranges between 45(% and
"”7 Upon exposure to sun, the rectal temperature rose 2 C to
10 C within 30 minutes, and the animals struggled vigorously to
gel [ree. Getting freedom, they promptly sought shade under the
neurest tree. Irving et al. (1942), in their interesting study on res-
piration in the sloth, mentioned an oxygen consumption about half
of what is gencrally found in higher mammals, with values approach-
ing what Martin found for the monotremes and some marsupials.
Comparing the two sloths, thethree-toed is farinferior in its ability
to maintain a fairly uniform level of body temperature and is help-
lessly unable to venture into an environment outside the tropical

stability. The unsurpassed slowness is interesting in the light of
the small muscle mass. The low resting metabolismis shared with
the other members of the Xenarthra and the monotremes and many
ol the marsupials. We have throughout this discussion seen that
very carly mammals became able to increase their metabolism by
shivering, thus compensating for an increased heat loss. This me~
chunism appearcd before the ability to regulate heat loss intrinsi-
¢ally. In the sloth things are scemingly different. The animal almost
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entirely lacks the polential to shiver. The three-toed sloth seems
in his unique laziness to depend upon his exceptionally high insula-
tion--nearly as great as that of many arctic animals. The resalt
is an extremely labile body temperature which at low air tempera-
tures shows greater fluctuations than encountered even in the mono-
tremes. The three~toed sloth seems tobe the least fitted of all mam-
mals to withstand decreased air temperatures, a fact which I think
illustrates the importance of metabolic compensation for mainten-
ance of thermal balance. The other members of the Xenarthra show
a far more advanced temperature regulation. The armadillos are
very versatile animals with large distribution areas, as explicit in
their temperature-regulating capacity. More or less casualobserva~
tions of body temperature of armadillos were made and reported
by de Almeida and de A.Fialho (1924). Eisentraut (1932) rgcorded
an average body temperature in Tolypeutes conurus of 32 C in a
tropical habitat. Wislockio(1933), studying the nine-banded armadillo
in Panama, reported 34.5 C as anaveragebody temperature at air
temperatures around 250 C. I have recenlly done a study on tem-
perature regulation in this same species and will submit some of
these data in a little more detail.

The material studied came from Texas and not from tropical
Central America where most of the earlier observations on this
species have been made. I mentioned earlier that the dispersion
of animal life north und south from the tropics is a factor presum-
ably of great importance in the evolvement of more refined homeo-
thermic adjustments. It struck me thal the nine-banded armadillo
is one of very few animals that inour time has taken steps to leave
the tropical stability., The distribution area for the nine-banded
armadillo is  today very large. It ranges south into Northern
Argentina, spreads over all of the countries east of the Andes,
reaches the Pacific Coast in Ecuador, and extends throughout
Central America and most of Mexico. About @ hundred years ago,
the animal crossed the border into the United states and is now well
established in most of Texas, the southern puart of Arkansas and
Oklahoma, most of Loulsiana, and southwestern Mississippl. Fur-
thermore, it is estublished in Alabama and Florida, In Florida,
the armadillo is reported to have increased its range by about 507,
from 1954 to 195&. There are alsopersistent reports that there are
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armadillos in Kansas, spreading rapidly northward. At present the
animal is stillspreadingnorth and east inthe United States. Accord-
ing to Talmage and Buchanan (1954), the migrationof the armadillo
is one of the most amazing in the animal kingdom, comparable
almost to the lemming migrations. From the distribution area it is
apparent that the armadillo faces very diversified ecologicalsitua-
tions and that its success must at least partly be dependent upon
an extraordinary ecological potential, while the other members of
the order, the sloths and anteaters, arestillconfined to their tropi-
cal habitat. The entire range of the armadillo is characterized by
having neither extreme cold nor extended periods of cold weather.
The northern parts of the area, however, occasionally show quite
low temperalures for short periods and have atypical seasonal and
diurnal periodicity. This unique dispersion rate, bringing the animal
out of the tropical stabilily and into the periodicity of seasons and
larger diurnal variations, plus its phylogenetic position, suggested
to me that some valuable information in regard to the phylogenetic
development of homeothermy could be expected.

The diurnal cycle of deep rectal temperature under controlled
conditions is presented in Figure 9. At a constant air temperature
of 25O C, the diurnal cycle ranges between 34,0 C and 36.4 C.
The animals were free to build nests from dry hay and were con-
fined in a room of considerable size allowing for excrcise. The
diurnal cycle is obviously related totheirnocturmal activity pattern,
Following l'orcocd exercise, the deep body temperature may increase
to 37 Cord8 C.At30 C ambient temperature the animals were
usually very scdate, no signs of discomfort, and rectal and skin
teniperatures were nearly constant, the difference bot\\'cc(‘)n the two
being surprisingly small. A rectal temperature of 34.5 C co(l)ﬂd
correspond o askin u'ng)cx‘:lture on the softbelly us high as 34,2 C
and on the armor 43.9  C. Under these conditions the gradient is
less than 10 C between the core and the shell. The oxygen uptake
showed only small variations and ranged from 200 ce to 275 ce of
oxygen per kilo animal per hour, Figures 10 and 11 demonstrate
these points; a slight lowering of the airtemperature brought about
- dramatic response. The most conspicuous feature was a sudden
meredse inorectal )L(‘Hl[)L‘l‘.‘l(Ul‘('. Thus, if the air temperature wis

. ¢ L0
decreased from 80 € to 25 C, the deep rectal temperature nught
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ambient temperature levels in the armadillo. (Johansen, 1961).

106




EVOLUTIONARY ASPECTS IN MAMMALS

N .
s | |

4 |
Ambient Belly side
L] (soft skin)

Frgure 11, schematic representation ot temperatare pradients betweencore and

dorsal and ventral sides ot armadillos ot ditferent e temperatures. (Johnsen,

196 1),

107




JOHANSEN

increase from 34.30 C to 35.4o C in less than 30 minutes. This
increased core temperaturc seemed to result initially from a
decrease in heat loss brought about by a vasoconstriction in the
body surface. Then 15 to 20 minutes after the onset of vasoconstric-
tion the oxygen uptake increased. The increase inoxygen consump-
tion was correlated with the start of shivering, which apparently
can be evoked in armadillos by the slightest stimulus. In fact,
shivering and an attendant increase in body temperature were
ocgasionally observed when the room temperature was as high as
30 C. When exposed to cold, the animal immediately arose and
tucked his head under his belly. His posture was ball-like and only
a very small portion of the soft skinon the ventral side was directly
exposed to the cold air (Fig. 9B). Theincrease in body temperature
upon « decrease in air temperature didnotoccur only with the first
cold stimulus. Onthecontrary, each time the temperature decreased
the animal's body temperature rose immediately (Figs. 10 and O11).
Even when the air temperature was decreased from(Q C to-10 C,
and the animal already had a very high heat production, the bgdy
tempgrature rose. On one occasion when the change vcx)/as from OO C
to -6 C, the rectal temperature increased from35.7 C to 36.1 C
in less than 10 minutes. During the stepwise decrease of ambient
temperature from 30 C to-10 C in a period of 5 hours, the total
increase in rectal temperature was 3.5 C (F(%O'. 10) a%d the body
temperature on the armor decreased about 10 C to 23 C. These
temperature changes occurred in a step-like patiern following the
chunges in :111(‘) Lemperzloture. Upon a suddendecrease in air téempera—
turc from 30 C to 0 C, the rectal temperature rose 2 C in 40
minutes. Butthis increase wasnol as great as was the total response
to step-reductions from 30() Clto20 Cto 100 Cto OO C. This very
conspicuous increase in rectal temperature upon cold exposure has
to my knowledge not been reported before. Tt may have escaped
notice because rectal temperatures werenot continuously recorded,
Bartholomew, n his paper on setonix (1956) makes the statement
that ot —l()() C, the animeal kc[)tb an elevated body temperature for
quite some time durmg the exposure period. Meanwhile, he did not
persuade this point further in his discussion. In my interpretation,
this fact, so very expheitdy demonstrated in the armadillo, shows
that the cffector mechanisms that modity heat loss, hike vasocon-

striction, ete., operate very promptly but entirely out of pace with
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Figure 12, Continuous records of deep rectal temperatures of the armadillo

at vrious dir-temperature levels. (Johansen, 1961).

the governing thermostatic control which fails in the armadillo
with several degrees. You may rightly ask how long this unsteady
condition goes on. Figure 12 demonstrates the events during long-
time exposure to various ambient temperatures. When an experi-
ment  began (ut 300 C, Lh(e deep rectal temperature fluctuated
bhetween 33.9 € and 34.5 C, as can be seen in Figure 12, The
animals were quiet and relaxed. Occasionally they walked around,
but the activity was always transient and on a low level, The ani-
mals responded to an air temperature of()OC with a rapid increuase
in body temperature like that recorded in the metabolic studies.
This response wis accompanied by curling into o ball as described
carlier, and shivering began immediately. These bodily responscs
continued throughout the test, At the end the animal showed no
signs of exhaustion. The curve for ()o C in Figure 12 illustrates
the typreal variation in deep rectal temperature. It rose rapidly
Lo ;56.:;0 C in this animal within the first halt hour, Mter an hour
the temperature dropped shghtly to .%;’).S() C and remaned between
1'2:’)(' G oand :'2;’).;';( ¢ tor more than ¢ hours. Toward the end ot the
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exposure, the temperature dropped slightly; the last temperature
recgrded in this animal was 34 C. In similar experiments at
~10 C, the initial increase in rectal temperature was even more
rapid and pronounced (Fig. 12). After slightly more than an hour,
the rectal temperature had declined to the level recorded at the
beginning of the experimer(l)t. For the next 21/2 hours the tempera-
ture fluctuated around 35 C, Then suddenly the animal began to
run about the room scratching at the walls, the rectal temperatur

started to drop, and within five hours it had fallen to 25. 5 C. At
this low body temperature, the animal showed no signs of severe
fatigue and was amazingly coordinated. Its movements were harmon-
ized and it eagerlydrank some milk whichit was offered. The highly
organized behavior at such a low body temperature seems to be
unique among non-hibernating mammals and is probably of gréeat
functional value to the armadillo. Although the pattern of -10 C
shown in Figure 12 is typical, the length of time the body tempera-
ture was maintained near 35 C varied from animal to animal, being
less than 2 1/2 hours in some and as long as 5 1/2 hours in others.
The period of relatively constant temperature terminated when the
animal abandoned the protective posture, which no doubt provided
good insulation. It should be emphasized that this kind of exposure
does not at all give a true picture of the armadillo's tolerance to
severe cold in natural environments. It willbe pointed out later that
the armadillo is very much concerned with and dependent upon nest
building and social habits for survival atlow ambient temperatures.

I should like to spend a few minutes commenting upon the intact-
ness of coordinated behavior at drastically low body temperatures.
Other workers have mentioned the fact that normal behavior per-
sists at very low body temperatures in many primitlive animals,
This fact has, however, never been uppropriately evaluated, It
strikes me since it is a common characteristic among most of the
lower mammals studied in this respect. Compuring this with the
lethargic condition and the concurrent impairment of coordination
that appear in highcer muammals, for ecxample carnivores and
ungulates at temper: mu es which are for them only slightly hypo-
thermic (30 C to 3.3 C), it seems of the highest significance. I
think the persistence of coordinated behavior at low body tempera-
tures in primitive forms has great survival value and greatly
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increases their independence from the environment. I think, fur-
thermore, that this is an important pointin the phylogeny of homeo-
thermy and more than anything thatitshouldbe subjected to further

Study.

My data on the tolerance to cold in a long-time experiment
differs markedly from apparent results of earlier investigations
on armadillos. The conspicuous increase in rectal temperatures
has not been reported previously and it may have escaped notice
because the rectal temperatures during cold exposure were not
continuously recorded. Wislocki (1933) observed the followin%rectal
temperature patterns in armadill%s transferred from 28 % to
0 C air temperature: atg time, 35 C; at l~hour ex%osure, 34 C;
at 2-hour exposure, 31.5 C; at 3-hour exposure, 30 C. Recently,
Enger (1957) reported that the armadillo, opposum, and three-
toed sloth are poor thermal regulators and lose body heat to a
considerable extent during a cold stress, that is, 4 to 6 hours at
10° C air temperature. These results differ basically from those
of the present study. It would be highly desirable to determine
whether this difference stems from the fact that Wislocki's and
Enger's measurements were made on animals from a strictly
tropical habitat, Barro Colorado, in Panama, whereas the subjects
of this study came from Texas. This would be a most notable
demonstration of adaplation to cold.

The increase in oxygen consumption upon lowering of the air
temperature for a representative experiment is shown in Figure
10, und for all experiments in Figure 13. There was more than
@ five-fold increase in oxygen uptake when the air temperature
was  reduced from 300 C to =10 C. The relatively great spread
in the data at the lower temperatures is probably related to the
differences in the rectal temperatures of different animals. No
attempt was made to test responses to temperatures below —lOO C
hecause some animals Lry to escape exposure to this temperature.
These activities of course involved the abandonment of the protec-
tive posture and large losses of heat occurred. Ordinarily the
animals showed an amazing ability to remain crouched in their
ball-hke posture for hours when the temperature was as low as

(9}
0 .
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10, and for all experiments in Figure 13. There was more than
i five-fold increase in oxygen %pwke when the air temperature
was reduced from 300 C to -10 C. The relatively great spread
in the data at the lower temperatures is probably related to the
differences in the rectal temperatures of different animals. No
attemipt was made to test responses to temperatures below —100 C
because some animals try to escape exposure to this temperature.
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tive posture and large losses of heat occurred. Ordinarily the
animals showed an amazing ability to remain crouched in their
bgll— like posture for hours when the temperature was as low as
0 C.
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Figure 13. Oxygen consumption versus ambient temperature for the armadillo.
(Johansen, 1961).

In the light of the observations on the metabolic response to
cold, I find it proper to discuss briefly the concept we all have been
repeatedly mntormed about, namely that the effector mechanisms
affecting heat dissipation and conservation, what we call physical
temperature regulation, come first into play and reach their effect-
ive limits before metabolic compensation sets in. In other words,
at the point ol the critical temperature, the ability for physical
regulation is exhausted. This fact has heen repeatedly stated from
studies on temperate and arctic mammals and has received vialue
as a concept inoour understanding ol temperature regulation. |
can sce no reason why this strict sequence has to have general
value, Martin's data on the platypus and the marsupials indicate
ceadual, simultancous time ol action for both processes. My

1)
O

own data on the armadillo likewise support the idea that maximal

o

insulation, including vasomotor adjustment, does not necessarily
need to reach the end pomt before metabolic compensation sets
m. The sequential arringement has, ol course, an obvious biologi-

cal ravonale, by savine tuel, However, an hine with my eavhier

112




EVOLUTIONARY ASPECTS IN MAMMALS

reasoning I feel that such a strict sequential play-off of the com-~
pensatory mechanisms will require a rather precise central ner-
vous thermostatic control which ir many forms may not have
reached the perfection needed.

For the metabolic rate of the armadillo, my studies showed a
low restingo value of about 250 cc/(kilo x hr) at an air tempera-
ture of 30 C. These measurements are in accord with those
reported by Scholander et al. (1943), They found values averag-
ing 180 cc/(kilo x hr) and varyingbetween 150 and 280. These values
are roughly half the size of those reported by de Almeida and
de A. Fialho (1924). However, Scholanderetal. felt that the experi-
mental approach may have been a factor in the recording of the
high values by these authors. The resting metabolism of the arma-
dillo, then, is obviously less than that common in mammals of the
same size.lItis slightly more than half that simultaneously measured
in rabbits of comparable size. The measured metabolic rate in
rabbits corresponded with values given by Benedict in 1938. The
resting metabolism of the armadillo, although somewhat higher,
approaches that found in sloths byIrging etal. (1942), Martin (1903)
reported an air temperature of 30 C coinciding with the lowest
metabolic value for the monotremes, Echidna and Ornithorhynchus,
and for several marsupials. Throughout the whole temperature range
studied, Martin found the metabolism to be lower in monotremes and
marsupials than in higher mammals like cats and rats. The ques-
tion arises: Is this low level of resting metabolism related to the
low resting body temperatures found in these species ? The results
of my study on the armadillo suggest that this may be partly true,
but that differences in the thermostatic mechanisms are also impor-
tant fuctors in the dissimilarity between the armadillo and more
advanced homeotherms. For the same reasoncritical temperatures

and critical gradients are more or less meaningless when applied
to these specics. As mentioned, the armadillo will occasionally
start shivering and increase its body temperature at an air tempera-
ture of 1500 (. The word "eritical," as in critical temperature and
critical gradient, is obviously not pertinent to this situation. Martin
argued similarly that the low metabolism in monotremes and mar-

supials can result from the tollowing factors: o greatly diminished
heat loss, o lower body temperature level, and failure (o maintain a
constant body temperature,
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The increase in heat production when air temperaturedeclines
has several noteworthy features. The steepness of the slope of
metabolism versus air temperature is fairly great and of about
the same magnitude as for the two-toed sloth. The fact that the
naked armadillc and the hairy sloth with about the same resting
metabolism showed similar regressions in this respect supports
the idea that the armadillo has a potent vasoconstrictor ability.
The fact that the armadillo showed a step-wise increase in insula-
tion may, however, somewhat invalidate comparison of it to the
sloth. The peak metabolic values in the armadillo vary from five
to six times larger than lhe resting values. Such high metabolic
rates were recorded for as long as 6 hours, which was the longest
time oxygen consumption was measured at one fixed low tempera-
ture. According to Scholander et al. (1950) the maximum increase
in heat production is time-dependent and seldom more than four
times the resting value. They state that this relation is valid for
long-time experiments, but they do not define "long time." In the
armadillo the increased heat production results from aprogressive
augumentation of shivering. The shivering patternis closely related
to the crouched posture and the armadillo rarely utilizes moving
about as a means for increasing heat production in the cold.
Occasionally when they abandoned the immobile posture, the ani-
mals experienced great heat losses. To demonstrate more expli-
citly the difference in metabolism and responseofbody temperature
to cold exposure, I did some experiments with rabbits. In Figure
14, we can see that deep rectal temperatures and oxygen consump-
tion were follow%d at varlous ambient temperature levels ranging
from +30 Cto-6 C. At30 C air temperature, the rectal tempera-
tures of the armadillos are more than 4 C lower than for the rab-
bits. Upon a gradual step-wise decrease in air temperature, the
armadillos show an increasing body temperature, accompanied by
a steep increase in oxygen consumption, whereas the rabbits' con-
dition is unchanged. The procedure lasted 4to 5 hours. These studies
demonstrate a conspicuous over-compensation to the cold stress
in the armadillo, In other words, the body temperature is drastically
raised at the expense of anincreased metabolism. The fact that this
over-compensation takes place so rapidly andtosucha large extent
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circles indicate rabbit data; crosses and regression line indicate the results
from the armadillo experiments. (Johansen, 1961).
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demonstrated the presence of well-developed mechanisms for
compensatory heat production. However, this heat production and
conservation are not governed by the same thermostatic arrange-
ments that are present in rabbits.

Grant me also a few words about insulationin the naked arma=-
dillo. The very large temperature gradients in the extremities and
snout shortly after the beginningof cold exposure are likely of great
significance (Figs. 15, 16, and 17). It is interesting to compare this
observation with those of Scholander and Krog on the sloths from
1957. These investigators suggest that the vascular bundles rete
mirabile in the limbs of the sloths strongly facilitate the conserva-
tion of central body heat at the expense of a profound cooling of the
limbs. The principle involved is thought to be a counter-current
heat exchange in the vascular bundles which provide a greatly
enlarged contact surface between the counter-streaming arteries
and veins (Scholander and Schevill, 1955; Scholander, 1958). In
the sloth, subcutaneous temperature gradients in the legs were as
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Figure 15, Cutancous te ey o ar 5 s1tes i
ks ‘ l’lb—“[t r‘n;u.x .lf(.UILb at various sites on Uthe armadillo's body
U temperatures of 250 € - 307 C (upper numbers) and 5 C (lower numbers)

(Johansen, 1961),
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Figure 16. Cutaneous Lempera%)ures at various sites on lhg armadillo’s body at
air temperatures of 25 C - 30 C (upper numbers) and 5 C (lower numbers).
(Johansen, 1961).

117




JOHANSEN

DEGREES CENTIGRADE

[ (- 4] '3 Ll I-rlJ
N« B U = :

Figure 17. Intramuscular and subcutaneous temperature gradients along the
hind extremity of an armadillo. Open circles and squares show subcutaneous
gradients; filled circles and squares, intramuscular(j;radients. Circles are record-
ings taken at air temperature of 25 C; squares at 0 C. (Johansen, 1961).
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grgat as 0.2O C per cm at ambient temperatures of 250 Cto
27 C. Such gradients are 10 times steeper than those in the
human arm under similar conditions. The same vascular struc-
tures are present ip the limbs of other living Xenarthra, the
anteaters and the armadillos. The present study, showing very
large temperature gradients at low air temperatures, was not
designed to verify the counter-current hypothesis and can give
no conclusive evidence in this respect.

We note from the important works of Irving and Scholander
and associates that the insulative value of animals generally
increases as we proceed north and south to the arctic and ant-
arctic regions. The almost unbelievable insulation attained by
some of the larger arctic mammals, like the husky, the wolf,
and t%e fox, malées possible a maintained resting metabolism down
to 60 C to 70 C below zero. This fact, I think, poses an inter-
esting question: How do these animals get rid of the excess heat
produced during the extensive exercise they necessarily have to
practice? You may think that panting is enough to ke%p the body
temperature at so-called normal levels of 37 C to 38 C. I have
done this winter some measurements on the exercising husky
sled dogs. The results show that shortly after the start of exer-
cise, both intramu(s)cular and deep rectal temperatures reach
lev%ls of about 41 C to 42 C in an air temperature down to
-50 C. These surprisingly high temperatures did not in any way
impair the performance of the dogs, which could keep on working
for 6 to 8 hours at the same speed, allowing only brief periods
of rest. Studies done on dogs from warmer temperate regions
indicate an impairment of funcgion and heat collapse at lower body
temperatures, down around 41 C. Although few data are availa-
ble so far, it scems probable that the unbelievably great insula-
tion of some of the arctic mammals has resulted in an adaptive
tolerance to an elevated body temperature. At least the husky
provides information in this direction. My studies on the heavily
insulated muskrat indicate an entirely different solution to the
problem. Time seems, however, to prevent us from going into

this.
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Let us next look at the physiologicalresponses to high air tem-
peratures in the armadillo. Figure 18 shows the changes in rectal
and skin temperatures and oxygen gonsumption when the ambient
temperature was increased above 30 C. The relative humidity was
kept below 30%. As the air temperature was increased in steps to
42 C over 4 to 5 hours, the rectal tempegature ré)se to40 C.If
the air temperature was intreased fgom 30 Cto 42 C in one step,
the rectal temperature reached %0 C in less than 3 hours. From
the behavior of the animals, 40 C seems negr the upper lethal
limit for the rectal temperature, although 41.5 C was repeatedly
tolerated for periods of less than 1 hour. The skin temperature on
the back armor rose markedly in a step-wise fashion following the
changes in room temperature. The skin remained completely dry,
however, and no active sweat glands were detected with either of
the two methods used. The circulation to the skin was greatly aug-
mented; even the dorsal armor blushed pinkish red. The ears were
markedly vasodilated, constantly vibrating, At high air temperature
panting is an important avenue of heat loss for the armadillo. The
respiratory rate rose from 30 to 40 breaths a minute to almost 200
a minute. The greatest increase in 1:1Le seemed to occur when the
rectal temperature was between 37 C and 28 C (Fig. 19). During
panting the nostrils were red and vibratingintensely. There seemed
also to be a rather profuse salivation from the buccal mucosa. How-
ever, no licking ever occurred. The oxygen consumption rose from
about 240 cc/(kilo x hr) to 400 cc/(kilo x hr). Part of this increase
was related to the muscular activity of hyperventilation, part to
the elevated rectal temperature. The significance of panting in the
armadillo's response to heat was demonstrated by anesthetizing
an animal when its body temperature was about 38 C and the air
temperature was 40 C (Fig. 19). As soon as the respiratory rate
was depressed to normal or subnormal levels, the rectal tempera-~
ture rose sharply. During exposure to the hot environment, the
animals usually turned on their sides immediately, stretching their
front legs forward and their hind legs backward so that their ven-
tral bmmu, was maximally exposed. When the rectal temperature
wis 40 C, the animals were obviously uncomfortable and some

attempted to escape.
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Next, I have a few closing words about the role of behavior.
The almost unbelievable achievement in the temperature regula-
tion of reptiles, reached solely by behavioral means, ought to be
a strong reminder to all of us that we can also reasonably expect
behavior to play a crucial role in temperature regulation in mam-
mals. This I am sure we all agree upon, but in our laboratory
experiments we necessarily have to dispense with most of the sub-
jects' opportunities for behavioral regulation. Our knowledge
regarding the role of behavior in the physiological phylogeny of
temperature regulation is therefore verylimited. In the monotremes
it is of paramount importance. In the primitive Echidna behavior
seems to be the only way heat dissipation can be effected and is
thus of vital consequence, particularly on the hot side. To evaluate
the importance of behavior along the phylum is virtually impos-
sible, and I will make no attempt to do so. With the increasing
development of the cerebral capacity, behavior may reach ultimate
sophistication in man with his air-conditioned houses. Physiolo-
gists and anthropologists have thus taught us that man's invasion
of the climatic extremes, such as the Eskimos, Lapps, and others,
is almost entirely achieved by behavior, with rather subtle changes
in physiological adaptation. Since we are discussing evolution, it
may be of interest thatbehavior may also show regression as a fac-
tor in human temperature regulation. I am referring to man's or
more ooorrectly, woman's vanity, explicit in sheer nylon stockings
in 40 C below weather, readily observable in the streets of

Fairbanks every winter,

An important part of the armadillo's temperature regulating
ability is represented by its behavioral pattern. Thus, there is no
doubtl that the ball-like posture is an extremely important means
of increasing the insulation. Measurements made by Buttner (1938)
demonstrate a reduction of 50% in the surface area when a man
curls into hall-like posture. The importance of posture was shown
clearly for the armadillo as well by the skin temperature measure-
ments and the experiments with the heat-flow discs. The building
ot nests is also a mostimportant factorin survival during exposure,
Without overslating it, nesi-huilding scems to be a highiy developed
social habit which is ol the greatest functional significance in the
survival and expansion of the species, It isof particular interest in
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this connection, as reported by Scholander et al. (1950) that some
of the smaller arctic mammals with furry insulation like that of
tropical mammals are dependent upon burrows and nest-building
for their survival., Notably, measurements made by Scholander et al.
showed that the insulative value of a lemming nest is roughly 1.5
times that of the lemming fur. If the nest is covered with snow, its
insulative value would presumably be even greater. In considering
the evolution of homeothermism, then, one must include behavioral
patterns as essential and indispensable parts of the whole system.

The rather loosely connected information I have given you may
qualify for a tentative outline of one probable way the evolutionary
sequence of homeothermy has taken place. Figure 20 is an attempt
to put the factors together, but only in a qualitative way, since
measurements are lacking in most parts. The first successful
efforts to maintain a fairly uniform levelofbody temperature began
on the psycho-physiologicalorbehavioral level.Such an achievement
would necessitate a well-developed sensory system for temperature,
as well as a nervous coordination of the effector mechanism,
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Figure 20. simplitied schemaucal drawing of a possible route for the evolu-
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like locomotion, etc. The first directly physiological factor brought
into the picture of homeothermy seems to have been a variation in
metabolic heat production, thus for the first time releasing animal
life somewhat from the environment. As discussed above such regu-
lation has serious limitations, and collapse occurs atseverely high
air temperatures and outside the tropical stahility. The next step
toward advanced homeothermy seems to have been the appearance
and development of the regulation of physicalheat exchange. We can
trace a gradual improvement of such function along the phylum but
also closely correlated to the thermal stress imposed by the envi-
ronment. We know from the important works ofIrving and Scholander
and associates that under the extreme conditions confronting the
arctic mammals, homeothermy is first of all accomplished and
maintained by adjustment of the shell-core temperature gradient--
or in other words, by adjustments of the insulation. The efficient
regulation of temperature under changing conditions in the environ-
ment must ultimately be entirely dependent upon anintegrated con-
trol of heat loss and heat exchange by thermostatic arrangements.
These thermostatic arrangements have reasonably developed grad-
ually becoming increasingly complex and accurate. The data pro-
vided by Bartholomew on Setonix, as well as my own data on the
armadillo, I think, provides an example of animals whose tempera-
ture regulating ability has Treached a stage where the degree of
thermostatic control is a factor limiting the efficiency with which
the animals maintain homeothermy. Efficient central nervous
thermostatic control seems thus to have been the last factor devel-
oped to perfection in homeothermy.

If you will grant me another minute, I will admit that there is
an obvious trend in the lower forms of mammauls for body tempera-
ture to be characterized by a large range and a lower set average.
In all treatments on the subject, however, this fact is regarded as
typifying primitive forms and thus the evolution of homeothermy.
It has been stated that the least variable factor in the whole pic-
ture of homeothermy is the body temperature. From my own data,
as well as other information accumulated recently. I am strongly
opposed to this view. In my mind it is entirely conceivable that a
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large activity range of body temperature may express a specializa-
tion rather than a primitive condition. A truly fixed body tempera-
ture, fluctuating within very narrow limits, would for many species
be highly uneconomical, or not at all obtainablein the special envi-
ronments they face. This viewpoint gets support from my work on
the birch mouse, a rodent which shows diurnal fluctuations in body
temperature up to 200 C in the summer time (Johansen and Krog,
1959). The large activity range of the husky gives additional support.
The work done on the camel by Schmidt-Nielsen et al. (1957) and
on the rhinoceros by Albrook et al. (1958), and practically all the
smaller animals subjected to thorough study recently show the same
thing (Morrison and Ryser, 1959). Let us not forget Joseph
Barcroft's words (1934) that every adaptation is anintegration. Let
us remember there is more to it than just keeping a constant core
temperature. The effector systems involved intemperature regula-
tion.-have other tasks to perform, which is so strikingly apparent
from Schmidt- Nielsen's study onthe camel.l am confident that when
our knowledge of body temperature ranges during activity and other
bodily performances, as well as sleep, is extended, this will dis-
close a largerrange ofbody temperatures than we are familiar with.
Let us not a priori let suchalarge temperature range be classified
as a primitive sign. Morcover, I feel f[rom my work on the arma-
dillo that the specializations I have mentioned above can also develop
in forms of lower phylogenetic ranking and thus complicate, and
maybe somewhat invalidate, the body temperature range as a clear
measure of the phylogenetic standing. I would like to submit this idea
as u challenge w present concepts of temperature regulation.
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THE HETEROTHERMOUS CONDITION OF THE
TISSUES OF WARM-BLOODED ANIMALS

Laurence Irving

Appreciation for the universality of physical laws began to de-
velop toward the close of the eighteenth century as the metabolic
production of animal heat was ascribed to combustion. Lavoisier
(1777) estimated that the heat caused by formation of the carbon di-
oxide expired by a rabbitwasnearly equivalentto the heat which the
animal gave off to a calorimeter, and he confidently attributed the
production of heat by animals to processes of oxidation.

In 1840 Julius Robert Mayer, a young physician in Java, followed
the then prevailing custom of bleeding sailors as they arrived in a
tropical port. When he observed that the venous blood appeared ar-
terial red he consulted with a colleague and was informed that in
Java venous blood appeared arterial in color. His imagination led
him to think that the diminished need for metaholic heat in a tropi-
cal climate brought about less reduction of oxygen in the venous
blood than was usualin a colder climate. Reflecting upon this dubious
explanation, he was led to produce comprehensive physiological and
astronomical illustrations of the transformation of energy, from
which he developed the general view of the conservation of energy
(Tyndall, 1898). Mayer's explanation of the color of venous hlood
does not sound valid, however, for peopleinwarm and cold climates
have about the same basal production ofheat, adjusting the elimina-
tion of heattothe climate by varying the circulation and temperature
in their skin.

ARCTIC CLIMATE

Cold northern climates are advantageous for studying thermal
reiactions of animals because the winter weather is so much colder
than the bodies of warm-blooded animals. Over the northern interior
of Asia and America extreme seasonal changes occur. At Allakaket
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in the Koyukuk Valley of interior Alaska justnorth of the arctic Cir?)
cle the lowest temperature during the mild winter of 1959 was -59
C, and the warmest day in Junewas+29 C. On April 3, -36 C was
recorded, and on April 11, the temperature rose to +13 C (U. S.
Weather Bureau, 1960). Residents of the Arctic encounter large an-
nual variations and precipitous rise of temperature in spring.

Stable Physiology of Arctic Populations

History indicates the presence of Eskimopeople in the American
arctic for 1,000 years before the first Norse settlers described them
in southwest Greenland. Archaeological study of flint implements in-
dicates thatan Eskimo type of culture has been in the American Arc-
tic for 2,000 years, and the ancestry of the Eskimo race in Alaska is
probably as old as the traces of its culture. The stability of these
people shows that their arctic existence was not uncertain and that
it was secured by good adaptation to arctic life.

Relics of mammals indicate that species now living have been
stable in form for several hundred thousand years. In the last part
of this period drastic climatic changes have occurred; 6,000 years
ago the north was warmer thannow, and some 20,000 years ago most
of Canada and much of Alaska was thickly covered by great ice
fields. The ancestors of arctic animals have been exposed to pro-
nounced variations in climate during afew thousand years. Although
many generations succeeded each otherin that time, the evolution of
new species is not apparent. The arctic species must have long pos-
sessed physiological characteristics which were adaptable without
evolutionary change inform tothe recentclimatic variations through
which they have successfully passed.

Although relics of animals of the past provide little direct evi-
dence about their physiology, systematic comparisons of physiologi~
cal characteristics indicate that the principal mammalian and avian
thermal processes have been stable since nearly the origin of the
warm-blooded habit. In arctic Alaska John Krogand1 (1954) found a
fair sample of the few species of arctic mammals and resident birds
and observed thattheirbody temperatures did notdiffer significantly
from those of animals of warmer climates. In fact among all of the
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Figure 1. Temperature ranges for which warm-blooded animals
are physiologically adapted compared with those of the world's cli-
mates. Redrawn from Figure 16, page 33, "Birds of Anaktuvuk Pass,
Kobuk, and Old Crow." Bulletin 217, U. S. National Museum. 1960.
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Figure 2. Mean body temperature of arctic and subarctic birds
and mammals. Figure 6, page 677, "Body Temperatures of Arctic
and Subarctic Birds and Mammals." JAP. 6(11):667-680. 1954.
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species of mammals that regulate their temperature well when at
rest, there is a difference of only a few degrees. Body temperatures
do not now differ geographically, and the comparativeview indicates
that little scope for variation in warm body temperature has oc-
curred in the course of evolution. There may be evidence for ancient
separate development of warm body temperature inbirds and mam-
mals, but the heat producing machines of the two warm-blooded
classes operate atnearly the same temperature. The reptilian meta~
bolic system was already so elaborately developed thatits evolution-
ary modification for warmer operaiion was limited withina narrow
range of temperature (Fig. 2).

Economy of Heat Among Arctic Animalg

Watching the caribou inwinterin Alaska, have been impressed
by the large amount oftime that they expend resting and carrying on
individual and social activities thatbring themno food, for while liv-
ing in warmer climates I had thoughtthat arctic mammals must feed
diligently in order tocombat the arctic cold with metabolic heat. But
Scholander and I (1950a) found at the Arctic Research Laboratory
that even in the coldest temperatures the warmth of well-insulated
arctic birds and mammals could be sustained with metabolism at the
resting ratc. Because of this economy the costof maintaining bodily
heat for existence in arctic cold does notexceed the metabolic cost
of living in warm climates. Insulation adaptive to the vicissitudes of
the arctic climate opens the north for occupation by warm-blooded
animals without economic handicap.

Natural populations of birds and mammals including man engage
in a great variety of time-consuming individual and social activities
which organize their societies in order to pursue their annual pro-
grams. Although these programs differ to suit seasons in various
environments, the organization of avian and mammalian populations
demands so large a share of each individual's time that only limited
periods can be utilized for feeding without endangering the structure
of the population, which is ascomplexinthe arctic as in milder cli-

mates.
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The Variable Insulation of Arctic Animals

The thick fur of arctic animals is obviously an insulator that
protects them from excessiveloss ofheat (Scholander et al., 1950b).
In fact fur is so effective an insulater that a man clothed in winter
caribou (Rangifer tarandus) fur becomes overheated whenhe walks,
and we do not yet know how animals with thick fur get rid of the heat
generated by their long, swift running. A portal for the exit of sur-
plus metabolic heat is provided by the thin covering of the limbs and
noses. When active, these extremities becomenearly as warm as the
body, but at rest their skin cools. We found that the bare skin of the
toe pads of arctic sled dogs and the hooves of caribou at rest might
be near the freezing temperature. The large webbed feet of Alaskan
Glaucous-winged Gulls (Larus hyperboreus) arenearly as cold as the
icy water in which they swim (Irving and Krog, 1955). When we tried
to measure the heatemittec: to cold water from the extensive webbed
foot of an Arctic Gull, the amount was so small that at first we re-
garded the results with suspicion (Scholander etal., 1950b) (Fig. 3).

Effective conservation of heatby cold skin is shown by the cold-
ness of the entire surfaces of swine (Sus scrofa) in Alaskan winter
weather (Irving, 1956). The value of their cool skin as an insulator is
apparent in the practicability of raising hogs outdoors in Alaska,
where our estimate indicated that they consumed aboutthe same a~
mount of food as intemperateclimates (Irving, Peyton, and Monson,
1956).

An even more impressive indication of theinsulating effective-
ness of changing the temperature of bare skin was shown by the hair
seals (Phoca vitulina and P. groenlandica) that J. S. Hart and I ex-
amined in winter atSt. Andrews, N. B, (Irving and Hart, 1957). In ice
water their skin was only a degree warmer than the surrounding
water, and their metabolic production of heat was little greater than
in warm air. Thus cooling of bare skin provides insulation against

excessive loss of heat in arctic waters, which have the greatest ca-
piacity of any inhabited environmentfor removing heat. This thermal
gconomy allows greatnumbers of scals, walrus, and narwhals to live

throughout the yeur m the icy arctic seas.
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Figure 3. Topographic distribution of superficial temperatures in the leg of a
gull (Larus glaucescens). Figure 9, page 361, "Temperature of Skin in the Arctic
as a Regulator of Heat," JAP. 7(4):355-364. 1955.
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It is an interesting indication of the general pattern of climatic
adaptability of animals that while land animals shed fur in summer,
northern harbor seals (Phoca vitulina) lose partof their physiologi-
cal insulation in warm summer water at Woods Hole (Hart and Irv-
ing, 1959). As fur covered mammals vary the thickness of their coats
to suit the season, seals reduce the effectiveness of their physiologi-
cal insulation inwarm weather. Anumber of examples illustrate that
thermal adaptations of individuals are reduced as well as enhanced
to suit seasonal climates.

Varying temperature of superficial tissues can thus efficiently
adapt warm-blooded heat producing machines to operate economic-
ally in a variety of environments. In fact heat producing machines
cannot work withoutthermal gradients. Until we examined arctic ani-
mals, however, I did not appreciate the extent of the swift changes in
the thermal gradients of the tissues of warm~blooded animals, Now
I find this variability intissue temperature tobe one of the most in-
teresting characteristics of warm-blooded life, and Isuspectthat it
is the primary insulator of the warm-blooded mechanism and that
fur and feathers are secondary developments.

At the start of intense activity in cold weather bare skin may
suddenly warm to nearly 40 C and then cool when rest is resumed.
From measurements of thermal gradients extending for 6 to 8 cm
beneath the skin surface in swine and seals, we have found that large
masses of tissues are frequently involved in extensive thermal
changes. In the temporal and topographic variations of superficial
temperature, the warm-blooded animals differ fundamentally from
the cold-blooded kinds. In warm-blooded forms only the center is re-
latively homeothermous, while the organism is heterothermous.

Variations With Temperature in Activities of Cold- and Warm-
Blooded Animals

In summer on the tundranear the arctic coast of Alaska at Bar-
row, 1 noticed that when the sun shone intermittently through the
clouds, the flies (Grensia) which I was pursuing escaped by flying.
When the sun was covered by a cloud the flies became grounded,
slow, crawling insects that 1 could easily catch. I mmserted fine ther-
mocouples in several of the flies and found that in shade they were
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0
about 80 C and in sunshine they warmed to 12 C. The change of a
few degrees converted the flies from slow, crawlingto alert, flying

organisms.

Not onlydo habits ofliving change critically in cold-blooded ani-
mals at certain temperatures, but many measurable physiological
frequenciesoand velocities of their activities commonly double in
warming 10 C. Aquatic cold-blooded animals donotusually survive
the quick changes through which heterothermous tissues ofnorthern
warm-blooded animals rapidly and frequently pass,but some north-
ern terrestrial insects can survive large and swiftchanges in tegn—
perature. If their activity changed continuously from 0 C to40 C
with the common & of two, it would increase 16-fold, but the dis-
continuity inactivity seen in the tundra flies shows that critical tran-
sitions in their cold-blooded activity occur at certaintemperatures
and drastically alter their manner of living.

The physiological systems of cold-blooded animals donotoper-
ate consistently over wide ranges of temperature, but the heterother-
mous superficial tissues of birds and mammals act in continuous
coordination with the homeothermous centers so that each animal
steadfastly remains one individual operating in its characteristic
manner. This integrated action of heterothermous tissues maybe the
most informative distinction between warm- and cold-blooded life.

Our knowledge about processes in the heterothermous tissues of
warm-blooded animals is too sparse to provide profitable speculation
on how they are integrated inthe continuous life of individual organ-
isms, but I can add some examples of heterothermous operation in
the adaptative reactions tocold of people living in northern climates.

Cooling of Hands and Feet of People Adapted to Cold

A few years ago I was fortunate in making the acquaintance of
members of a sect accustomed to going withlight clothing and bare
feet in Alaska, Two of their members whowere university students
have helped us tounderstand some thermal reactions by their ability
to mantest anddescribe their adaptation tocold (Irvaing, 1959). While
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one gtudent was sitting for 100 minutes insparse clothing in a room
at 0 C, atoecooled, in 40 minutes, below 10 C and then warmed in
two typical slow warmingcycles, The toes of the other student cooled
to 5 C at 65 minutes and were colder for the remainder of the 100
minute test period. During the tests the students studied for examin-
ations and ne1the1 expressed or showed much disturbance by the
cold. At 6° C the toes of one became insensitive to light touch, but
both individuals remained sengltwe and alert to small thermal
changes when their toes were 8 C. One of them notified me that a
certgin toe wgs rewarming while its change was recorded from
10.0 C to10.2 C and remarked upon similarly small cooling before
the change was recorded. I suspect thattheir peripheral circulation
is carefully monitored through alert sensations of temperature. Ex~
posure to cold must train the conscious and unconscious observation
of temperature for precise and vigorous reaction to meet temporal
and topographic requirements (Fig. 4).

In the same condition and similar scant clothing, the toes of a
young airman, who had been for twoyears an assistant in the Aer o
medical Laboratory at Ladd Air Force Base, Alaska, cooled to 10
C in eight minutes and werevery uncomfortable. At 14 minutes they
were very painful, and his general discomfort became so great in
41 minutes that I asked him to give up for fear that his violent shi-
vering would be injurious (Fig. 9).

I was at first unimpressed when one of the students told me that
he had noticed sweating in his armpits while he was exposed to cold.
When the adhesive tape holding thermocouples to a finger and toe
were removed after his cold test, he pointed to droplets of sweat on
rewarming fingers that had not yet reached 20 C, Airman Henson
also looked for and showed me droplets of sweat on his fingers and
tocs as he was rewarming but still shivering. The paradoxical ap-
pearance of sweat oncold skinmay give a clue to @ common process
of regulation in the simultaneous sweating and warmingof cold tis-

SUes.

In their two years in Alaska the twostudents had developed the
ability to work undisturbed while exposed to cold that we could not
stand. Although they felt no pain intingers and toes so cold as to bhe
extremely painful tor o person unpracticed in exposure, their
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Figure 4. Temperature on skin of a young man accustomed to light clothing,
bare feet and hands. Figure 1, "Human Adaptation to Cold.” Nature. 185(4713):
572-574. 1960. Macmillan and Co., St. Martins Street, London, W, C. 2.

LTI

Figure 5. Tempersture on skin of & young airman
dccustomed to regular military clothing. Figure 2,
"Human Adaptation to Cold." Nature. 185(4713):572-
574, 1960.
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thermal sensations were notnumbed but remained alert. Their toler-
ance of cold appears to be an active accomplishment and not the re-
sult of insensitivity. I thinkitis rightto say that they are adapted to
cold, because their accurately developed reactions enable them to
achieve the simplicity and comfort that they seek by wearing light
clothing.

Reactions of Eskimos' Hands to Cooling

Since we are biologists we should lookfor adaptation as a func-
tion of populations and not look merely inthe samples of young men
whom we usually test. Butitis hard enough to make observations on
vigorous young men when they are exposed to cold, and experimental
exposure to cold might appear to becruel treatment of delicate wo-
men and frail children. Since 1947 I have often enjoyed the good com-
pany and been aided by the intelligent appreciation of arctic life of
the vigorous Nunamiut Eskimos who live by hunting caribou in the
mountains of arctic Alaska. While we were visiting with Simon Pan-
eak and his pleasant family at Anaktuvuk Pass last March, Keith and
Jc Ann Miller and I were able to examine the reactions of a sample
of the population to cold, The men wear warm fur clothing while
traveling, hunting, and working. Their small children setout to play
in warm clothing, but in excited enjoyment of their strenuous sport
they may play for hours after they have lost their mitts and after
their disordered clothing becomes infiltrated with snow. It was no
problem to get them to sit outside in air temperatures just below
freezing with bare hands while we observed them from the comfort

of the sod house (Figs. 6-11).

The hands of five Eskimo men and two young ladies remained a
little warmer than those of three white men and two ladies. I think it
is significant that the hands of the adult Kskimos showed marked re-
warming reactions earlier than the white people, for we had noticed
that when immersed in cold water the hands of Indian men at Old
Crow began to rewarm carlier than the hands of the white men whom
we tested there (Klsner, Nelms, and [rving, 1960). The tiny fingers
of the tough little Eskimoboys cooled rapidly and very quickly began
rewarming cycles which continued at short intervals as lively as
their play. The boys' hands were often colder than 10 C.
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Figure 6. Nunamiut Eskimo camp at Chandler Lake, Brooks Range, Alaska,
November, 1947. Photo by Laurence Irving.

Figure 7. Nunamiut Frank Rulland, Simon Paneak, and Jesse Ahgook with P. F.
Scholander, Chandler Lake, November, 1947. Science. 107(2777): Cover. Photo by
Laurence Irving, 1515 Massachusetts Ave., NW Washington 5, D. C.

Frrure ». Nunamiut boys with Jo Ann Miller at Anaktuvuk Pass, March, 1960.
Photo by Kerth Miller.
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Figure 9. Nunamiut boy at play, Anaktuvuk Pass, March, 1960. Photo by Keith

Miller,

Figure 10. Nunamiul boy after losing gloves at play, Anaktuvuk Pass, March,

1960. Photo by Keith Miller.

Fuzure 11 Witham Fobuh with hunds exposed for cold test, Bettles, March,

1460, Photo by Kearth Mitler.
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Another importantdifference was in the expressionofpain. Most
white people find fingers around 1OOC painful, and our white subjects
spoke very plainly about the cold as disturbingly painful. The two Es-
kimo young ladies said their fingers pained a little, The Eskimo men
and boys did not openly express ordemonstrate pain or appear anxi-
ous to terminate the test as did the white people; but on questioning
two of the nine said their fingers became a little painful. Most of the
Eskimos said, however, that their hands became very cold. Keith
Miller is now analysing records obtained at the Arctic Research
Laboratory, Barrow, during exposure of hands to justbelow freezing
air in 12 Eskimo men, 4 women, 15 children, and 14 white men, 7
of whom were accustomed to work outdoors. His records substan-
tiate with details the general impressions gained from Eskimos at
Anaktuvuk Pass.

With fingers so cold that the pain would have disturbed us the
Eskimos seemed undisturbed. But the lively thermal reactions of the
[sskimo boys showed that their vasomotor regulation was sensitive.
After they had been happily and noisily at play for several hours
their hands were so cold as to appear beyond our safe tolerance. Al-
though they do not appear to depend upon warning by pain they
cannot be insensitive to cold, for when the children's fingers verge
upon dangerous cold conscious and unconscious attention for re-
wiarming must be especially accurately controlled in order to pro-
tect the little fingers with their relatively feeble supply of heat.

Eskimos cannot safely expose their hands to severe arctic cold
longer than a few minutes; therefore this adaptation of part of the
surface of Eskimos is small in comparison withthe degree and ex-
tent of the adaptation of the extremities ofarctic animals. But even
this smaull adaptation extends their ability to work sufficiently to al-
low for many essential acts whichcanonly be performed with hands
uncncumbered by mitls. That [rostbite is so rare among Eskimos
is the result of their keen conscious and unconscious appreciation
for the limits of time and intensity of cooling that they can endure.

Oberservations on  the InLeEI‘zltion of Heterothermous Tissues

For individual existence to be coherent @t mustbe continuously
related to mformation about its mmternal condition and external cir-
cumstances, Apparently an mdividual mustalways appreciate certain
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physical dimensions in absolute terms. For example, the force re-
quired to move the mass of alegdoes not change with temperature,
but physiological processes involved insensory detection of physical
forces do change with temperature. Mammals and birds ap-
pear to differ {rom the cold-blocded animal, however, in the large
inconstancy of temperature in superficial tissues and in the integra-
tion of individuality in this heterothermous condition.

After seeing that the fingers of people adapted to cold were use-
fully coordinated when very cold, I have been trying to find a per-
tinent measure for their sensitivity.Itseemed to me that terrestrial
animals would need constant appreciation for force and mass in
order to move. Stimulation by impact is a convenient test because
mass and the distance through which itfalls can easily be varied and

measured.

Cabbage seeds selected for uniform weight, about a miligram,
were found detectable after falling about 20 mm onto the ball of the
warm mid-finger. The impact of a seed of double the size was no-
ticeable after falling 10 mm, or the threshold for stimulation varied
about as the kinetic energy of the impact. Other parts of the skin
differed in sensitivity, and as the skinwas cooled, a heavier weight
or longer fall was required for the impactto be detectable.

It was easier to discharge mercurydroplets weighing from 1 to
3 myg by Scholander's micrometer burette which, with a plunger 1.59
mm in diameter, measured volumetrically the drop discharged
through a hypodermic needle to within a few hundredths of a milli-
coram. The kinetic energy of theimpacton the hall of my middle fin-
cer that | could just detect increased rather I‘Oglll.’ll‘by about eight
tinmes as my finger was cooled from 35 Cto 20 C (I'ig. 12).

Keith Miller is now using small steel bullbearings for weights
and finding that when measured as kinetic cnergy of detectable im-
pact the threshold stimulus increases regularly inatrained subject
as the skin cools. Individuals differ in sensitivity and in the vate of
diminishing sensitivity with cold. We have not discovered whether
this measure of sensitivity of cold fingers will distinguish differ-
ences in the people accustomed to cold whom we regard as adapted.
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The report of sensation involves complex neural mechanisms
which we cannot analyze physiologically. Since only partof the hand
or of a finger is cooled and we cannot control effectively the amount
of tissue cooled, we suspect that the regular thresholds observed in
day after day tests indicate that coolingof the hand affects the local
peripheral agents of sensation. But we are still only measuring a
threshold and not the sensation that is involved in our estimation of
the physical dimensions of stimulation. Itis nevertheless interesting
to consider this test an illustration of the integration of heterother-
mous tissues in an individual organism. Certain characteristics of
the external world must be appreciated in constantdimensions, and
yet the signals for thosedimensions are submitted through peripher-
al transducers that change characteristics as the tissues which con-
tain them warm and cool.

In comparison with thenatural adaptation of animals to cold, the
best physiological adaptation developed in people is only of small
magnitude, and cultivated human habits and economy provide the
main protection from cold. Some people resident in cold climates
are motivated to utilize to the utmost their small physiological a-
daptability to cold. They find it worthwhile to practice exposure that
seems very unpleasant for us who are accustomed to sheltered urban
life. We face the test of cold with anxiety and respond in the irregu-
lar manner that characterizes untrained physiological reactions.

Power and equipment from foreign sources are usedto relieve
soldiers and transient workers in the north from adaptation to its
cold climates. In each successive war in history power and tech-
nology have improved the protection of armies from cold and en-
abled them to live and move effectively in any climate and on any
terrain. In spite of improving protection from the weather it is sur-
prising that in every war winter cold blocks operations in the field
and continues to be a major cause of injury. The reason lies in de-
pendence upon power susceptible to accidental disruption. Military
tactics aim to damage the enemy's vulnerable heating system or o
lead him into a position where its effectiveness diminishes. Then
troops accustomed tosheltering warmth are immobilized by the pro-
tection that has left theminexperienced incold, while those less de-
pendent upon artificial warmth may retainasmall but decisive abil-

1y to maneuver,
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The necessity for independence requires LEskimo populations
to utilize their adaptability in winter. Even the limited human physi-
ological adaptation is importantin the natural economy of arctic life,
and il is interesting to see how this adaptation is used by the Eskimo
children for enjoyment of their environment. If it were considered
worthwhile we could doubtless dispense with some of the expensive
protection from cold that complicates living and restricts our ex-
perience. Whether or not physiological adaptation to cold is economi-
cal, I hope that some people will continue to practice ways leading to
adaptation so that by their reactions wecan gain insight into the in-
teresting physiological components that appear in human adaptation

to cold,
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Subject Age Air  Rewarming 1Pain Body
o . . ) .
("C) (Minute) (Minute)

W hite:
LI L5 - L 9 10 moderate Warm
JLA 39 11 12 8 severe Warm
NG 22 -1%8 10 17 moderate Warm
AB 40 -7 L7 L4 moderate Warm
JAN 2L - 0 3 moderate Warm

10
Eskimo:
JR Al -9 5 --- Warm
Cll 45 14 11 coo Warm

8
RN 3 =12 10 sa Shivering
Robt, 1> 235 -5 -4 - Shivering
Ray P 20 - 4 ] — - Shivering
NP 19 = 9 5 17 moderate Warm
KM 20 -6 I 3, 21l moderate Shivering

7
RN Il 18 | = Warm
GP |1 -lo 0 R Warm
Wl e -1 ! = Shivering
Roouas. 1?14 = || 0 ) oo Warm

|

Table 1.
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DISCUSSION

MILLER: As Dr. Irving stated, Figure 13 summarizes one
aspecl ol @ study made at Barrow late last winter involving Eskimo
and white subjects. Several of the whites were normally cold-
exposed to a considerable extent, while others received little if
any cold exposure. In Figure 13 you sce [inger cooling rates of
Eskimo girls. aged about 11 to 12. Eskimo boys of the sanie age,
outdoor orcold-exposed whites, and indoor, non-cold-cxposed whites
and liskimo adnlits with varying degrees of cold exposure. The lines
connect points representing cooling rates of five different fingers
averaged for the individuals in each group. Cooling rates were cal-
culated from temperature determinations made at 30-sccond inter-
vils during an initial five-minute cooling period. There appears Lo
be o definite relationship between hand volume and the initial five-
minuate cooling rate. The smaller fingers of the children show a
more rapid initial cooling rate than the adult fingers. Ignoring the
group ol indoor or non-cold-uccustomed whites for the moment,
It may be seen that the relationship hetween initial cooling rate and
hand volume among the various groups is approximately linear,
the cooling rate bheing decreased with increasing hand volume. The
most striking feature exhibited by the slide is the fact that the
indoor non-cold-exposed white group exhibits an anomalously high
coolmg rate in compatison with adult Eskimos and cold-exposed
whites. This more rapid cooling rate is mostprominent in the little
linger, wlthough it is exhibited to o noticeable degree even by the
thuib. Anpother point of inierest 1s the degree of variation among
diterent tmgers within cach subject group, Variation among, cool-
g rates ol different fingers 1s o ereatest e the group with the
st llest hand sizes the Fskimo orels and decreases steadily with
mereasing hand volume, azmn wath the exception of the indoor

whites. The degrvee of viiation withm the whites not accustomed

i

foocond was almost dentical o that ol the BEskimo oy i 1

that white mien not accustomed to cold exhibited o fimper cooling,

a Hise RA1 thy ditterent frome that o Bskimo men, despit
1 0l e e hoaud cotmes won ey N e Lh ‘
Gl o o ey hobse tahuewd ol s e bt
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to group differences in regard to previous cold experience, |
would not wish to s%y atthis time, The exposure temperatures were
from b Cand ~10 C.

EAGAN: Is it possible that whites who worked indoors could
afford more expensive clothing?

MILLER: No, not unless you want to insult all the members of
the Arctic Research Lab.

HART: Were the hands exposed in open air?
MILLER: Yes.

MORRISON: Is the larger hand volume characteristic of the
Eskimos?

MILLER: No, it is not significantly larger. Thercis just a very
slight difference.

MORRISON: It is 107 which would seem to be an appreciable

amount.

MILLER: But it does not appear Lo he statistically important.

[t is a relatively small group.
HUDSON: Are there any changes in blood flow?

MILLER: T did not muke any determinations of blood flow, but
other people have correlated hlood flow changes with adaptation in
skimos by cooling them in water. Thisis.more or less, a compli-

mentary study, usig air cooling.

EAGAN: T would ke to ask DroIrving one thing: your concept
ol peripheral heterothermy, [ helteve ) presupposes an improvement
m o osensitinvity tooall the ecencral Tactors in the environment at the
some or oat o lower temperature, Does this also imelude the ability

o coob more od set nmntam sensttvily to environment %
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IRVING: Well, there certainly must be improved sensitivity;
that would be the conclusion [rom the fact that they appear better
able to monitor what is going on outside. That is, they are more
observant of minor temperature changes inexposed skin areas such
as the face and fingers. This is not a reduction in sensitivity or
simply hardiness. Rather, along with the suppression of pain or the
suppression of the impression of pain, there is apparently a more
refined observation of the local temperature condition of the skin.
As yet, we have not successfully demonstrated that sensitivity is
retained at a better level in the cold adapted skin than in the warm
adapted skin. So far we have only used these sensory tests with
people that were unadapted to cold. There are other tests that indi-
cate that the temperature sensitivity is retained better in the cold
skin alter the people have been accustomed to exposure.

EAGAN: From the figures you have given on Eskimos, there is
a suggestion that their adaptation is an ability to maintain higher
peripheral temperatures, so that we cannot say that this is in any
way related Lo peripheral heterothermy asbeingan economical type
of adaptation.

IRVING: Well, you have to qualify the statement and say which
Eskimos you are talking about. As Mr. Miller has shown, there is
a real difference between men and children, and yet they are all
normal components of the population. In addition, he also observed
that the skin of the Eskimo children did cool more rapidly and to a
lower temperature d\ul'ing the period of exposure than was true of

any of the adults.

EAGAN: Children do seem to withstand very low hand temperu-

tures even here in Fort Wainwright.

IRVING: 1 do not know whether it is true ol all children or not.
We donot dare to ask parents o tend us their children for experi-
ment, but we have no compunction about asking the Eskimo children

to cooperate. They enjoy it

EAGAN: Glasser's work with habituation or repeated presenta-

tion of an extreme cold stnaulus shows that there s o change in
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the way that the central nervous system handles its appreciation
of this stimulus. Thus, after a series of exposures the organism
appears to gain confidence in itselfl. There is every evidence that
the discharge of cold receptors proceeds at the same rate, but the
change in the sensation of cold is localized in the sensory cortex;
that is, there is an habituation to cold. This can be suppressed by
anxiety. I would think that possibly the centralhabituation may often
be of much greater importance than peripheral heterothermy as
@ mechanism of cold adaptation.

IRVING: I would like to know if anyone has ever demonstrated
that the discharge of the peripheral sensory endings is maintained
during cold exposure.

EAGAN: We only have indirect evidence of this. Dr, Hensel
has not done it, but I believe Glasser put on a demonsgtration hefore
the Physiological Society. He had a subject who was accustomed
to immersing one flinger in ice waler six times per day and who
no longer gave uny cvidence of a pressor response or of a cardiac
acceleration response to this measurement. However, when the
subject was brought up before the group at the physiological meel-
ing, he did show the pressor responsc and the tachycardia. He has
made other indirect obscrvations on experiments in which they
have induced anxiety in the subject, causing him to show this phys-
iological correlate of pain sensation. Also, he had an argument
which involved the usc of tranquilizer drugs, and from all of this
he thought that the simplest explanation was that the discharge of

the peripheral receptors s unchanged.

IRVING: Well, 1T cannot discount the operation of the central
part of thesystenm inhabituation, as distinet from perpheral adapta-
tron. [ would say that adaptation likely mvolves change in the phys-
iological behavior ol peripheral organs or tissue. [ think there is
surc to be some alteration there; for example, the changes in some
of the nerves of the potkitotherms result in the blocking of therr
conduction wnd excrtabrlity ot o lower temperature after they have
become uscd to that temperiture, That s the sort of thing T am
contidently Tookig for siee we observed that the peripheral ner es
ot cold adapted sca eulls conducted ot Tower temperatures than

when warm sdanted.
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PROSSER: It might be that these other more complex inte-
grated funclions are superimposed upon peripheral change. I do
not think one would expect a single line of defense here, but a
double line of defense.

IR VING: I do not sec how the nervous system can possibly work,
anyway. What I mean is,how can it maintain the constancy of appre-
ciation for external conditions through a thermo-labile system
which changes so grossly in many of its velocity and frequency
functions? A gram remains a gram, and that is that. A millimeter
remains a millimeter and that is that. If the universe changed dimen-
sions as it changed temperature, we would gonuts; we would not be

here.

SAGAN: There was an experiment wedid in which four subjects
exposed one hand inacoldbox for 12 hours per day for ten consegu—
tive dzlgs, the finger temperatures being maintained between 10 C
and 15 C during the period of exposure. The latter was accom-
plished by having the subject withdraw his finger slightly as the
finger temperature increased or decreased towards 10 C%r insert
it farther into the cold box uas it increased towavds 15 C. The
subjects complained quite a bit at first, especially as it was getting
toward the J()U C side ol things. As the days passed, their cold
tolerance was greatly increased and they would ceven go to sleep
with finger temperature at 10 C, a temperature which was too
pianful in the beginning to even consider any sleep. Interestingly
enough, when theydid go to steep, the finger temperatures invariably
rosc; we had to awaken them so that they could shove their hands
into the cold hox o little further. In general, I feel that this experi-
ment nicely demonstrates oo decrease in the discomfort due to cold

as o result of continuous exposure.

IRVING: [ think that s very mmportant. Iven though we say
"puin' is not physiolomically cefinable as vet, it is nevertheless
avery important fact. Pamoas pretty real, especially pain from cold.
A person unacceustomed {o o cold just cannot conceal it 1 think the
mechianisms responsibie for this habituntuon present @ most imter-
esting question. As o resull of habituation there s repression of the

sense of prany but we do not know whether there s any change
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the rate, the velocity, the thresholds, or the temperature of cold
block for the actual nerve tissues in the periphery. There must be
some way to getl at this question.

PROSSER: What would be the best animal to use? Hensel's
work has been done almost exclusively with cats.

IRVING: People are pretty good.

PROSSER: Bul you cannot go in and record the nerve impulses.
[ want an animal in which you can go in and record the nerve

impulses.

IRVING: 1 would take a bird like a gull, because for one thing
they are not pleasing animals; you have no sympathy for them at
all. By just putting blindfolds over their heads you can pretty well
immobilize them, and when so quieted you can readily expose
their long bave legs to cold.

EAGAN: [ think a lot could be done by using Irving's and
Miller's ball-bearing test on fingers. When you use bilateral com-
parisons you can so simply compare the adapted side with the
controlled side.

PROSSER: Is this sensory adaptation which may be occurring
due to the temperaturc per se, or might it be due to changes in

oxygen supply?

[RVING: Temperature, per se, must be a factorin this habitua-
tion. However, since cold does reduce the circulation, then oxygen

supply is also a probable factor.

ADAMS: You can superimpose the effects of anxiety, induced
cither by cmotional stress or by pain on the cold induced vaso-
dilation response. In some subjects where we have measured cold
induced vasodilation responses, we find that we can prolong the
period of the pcri(]))hcml visoconstriction (with the finger surface
temperature at 0 C) up to 25 minutes in the ice hath by super-

mposing the effects of anxiety on the basic pattern of the response.,
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In these studies we found finger temperatures were about 33° C
when the subject was supine at a room temperature of about 20 C,
After stable measurements were attained at room temperature, the
finger was immersed into a stirred ice bath. At this point, of course,
a typical '"Lewis response' occurs; that is, a rapid cooling to
approximately the temperature of the bath, followed by a period
of spontaneous rewarming to about 10O C to 12 C. I think that this
is an almost classical response and anyone can reproduce the
experiment using similar test conditions. This is the type of res-
ponse that we find in all of the subjects in non-anxiety states. In
superimposing the effects of anxiety, however, we can change this
pattern to one where the cooling phase is prolonged to 25 minutes
after the initial immersion of the fingerinto the ice bath. This is to
be contrasted to the '"unstressed'" subject, where the spontaneous
vasodilation normally occurs inabout 7 minutes. This, I think, would
probably indicate that there is a functional integrity of at least the
efferent nervous components in the peripheral portion of the finger
at these temperatures. Incidentally, the temperature that T am dis-
cussing is, of course, the temperature at the thermocouple taped to
the surface of the finger. It indicates very little, if anything, aboutl
temperatures deeper in the finger where one may expect to find the
sensory endings and where you may also expect some peripheral
vascular changes to come about with mild degrees of adaptation or
cold acclimatization.

We becamce interested in this phenomenon as a possible test
site for induced variations in peripheral vascular responses with
local chronic cold exposure in the same individual. The condition-
ing phase in our series of experiments consisted of immersing the
same portion of the right index finger in a stirved ice bath for 20
minutes each time for one month; different groups of subjects under-
went two, three, or four such exposures cuach day, In the group of
subjects that showed the greatestdifference in response to the finger
mmmoersion in stirred ice water, we found the finger temperatures
cooled to only 10O C in the bath, compared to 0 C in the control
experiments. The first thing that we saw was an ecarlier initiation
of the rewarming phase after about one week of cold conditioning.
We also carried out digital calorvimetric measurements when the

fincer was maximally vasodilated in the bath and found a statistically
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signilicant difference helween the heat dissipation Lo our digital
calorimeter of the control and locally cold conditioned digits.

There 1s a possibility that this vasodilation, or relatively
reduced vasoconstlriction, could be due to the destiruction of the
components or functions in the finger that would allow for maxi-
mal vasoconstriction during immersion in the ice bath. That is,
the vasodilation we see developing in the locally cold conditioned
finger may be duce to a destruction of vasoconstriction potential.
However, using anxiety again as a variable, we [ound that with our
subjects, all of whom were either medical or graduate students
and in whom il is very casy to induce anxiety, the induction of
anxiety by verbal suggestion at any point in the phase of vasodila-
tion brought the finger immediately to 0 C, with a cooling pattern
similar o the initial vasoconstriction seen in the control experi-
ments. I do not feel, therefore, that the cold conditioned fingers
have lost the ability to vasoconstrict maximally. The altered CIVD
patterns appear to result from an adjustmentinperipheral circula-
tory control rather than a simple destruction of function.

EAGAN: T would like to point out that you have to be very care-
ful in using thermometry to deduce what is happening in the hlood
vessels, bhut you cannot fool 2 culorimeter if you usc exactly bal-
anced systems in testing the two fingers. In similar experiments
of recurrent finger cold exposure we have usced plethysmography,
thermometry, and calorimetry concurrently, and we do not sce
any ol these CIVD differences you report,

ADAMs: 1 think such calorimeter data are quite acceptable
for showing an mcercase m digital hlood {1ow. It 1s possible, how-
cever, that one could have a chunge 1 circulation or circulatory
mechansms, perhaps in an mereased blood tlow deepin the Tmger,

that would not be vetlected m surtace temperatures,

EAGAN: How con you fool o plethysmograph? Calorimetry
will measure the average response over S0 minutes, 1f ihat 15 the
length of tmmersion. With thermometry you et something iter-
medute o capability for detecting voascular change. It s shghtly
more sensttive  than calorimetry, but nevertheless, m vasocon-

siricted tissue, because of the thernul capac ty of the tissue and
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bocause of its towthermalconductivity, youwillhave a considerable
delay in detection of vasodilation. We have uscedthe mercury strain
cauge, which youcan place on the finger and which makes plethysmo-
graphic measurements by using eitherthe olume pulseor the meas-
urcment ol blood flow butdoes not interfere with the exposure of the
[inger to the environment. And here we have a very sensitive meas-
ure of the most subtle changes in vascular responses. Yet, despite
this we have failed to detect any evidence in favor of a local adapta-
Lion to cold insofar as the CIVD response is concerned.

FOLK: T would like to ask Dr. Johansen to comment again on
his work with huskies. As Tunderstand it they showed high body tem-
peratures alter bheing on the trail. If you are talking about some
other animal we might lind evidence ef cross-acclimatization, but
il Tunderstand it correctly, the husky does not show cold acclima-
tization. Is 1t pessible that there might be heat acclimatization?

JOHANSEN: My studies on the exercising of huskies were
essentially not complete in the sense that I studied all the factors
mvolied in thermobalance. I did not measure superficial tempera-
tures, for exumple. 1 did find, however, that t ‘aining lowers to some
extent the great increase in temperature that is seen after intense
exercise. [ do not know il this will hold up statistically, but T do
think that the effector systems for heat loss in the husky, the wolf,
the fox, and a number of other semi-large arctic mammals are not
effective enough to give asteady state thermalbalance at high le.els
of exercise. There seems to be an inevitable accumulation of heat.*

MORRISON: What was the ambient temperature when vou were

running those huskies?
o 0 0
JOHANSEN: From 50 C (o 407 C below zero.

MORRISON: We van some similay studies with huskies . and

I two scets ol experiments ot about an hour each we «did not ot any

*Rapid or slow, this heat accumulation s probably related to the whole problem

ot fatigue.
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such increase in bodytemperature. These measurements were made
during a normal regime with theteam pulling a loaded sled and with
three to five minute rest breaks every 15 minutes.

IRVING: These were trained?

JOHANSEN: Yes, eventually. They were not trained at the start
of the season, of course, but they weregradually trained during the

course of the winter.

EVONUK: What was your environmental temperature, DT.
Morrison?

MORRISON: it was in February or March;the temperature was
near 09 C.

JOHANSEN: I have done similarstudiesonsmaller, well-furred
arctic mammals, like the muskrat, and if 1 dispense with their
avenues for heat loss, for instance by occluding the tail as a heat
exchanger, then they show a very high body temperature. In other
words. heat loss through the feet and the nose and panting is not
cnough to keep them at a normal body temperature.

ADAMS: There werc also some data on beagles* showing that
voluntary exercise terminates at a particular level which seems to
be dctermined by the body temperature. The rate of body heating
Is decreased with training. Untrained dogs will have a more rapid
rate ol increase in body temperature when exercised on a tread-
nmill, whereas trained dogs will show a slower rate and will reach
a purticular rectal temperature in a much longer time.

JOHANSEN: T can tell you that just harnessing up a dog team
makes them quite excited; it is cnough to mncrease their body tem-

perature more than one dezrece,

HANNON: Dr. Durrer and [ have done o lot of work related to
this problem of insulation and metabolism ol well-furred. well-

mstlated dogs Jersus those that are not so well msulated. Thus,

*Young, DL L et ale 19590 J0 Appl Physiol, 14089,
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the duaily caloric intake of huskies was measured throughout the
entire year. In addition, the daily caloric intake of beagles was
measured over a period extending from late winter to summer to
early winter again. Contrary to what you might suspect from renorts
in the literature, there is a marked seasonal difference in caloric
intake in both groups of dogs--very high rate in winter and low rate
in summer. In the husky this occurred despite a large increase in
winter insulation. The difference between the amount of calories
they took in in summer and winter was in the neighborhood of 60%
in the husky and 709 in the beagle.

The data of Scholander and Irving's group at Barrow* indicate
that a few arctic animals show no effect on metabolism through a
temperature range. We saw a similar thing in the caloric intake of
huskies during midwinter, owhen thg environmental temperature
made a sudden drop from -7 Cto-44 C. This temperature change
had no effect on caloric intake. We did not take a look at this type
of thing in the beagles, but the beagles between winter and summer
showed changes very similar to those seen in the huskies from the
standpoint of caloric intake--a little greater, but not appreciably
s0. As a result oftheseobservations oncaloric intake, we are com-
ing to the conclusion that in these animals the basic response
appears to be metabolic and the insulative change probably serves
lo increase their capacity to tolerate even lower environmental

temperatures.

In the husky it is interesting that early in the winter, in Novem-
ber in particular, his caloric intake is somewhat above that seen
later in the winter. For example, it may go up to 70% above the
summer level and then drop back down to a plateau that is main-
tained for the remainder of the midwinter. This would suggest that
as he picks up his winter insulation he is able to compensate some-
what for the increased caloric demand of the environment. We did
not carry the heagles far enough into the winter to sce if there was
a similar sort of reduction in caloric intake. However, no gross

changes in fur insulation were apparent.

sscholander, PoFL, et al, 1950, Biol., Bull. 99:259.,
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HART: You have an increase in food intake of 507% to 60%7”

HANNON: This is average daily intuke on [live huskies.

HART: I do not think that youcanconclude that this necessarily
represents metabolic temperature regulation. How welldid you con-
trol activity, sledding and various things?

HANNON: These dogs were tied with six-foot chains. They were
only released from these chains a few times, in both summer and
winter, to be brought inte the laboratory forblood sugar determina-
tions. Furthermore, in the winter the body weight declined, and
in the summer it increased, thus suggesting an inability to precisely
match the caloric intake to the energy demands of the environment.
In other words, in the summer they were eating too much and in the
winter too little to maintain a constant body weight from season to

secason.

HART: Is not 60% a large increase in food intake for a well-

insulated animal?
HANNON: It would scem so, yes.

MORRISON: Arc they rather limited in their activity in the

summeoersy

HANNON: Grossly, the animals appeared tobe mostactive in the
summenr and the least active during periods of extreme winter cold.
Whether this produced a significant scasonal difference is unknown.
It is my guess, however, that they may be more active in summer,
because there are more people around them.

. : 0

DURRER: It is interesting to note that mtemperatures of =35 C
or _.m() C the activity is quite reduced. For example, they are even
reductant to get up and ecatand arenot as apt to rise in the presence
ol people at these extreme wintertemperatures as they are in sum-

mer or m the wiarmer winter temperatures.

JOHANSEN: Once factor that has not been mentioned is the
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availability of food to the animal. Itis extraoidinary when an animal
has more food than he can eat everyday. This is certainly not what
you would expect arctic mammals to be confronted with in his natural

environment.

HANNON: Thatistrue, but if we had attempted to control calovic
intake we would have biased our results by the mere facl that you arc
controlling the amount of food available.

IRVING: He is thinking that the dog chooses to eal more when
excess food is available. Why he chooses toeat is a different thing.

MORRISON: I might add that our appetite in cold weather
exceeds the thermoregulatory needs of the body.

HANNON: After the [irst two or three weeks of over-eatin~
they reduced their intake and it remained fairly constant from day
to day. However, when you consider these daily intakes over a
period of months the differences betlween the seasons are signifi-
cant, and therec is a significant correlation between temperature
and food consumption.

HART: Have you done this over the whole winter and summer?

HANNON: On the huskics, we have it starting with November
of one¢ year and continuing through November of the following year.

MORRISON: How aboul the beagles?

HANNON: The reason we used beagles is interesting in itself,
We started these feeding experiments on huskies on the first of
October and commenced our measurements of food intake on
the first of November. As I mentioned carlier, there was a2 dechine
in food intake bhetween November and the later portions of the
winter. This did not scem quite right; so in midwinter we decided
we had bhetter look at dogs that were not so well-insulated as the
huskics. Beagles scemed to offer o good choice. They were pur-
chased m Calitornia and hrought to Alaska, where they were housed
mdoors for four weeks. Durig this period they were allowed two

weeks o adapt to the sae diet as the huskies and (wo wecks
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during which control measurements were made in the laboratory.
They were then subjected to outdoor exposure. When we first put
them out in the cold the temperature was about 0 F. At first they
could not tolerate this cold on their feet and would howl, roll on
their backs and put their feet in the air. During subsequent expos-
ures of gradually increasing duration they evidenced cold injury,
particularly on the feet, ears and mouth. However, within a period
of two or three weeks these injuries began to disappear and they
were eventually able to tolerate temperatures as low as =30 C for
a full 24 hours with no apparent ill-effects. Such continuous expos-
ure was continued through the remainder of the winter, the summer
and into the early months of the following winter, when the experi-
ment was terminated.

MORRISON: Were they eating meat or dog chow?

HANNON: The diet was fairly high in protein; it was a mixture
of dry dog food, powdered milk, and fish meal.

WEST: Did you find any difference in efficiency?
HANNON: Do you mean work efficiency?

WEST: No, efficiency of food assimilation; that is, the utiliza-
tion of the energy that you gave them. Did you get the caloric value
of feces, for example, to sce if they were using all this food that
you were feeding them?

HANNON: No, we did not.

KLEIBER: [ may have an answer to that, not for dogs but for
baby chicks. There we found a very consistent correlalion between
food intake and temperature; (l)ulnu:ly, as_we decreased the ten-
perature from 100 F to 95 F to 80 I' to 70 F,there was a
consistent increase in food intake. There was also adecrease in
digestability.

WEST: We found the same decline mefficiency with wild birds.
Fwonder if this is a partofthe explanation for this increasce in fod

Imtake.

THEN




HETEROTHERMY IN HOMEOTHERMS

KLEIBER: We measured that and found that there is a definite
increase in caloric output.

HANNON: Well, the magnitude of the change in the beagles, at
least, between this summer an% winter is very similar to what
you see in rats going into a 5 C cold room, thus suggesting a
similar caloric demand by the environment. In the cold, rats cer-
tainly exhibit a high rate of heat production, but as far as I know
the ecfficiency of food utilization has never been measured.

IRVING: To get back te the remarkably high body temperature
that Dr. Johansen spoke about, I would like to inquire whether there
are reports of domesticated animals having reached similar high

temperatures?

KLEIBER: Yes, Kibler and Brody(;k 1‘e001(§led rectal tempera-
tures in Holstein cows as high as 108 F (42 C). Generally cows
are in bad shape in a hot environment.

FOLK: I might make another comment on continuous feeding of
dogs, sincc apparently not too many people have heard about it, but
some of the big kennels have been doing that for several genera-
tions. Someiimes, in experiments like those you do with white rats,
you want to have continuous food there. Youdo not want a perturba-
tion. If they have had food in front of them when they are yuite
young they do not overeat. Occusionally there is one dog you will
need to climinate because it does overeat,butthey are rather quick
to learn to take just enough out of a feeder.

HANNON: Our dogs in the study were two Lo four years old.
Thus, they were adults. Food was placed in front of them and left
for u period of one-hall hour. But, as I mentioned carlier, they
would eat o little bit too much in the sunuer time and too Little
in the winter time insofar as the maintenance ol o constant body

welght was concerned.,
MORRISON: Fwonder i the spectbic dynanne action ol the food

*habaer, Ho Hooand 5. Brods, 1960, Influence of hanmdity on heat exchrnge and
Loats temperature regilGon i Jersey, Holstemn, Brahman and Brown Swiss eattle,
Feovs of Mossonn: Reso Ball 5220001
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would produce enough heat to mike themuncomfortable in the sum-
mer and if this could moxify their intake. Such un cffect should not
bother them in winter.

HANNON: We do not know, except that in the winter they have
heavy insulation. In the summer they do not.

MORRISON: They can lie in the snow and dissipate more heat.

HANNON: [ believe Dr. Irving has made some measurements
on the amount of heat that huskics dissipate to the snow when they
arc lying down?

MORRISON: Well, how much they can dissipate and how much
they do dissipate depends on whether they are in a heat dissipation

"posture' or not.

HANNON: I dogs urce lying in the snow dissipating very much
heat, a melting of the snow should be evident. This does not scem

Lo occur.

IRVING: There is no melting. John Krog and I measured the
temperature under dogs by putting a grid of thermocouples under
the place where they slept. We found that the temperature at the
suriace was not above [reezing, and the snow did not melt although
it did become compressed. If the snow had melted, the fur would
have froze to the snow. and you never sce any fur frozen in a place
where a normal animal has been bedded down in the snow.

JOHANSEEN: I T may switch back to the high temperatures now,
I think that we really need o lot more measurements. The only
really detailed study available is Asmussen and Nielsen's study
of athletes, which showed o rectal temperature of ‘IJU Coatter long
track running. Itmay be surprising (o vou, bhut it s not to me, that
the husky, with its tremendous insulation, gols such w great in-

credse i temperiature.

IRVING: Have sou obtaimed any evidence that he read by develops

4 )

a better taculty tor supporting o high body temperaiunre
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JOHANSEN: No.

IRVING: I think this would be a very valuable thing to deter-
mine, especially when sled-dog running is so well cultivated here;
you might cven use such information to get good teams ol dogs.

JOHANSEN: Of course I would like to measure running caribou
and, when I get back to Norway, the reindeer, which is domesticated

and used for transportation.

HART: I would like to mention this in connection that even in
the small mammals such as mice and rats body temperatures up
to 4()0 C or 410 C may be obtained during exercise of 20 or 30
minutes duration. It is commonly possible to do this in a rela-
tively warm environmentaltemperature. However, inacoolenviron-
ment, the body temperature may not rise at all.

JOHANSEN: Their insulation of course is poor.

HART: The insulation is markedly inferior. With the husky
dog, you apparently never reach the condition where the tempera-
ture is low cnough to cause this effect.

HANNON: Along similar lines it mightbe worth mentioning that
the rectal temperatures of cold acelimatized rats are quite readily
elevated to very high levels whenthey are injected or infused intra-
venously with norepinephrine. A number of times, [or example, we
have observed body temperatures as high as ~1:5() Coor 440 Cin

experiments with this hormone,

JOHANSEN: O course this concept of heterothermy and the
potentitl ol insulation somewhat invalidates the thines we have
bheen taught in school ihout the chimatic vules. T was wondering
whether Dr Trving would care to comme hont how this might
mvalidate Alen's Rule about the length of extremiiies.,

IRVING: T think those rules are uscless.,

PROSSER: There os sull o corvelanion, just the sime,
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IRVING: I am not sure there is among the different caribou;
the smallest of all is also the mostnorthern. You find many excep-
tions to that; and as Scholander says, if this were a matler of a
law of heat you should not find any exceptions. Thus, one exception
would invalidate the significance of such a law. It may be true that
muny birds as they go north get longer tails, larger bodies, or
bigger claws. On the other hand, some do just the opposite. I do
not think it has ever been shown that any of these differences in
body dimensions are significant to the heat economy of the animal.
I will go farther and say that the surface of an animal has no rela-
tion to its heat exposure; there is no relation that you or I can
define, because in the first place there is no geometrician who can
define the surface of such an irregular object as an animal. It is
indescribable, mathematically. If it were describable, it would not
be worth the time or the effort, and further, attributing the heat
loss simply to the surface disregards practically all that we know
thut is interesting and important with regard to the conservation
and dissipation of heat. In other words, it is not a matier strictly
ol surfaces. For example, the circulation through the skin of the
fingers is onc hundred times what it is through the skin on the
forcarm or on the rest of the body. The variability in the amount
ol circulation, the amount of heat exchange, and the temperature
ol hlood passing through the extremities are far more important
factors than is the extent of the skin surface. And those are the
variable factors in heat economy, while surface, if there be such
a thing, Is an invariable function unless the animal chooscs to
alter his posture, as he does in sleep.

PROsSER: But still there is o general correlation between
size and distribution; it may have no relationto temperature regulu-

tion at ull, but it remains as a correlation.

IRVING: That may be, but it is not of any great interest or

portanee to phystology .

PROsSSER: [ am not witling to say that. Tt may have some mean-

me which we do not know.

MORRISON: Do you think 1t 1s Einr to say that o factor has no
stgnificancee simply because  there are other factors which are

niore stenitreant™?
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IRVING: Yes, it has less significance, because il conceals
or disregards the physiologically important and interesting things,
which are the variability in temperature and circulation of the
different areas.

MORRISON: Well, would you then say that the high levels of
hemoglobin in a divinganimalare ofno significance in the prolonga-
tion of diving, because they would not allow anything like the
observed increases in diving time and because the circulatory
changes are so much more important?Is therenot an analogy here?

IRVING: No, I would not say that the oxygen capacity of the
blood is unimportant for the seals. It is very important. It is not
the large factor in the prolongation of their dives, but presumably
if the blood has twice the oxygen capacity it has at least doubled
the transport capacity and the rate of recovery. If you get double
the oxygen capacity and improve the elasticity of the whole vascu-
lar system, then recovery is apparently attributed to those factors.
One of the remarkable things about suchdiving animals, incidentally,
is not only the prolonged divingbut also the rapidity with which they
can recover and take another dive.

MORRISON: But when we have a factor that is advantageous,
when are we to say that it no longer has any significance as long
as it is in the right direction? Can we not say that it may have
selective significance, even if it is only at the 107, or 5% level?

IRVING: Then you get one of these instances ol statistical
significance. You are talking about imperceptible adaptations
which gradually accumulate by some statistical process to hecome

of visible importance.

JOHANSEN: Il you go back to heterothermy, the pomt here s
that these extremities provide insulation, and 1f they are larger

they provide more insulation.

MORRISON: I you do not have extremities, msulation (=]

conductance) i1s hetter,
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JOHANSEN: No, such a situation is unrealistic and has no
relevance to the situation.

MORRISON: If you amputate the leg, you are going to lose less
heat from it.

PROSSER: Also, there might be differences which would show
up In a population analysis that would not be of any measurable
advantage to anindividual as such. However, they might be of impor-
tance to the whole population.
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MAXIMAL STEADY STATE METABOLISM AND ORGAN
THERMOGENESIS IN MAMMALS

L. Jansky

The studies of basal metabolic rates in mammals and the rela-
tion of metaholic rates to body weight have been the subject of many
papers and reviews since the middle of the nineteenth century. These
studies have not confirmed the validity of the "surface area theory"

and have proved that the basal metabolic rates were proportional to
0.75

W where W is the body weight (Kleiber, 1947).

On the other hand, very few data are available on the upper
limits of metabolic rate that can be sustained for long periods in
different species. It is known that very high rates of heat produc-
tion, up to 100 times the basal level, can be measured in man and
horse under extreme exercise (Brody, 1945). However, these rates
cannot be sustained for long periods and do not result from steady
state effort. Methods of estimating steady state effort and a com-
parison of results in differentspecies varyinginbody weight will be
considered in this paper. In addition, the total cytochrome oxidase
activity, which can yield values for metabolism whichare theoreti~
cally maximal in different species (Jansky, 1961), will also be con-
sidered. This method also provides a means for estimating the theo-
retical maximal values for different organs of the same species and
their relative contributions to the metabolic capacity of the whole

animal.

Muximal Stcady State Metabolism

IFFor the purposes of this paper, the upper limit of metabolism
will be called the "maximum steady state metabolism' and will be
defined as the highest oxygen consumption compatible with sustained
acrobic effort when there is no progressive accumulation of lactic
acid in muscles, Itis known for man (Wells ot al., 1957) rats (Sreter
and Fricdman, 1955), and deer mice (Hart and Heroux, 1954) that a
certamn level of exercise can be attained without accumulation of
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lactic acid and that this level of exertion can be sustained for long
periods. In practice, lactic acid is notusually measured, and maxi-
mal steady state metabolism during exercise is determined at the
highest running speed, which can be sustained for about 20-40 min~-

utes.

During exposure to cold thereis alsoa marked increase in me-
tabolism which can be maintained for long periods. The question
therefore arises as to whether there is a relationship between the
maximal working metabolism and the highest level of metabolism
that can be obtained in the cold.

Experiments on man have shown that itis possible to attain the
maximal steady state metabolic level only under intensive work con-
ditions and that the effect of cold does not add to the metabolic rate
during work (substitution theory- Lefevre, 1933, 1934). On the other
hand, tests on some small mammals have shown that maximal ox-
ygen consumption is possible with simultaneous application of work
and lowered temperatures, so that the working and cold thermogene-
sis occuratthe same time, (addition theory- Chevillard, 1935; Hart,
1950; Hart and Heroux, 1955; Jansky, 1959, a, b, c).

In the tests on small mammals, the measurement of maximal
steady state metabolism during work and exposure to cold is very
difficult, owing to the rapid development of hypothermia which event-
ually causes a decline in heat production. Figure 1 shows a distinct
drop in the oxygenconsumption of white mice which started immedi-
ately at the beginning of the work in extreme cold (Jansky, 19594a).
Decline of metabolism presumably due to hypothermia was found at
the lowest temperatures in most of the species investigated.

Since the values obtained on hypothermic animals could not be
considered maximal, it was necessary, therefore, to perform the
tests atvarious temperatures to find the lowest temperature at which
working oxygen consumption was miximal and did not decrecase dur-
ing the test pericd (40 minutes).

Results obtained on various small mammals showed that there
were species differences in the effect of workand cold on metahol-

ism. In rabbits and lemmings (Hartand Heroux, 1955) in white mice
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Figure 1. The

time course of working oxygen consumption of the mouse at
various temperatures. Ordinate: oxygen consumption in mIOQ/hour/animaI; Abscis-
sa: time 1n minutes. (Jansky, 1959a).
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(Hart, 1950; Jansky, 1959a), and in golden hamsters (Jansky, 1959¢),
kept at laboratory constant temperatures, the working oxygen con-
sumption increased with decreasing temperature. Oxygen consump-
tion during work was added directly to the cold thermogenesis, giving
two parallel curves (IFigure 2). These results confirmed the validity
of the addition theory and showed clearly that the highest values of
metabolism could be measured only after simultaneous application
of cold and work.

Contrasting results have been obtained on twowild rodents, the
common vole (Microtus arvalis) and the bank vole (Clethrionomys
glareolus) (Jansky, 1959b), kept for a shortperiod at naturally fluc-
tuating tempcratures. Both species are closely related and have the
same average weight (18 gm). In thecommonvole, the typical addi-~
tion relationship between working and resting heat production in the
cold was observed. In the bankvole, onthe other hand, the metabol-
ism during maximal work below the thermoneutral zone did not in-
crease to the same extent as thatduringrest with decrease in tem-
perature. Therefore the heat production during work partially sub-
stituted for the cold thermogenesis. This was particularly clear when
the maximal running speeds of the two species of voles are consider-
ed (Figure 3). Although there was a slig(})ltincregse in running speed
with lowering of temperature from 25 C to 5 C, in both species,
there was a decrease in the difference betweenworking and resting
metabolism in the bank vole but not in the common vole (Figure 2).
When the lowest temperature was reached, both the running speed
and the difference between working and resting metabolism were
greatly reduced. The common vole had agreater range for maximal
work than did the buank vole in both heat and cold.

These experiments have shown that the metabolic differences
among various specics of mammals do not depend on the weight of
the animals or on theiv phylogeny. The only obvious difference be-
tween the common vole and the bank vole lies in the ecology of both
species and in their acclimatization to vavious temperatures. Bank
voles live in forests in deep burrows and build well-insuliated nests
and are not, therelore, exposced divectly to the effect of tow tem-
peratures. Common voles, on the other hand, live in meadows in
superficial burrows almost without nesting material and are foreed

more often to endure extreme temperatures, This is reflected in

17s




ORGAN THERMOGENESIS

GOLDEN HAMSTER —~80 GMS. .. WHITE MOUSE -
. |
10| | B ! b 24 GMS.

@
oD [ ~
g \o\e\ \-‘\,\o
\\ o ~
> ~—
5 I TR I el N n ]
~N I5 COMMON VOLE —18 GMS. | BANK VOLE —18 GMS.
& A
_J } \'}\ /%\{\%\
= 10+ {/{ _\f\ % \
~ .§\
%\ f\ {
\
| §\§\ i §\§ %
! \§—§—§
] 1 1 1 | ) | n 1 L | | | L i
0 10 20 30 0 10 20 30

TEMPERATURE °C.

Figure 2. Working and resting oxygen consumption at different temperatures

Lo

In various mammals,

179




JANSKY

Figure 3. Maximal running speed of the common vole (x x) and the bank
vole (A--A) at various temperatures. Ordinate: running speed in m/min.; Abscissa:
temperature in  C. (Jansky, 1959b).
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their greater abilities to run at high and especially at low tempera-
tures.

Recently ithas been shown (Hart, 1962, inpress) that warm- and
cold-acclimated rats behave differently with respect to substitution
of exercise for cold thermogenesis. Warm~acclimated rats, having
shivering thermogenesis only, substituted heatproduction from shi-
vering by heat production from exercise. Oxygen consumptionduring
work did not change with decreasing temperature and was identical
to the maximal oxygen consumption in rest at the lowest tempera-
tures. This is apparently due to the fact that exercise in cold may
reduce or eliminate shivering. This was surmised longago and re-
cently demonstrated in pigeons during flight (Hart, 1960). On the
other hand, incold-acclimated animals, which can produce heat with-
out shivering (Sellers et al., 1954; Heroux et al., 1956; Cottle and
Carlson, 1956), the addition of exercise heat production to cold ther-
mogenesis is made possible (Figure 4). The result is that working
oxygen consumption increase with decreasing temperature parallel
to resting values and the maximum heat production is greatly in-

creased.

However, at temperatures approaching the peak metabolic rate
for cold-acclimated rats, heat production during work did not in-
crease with lowering of temperature. At these low temperatures,shi-
vering was clearly visible in the resting rats, and mechanical work
was substituted for shivering as in warm-acclimated rats (Hart, Jan-
sky, unpublished). The values followed closely the brokenline shown
in Figure 4. As shown for warm-acclimated animals, the resting me-
tabolism was, at very low temperatures, almost as great as the
values of working metabolism.

It seems clear, therefore, that the substitution relationship be-
tween working and resting heat production exists in these animals
only when shiveringis replaced by gross physical activity. The addi-
tional relationship occurs over a certain range of temperatures in
these animals, when non-shivering thermogenesis plays thedomin-
ant role in maintaining body temperature.

All these datd show that the values of maximal metabolism are
obtainable not only after simultancous application of work and cold,
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but also in the resting state after exposure to low temperatures ap-
proaching the lethal level. Under thelatter conditionit is necessary
to measure the oxygenconsumptionfor avery short period after ex-
posure to cold, because of the substantial dropin body temperature
(Figure 4). This period is about 20 minutes long for the rat (Depocas
et al., 1957).

Owing to the difficulties described above in measuring maximal
steady state metabolism, relatively few values have been published
for mammals (Chevillard, 1935; Hart, 1950; Jansky, 1959a for the
white mouse; Hart and Heroux, 1955 for the lemming and rabbit;
Jansky, 1959b for the bank and common voles; Jansky 1959¢ for the
golden hamster; and most recently by Buskirk and Taylor, 1957, for
man). One can expect that rather larger species differences might
occur, owing to differences in body size, posture, hair insulation,
blood circulation, and air movement, which might bequite different
during maximal metabolism than during the resting state and could
have a different effect on the amount of heat dissipation.

When all published values of maximal steady state metabolism
are plotted against the log body weight of the animals (Figure 5), it
was found that maximal steady state metabolism is equal to about
six times and basal rate, with a body weight exponent very close to
that found for basal metabolism. All the species examined have,
therefore, nearly the same capacity to increase energy metabolism
from the basal to the maximal steady state level. Species differences
in posture, insulation, and other factors that affect heat dissipation
have no apparent effect on this capacity toincrease heat production.

Total Cytochrome-oxidase Activity

Since the rapid cooling of small animuals at low temperatures
makes the measurement of maximal steady state metabolism quite
difficult, an additional method was sought for measuring the highest
metabolic capability of animals and tissues.

It ¢an be assumed that the total oxidative activity of tissues can-
not be greater than that of the activity of the only ternunal oxidative
enzyme, eyvtochrome oxidase. In other words, itis supposed that the
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maximal oxidative activity of this enzyme corresponds to the highest
tissue oxygen consumption. It can also be assumed that cytochrome
oxidase does not occur in excess quantity intissues, because cyto-
chrome oxidase activity readily becomes adapted to various condi-
tions (Tipton and Nixon, 1946; Hannon, 1960). For these reasons the
cytochrome oxidase activities of whole animals and their tissues
were examined to find whether the values were related to the maxi-
mal steady state oxygen consumption.

The method selected for use in these studies was the classic
manometric method of Schneider and Potter (1943), in which cyto-
chrome oxidase activity can be measured in terms of oxygen con~
sumption. The cytochrome oxidase activity was measured ina homo-
genate of the whole animal for direct comparisonwith the values of
maximal steady state metabolism. Before homogenation indistilled
water, the animals were depilated and after removal of their diges-
tive tract, they were ground in a meatgrinder. Oxygen consumption
of the homogenate was measured at 37 C.

The total cytochrome oxidase activity was determined inseven
species of rodents (wood mouse - Apodemus sylvaticus, bank vole -
Clethrionomys glareolus, common vole - Microtus arvalis, white
mouse, golden hamster, rat, guinea pig) in therange of body weight
from 17 to 700 gms. It was found (Figure 5) that the exponent of the
relationship between total cytochrome oxidase activity and body
weight was very similar to that found for basal and maximal meta-
holism (Jansky, 1961).

By comparison of the absolute values of oxygen consumption, ob-
tained invitro,using cytochrome oxidase activity and those in vivo at
the level of maximal steady state metabolism, only small differences

were found.

In spite of close agreement between invivoand in vitro values,
they ure not considered tobe identical. Both methods are completely
different, and we cannot expecttobe able to imitate the same condi-

tions in vitro as in living cells, where the concentration and com-
position of substrates, pH wand various other factors can change dur-
mg the maximal performance of the orgimism. In addition there is

4 possihility that certainorgans suchas kidney, brain, or gonads are

In5
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not performing at maximal capacity when the animal is engaged in
maximal steady state effort.This may explain the tendency for cyto-
chrome oxidase values to be higher than maximal working metabol-
ism in the various species.

It is, therefore, suggested thatthe terms "maximal steady state
metabolism,'" be used for values obtained in vivo and "total cyto-
chrome oxidase activity' be used for values obtained in vitro, which
represents the highest theoretical value of oxidative metabolism
(metabolic capacity).

Cytochrome Oxidase Activity in Body Organs

The values of total cytochrome oxidase activity are useful for
comparative purposes and seem to be especially suitable for esti-
mating the metabolic capacity of different body organs. At present,
we do not kmow of any other method for assessing maximal perform-
ance of body organs. The cytochrome oxidase method can provide
some information on the relative roles ofdifferent organs in the total
metabolic capacity of the whole animal.

The cytochrome oxidase activity was measured in 10 of the most
important organs (carcass, liver, skin, kidney, brain, lung, heart,
diaphragm, spleen, and gonads) in the golden hamster (Svoboda and
Jansky, 1959). Some other preliminary experiments were made on
the white mouse and on the rat.

In general, the highest cytochrome oxidase activity per mg of
dry substance was found inthe heart, kidney and brain, the lowest in
the carcass and in the skin. The cytochrome oxidase activity per mg
dry substance in the same organs of various species seems to de-

credse in heavier animals.,

The most important consideration for our purposes is the ratio
of cytochrome oxidase activity in whole orguans to the total cyto-
chrome oxidase activity of the whole animal. The results on the gold-
en hamster show very clearly thatthe muscles play the most impor-
tant role. At bady temperature ('.-170 C), they represent about 767, of
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the theoretical total metabolic capacity (Figure 6). Therole of other
organs is relatively small. The most important are skin (9%), liver
(5%), brain (3%), and gonads (3%). Similar observations were also

made on the rat.

Organ Thermogenesis in vivo

Owing to the large contribution of the muscles and the minor
contribution of visceral organs in the total cytochrome oxidase ac-
tivity of hamsters and rats, it is important to consider the relative
contribution of these organs invivo to the maximal steady state me-
tabolism. At present only indirect estimation can be made on the
role of muscle in intact animals. In warm acclimated rats (Figure
4) the maximal ste%dgzstate metabolism is approximately 270 Cal/
(hour x body weight™ 7). Theincrea%e.éazfmetabolism from the basal
level (100 %a%/z(hour x body weight 7)) is about 170 Cal/(hour x
body weight "), which is 63% of maximal metabolism (270 Cal/
hour). Since shivering is the principal source of heat in these rats
exposed to cold, it can be assumed that the cold thermogenesis is
due to muscles. In addition to the cold thermogenesis, it has to be
estimated that the participation of muscles in the basal state a-
mounts to about 309 of the total metabolic rate (Field et al., 1939).
This would be approximately 10% of the maximal rate in these tests.
The total contribution of the muscles to the maximal metabolism
would therefore be 73% (639 + 10%).

In cold acclimated ruats thequantitative estimation of the role of
the muscles is more complicated. In addition to shivering, the non-
shivering thermogenesis is developed (Sellers et al., 1954; Heroux
et al., 1956, Cottlic and Carlson, 1956), which increases the maximal
metabolic rate to about 420 Cal/(hour x body weight) (Figure 4). In
order to estimate the contributionof muscles under these conditions,
the site of non-shivering thermogenesis must {irst be ascertained.

The visceral organs have been considered as important sites of
non-shiverig heat production for many vears. Much of the evidence
has come from measurements of temperatures near the hiver (Gray-
son and Mendel 1956 Donhoffer etal., 1957) . In coud wechmated rats,
the elevation of BMR and the elevation (¢ ), I Viro give support 1o
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Figure 6. Contrmbution of various organs to the total metabolic capacity in the
golden hamster ng measured by cytochrome oxidase activity.
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the increased thermogenesis of visceral organs (Weiss, 1954). How-
ever, direct evidence on the magnitude of the contribution is lacking.

On the other hand, evidence against the visceral organs as the
important site of heat production in non-shivering was provided by
Depocas (1958) who found, that the metabolic response to cold in
curarized cold acclimated rats was not reduced by functional evis-
ceration. Supporting evidence that the liver did not greatly contri-
bute to increased heat production in cold was provided by Kawahata
and Carlson (1959) in cold acclimated rats. Similar observations
have recently been obtained for the kidney (Jansky and Hart, unpub-
lished), On the other hand, direct evidence for the participation of
muscle in cold thermogenesis was obtained by Jansky and Hart (un-
published) in the leg muscles of cold acclimated curarized rats
where elevation in oxygen consumption equal to thatin the whole ani-~
mal were found during exposure to cold.

While thermogenesis from visceral organs still cannot be ex-
cluded, it can be concluded that both shivering and non-shivering
thermogenesis are dependent to an important extent on the muscles.
The total increase in heat production of cold-acclimated rats from
the basal level (125 Gal /2(hour x body weight” ")) is about 295 Cal
/(hour x body weight "~7), which is 75% of the maximal rate (420
Cal/hour). If muscle accounts for the entire cold thermogenesis, this
would be equivalent to 779 of maximal metabolism, when the contri-
bution of muscle to the basal metabolism is also considered.

The calculations again agree closely with the large proportion
of muscle to the total cytochrome oxidase activity in hamsters and
rats and show that as an upper limit, muscle could contribute about
the same proportion to metabolism inhoth warnm and cold acclimated
rats. However, it is clear that the absolute increase in maximal me-
tabolism of cold acclimated ruats would require an increase in ab-
solute values of cytochrome oxidase activity in the organs concerned.
These observations, which are incomplete and permitonly tentative
conclusions, will be extended by work now in progress on the cyto-
chrome oxidase activity of the muscles and other organs in warm

and cold acclimated rats.
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SUMMARY

The measurement of maximal steady state metabolismis com-
plicated by the fact that both cold exposure and exercise may be re-
quired to elicit the maximal response and by the fact that the effect
of exercise and cold varies with environmental temperature, state
of acclimation, and other factors. In most small mammals studied,
the metabolic effect of exercise is added directly to the cold ther-
mogenesis, but in the bank vole and in warm acclimated rats, ex-
ercise substitutes for shivering and replaces cold thermogenesis.
In cold acclimated rats, the metabolic effect of exercise is added to
cold thermogenesis, except at the lowest test temperatures where
substitution is again observed. The varied responses of different
species and of cold- and warm-acclimated rats apparently depend
on the extent of participation of non-shivering thermogenesis, which
extends the range for activity and increases the maximal steady
state metabolism. Maximal steady state metabolism can be deter-
mined either by imposing exercise simultaneously with cold or by
exposing the subject to cold alone at very low temperatures.

The maximal steady state metabolism of different species was
equal to about six times the basal metabolism, and the exponent re-
lating log metabolism to log body weight was not obviously different
from that for basal metabolism (W ) for the species tested. Basal
and maximal metabolism, therefore, give two parallel curves.

The total cytochrome oxidase activity was also measured in
homogenates of whole animals. It was found thatthe exponent of the
relationship between cytochrome oxidase activity and log of the
weight was very similar to that found for basal and maximal meta-
bolism. There was a close similarity between absolute values of
maximal metabolism, and the total cylochrome oxidase activity
provides a theoretical upper limit to the metabolic capability and is
useful for comparative purposes in various specics and organs of

the same species.

The study of body organ cytochrome oxidase activity in the gold-
en hamster illustrates the importance of the muscles, which com-
prisc about three fourths of the total cytochrome oxidase activity.
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This fact agrees with observations on the site of thermogenesis in
living animals, where either shivering alone or shivering and nc'Jn—
shivering thermogenesis together are responsible for maintaining
body temperature in cold environments.

*Contribution from the Division of Applied Biology, National Research Council,
Ottawa, Canada, and Department of Comparative Physiology, Natural Science
faculty, Charles University, Prague, Czechoslovakia. Issued as N.R.C. No. 6579.
Postdoctoral Fellow, National Research Council, 1960-61.
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DISCUSSION

HANNON: I was particularly interested in your cytochrome
oxidase mecasurements since we have assayed the activity of this
enzyme in the liver and muscle of warm and cold acclimatized
rats. As you are no doubt aware the manometric technique for
measuring cytochrome oxidase leaves a lot to be desired. Des-
pite this, however, we have used the same procedure as you have
and have found that cold acclimatization leads to a marked increase
in the activity of this enzyme in both liver and muscle tissue.
Besides this acclimatization effect, we were also most interested
in the fact that our studies showed the liver has about six times
more cytochrome oxidase than muscle. Thus, if this enzyme is
an index of maximum metabolic capability, as you suggest, the
liver would have six times greater metabolic capacity per gram
of tissue than muscle. And, to speculate abit further, if we assume
that the level of cytochrome oxidase reflects the capacity of a
tissue to produce heat and if we take into account the fractions of
the total body mauss rvepresented by liver and muscle, then the
theorctical ratio of total muscle heat production to total liver heat
production would be about 2:1. It will be most interesting to see
whether or notthis theoretical ratio willbe verilied by future exper-
iments where organ heat production is directly measured,

JANSKY: In our own recent experiments concerning the cyto-
chrome oxidase activity invarious organs of cold acelimated rats we
have found aliver:muscle ratio of 2.5:1 foreyvtochrome oxidase acti-
vity. These values of organ cytochrome oxidase correspond to the
vitlues ol maximal metabolism, which can he measured in working
antmals or animials exposed to extreme cold. At present it is prac-
tically impossible to measure organ heat production in moving ani-
mals or on antmals in extreme cold, The bady temperature of small

Laboratory ammals falls very rapdly under these same conditions.,

HANNON: In your data on nitecand rats I noticed o convergence
of the curves tor work metabolism with the curves for metabolism
t the cold, In the goldeniemster, onthe other hand, such @ conver-
gence Was notappurent. [ youhad earred the temperature lower, do

you feel the same comvergence might haneoceur red i the hamster
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JANSKY: Yes, I think this does look like incompléte results
but I have good evidence that the metabolism in the golden hamster
will fall at lower temperatures. When I measured the highest run-
ning speed the values fell very rapidly at low temperatures; there-
fore 1 expect it will also happen in the white mouse, the common
vole, and the bank vole.

HANNON: Did you ever compare the absolute amounts of run-
ning, sayover aperiod of aday, for animals living in a cold environ-
ment and animals living in a warm environment?

JANSKY: No, we measured activity only during the short-time
experiment. It was the forced activity or, better to say, running
at the highest level which could be obtained at a certain tempera-
ture. The animals were not adapted to definite conditions.

HANNON: We have conducted a few experiments on voluntary
running of rats living in both warm and cold environments and have
observed a tendency for cold to reduce such activity. This would
seem to agree with a prediction made some time ago by Dr. Hart
that running is an inefficient method for augmenting heat produc-
tion in the cold. I would like to ask Dr. Hart if he has ever con-
firmed this prediction experimentally.

HART: Yes, but I have not published it. I did some measure~
nments on rats a few years ago, and there seems to be a range of
decreasing temperatures over which running speed actually in-
creases in the cold, reaches a peak, and then falls off again. I
think Melvin Fregley has also done this type of work.

HANNON: At certain low temperatures they do increase their
running speed?

HART: The activity depends upon the temperature and on the
acclimation conditions. In cold acclimated rats it increases with
fall in temperature to about 50 C below which it declines as shown
in Figure 7.
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BODY TEMP CHANGE IN ACTIVITY

19]
O +3
F4
1 2 A

+2
O
a ’_‘__f;’//
5 o I —-,_..—-’,/r
T B a //-"'"
o O plpme————" /:'_ S
Z
9 -1 30O
(@]
(&)

-2 b

-3

SPONTANEOQUS ACTIVITY

200
=
-;;-.
(8]
T O

i

Figure 7. Upper panel: change in colonic temperaturefrom initial resting state
in ratg running at 140 cm/min in 4 treadmill for 30 minutes at various tempera-
tures. S%mbols are for groups of 8 rats acclimated for 4 to 8 weeks to 6 C, (8)
and to 30 C (0). The rats were exposed to each temperature for 10 min before start
of run. Lower panel: medh spontaneous wheel activity of 4 rats acclimated to 6 C
(0) and 8 rats acclimated to 300 (0) tested twice at each temperature for one hour
periods. Total range of variation shown by shaded areag. Same rats used in both
tests show lowering of spontancous activity at both high and low temperatures,
especially those which cause hypotherma during forced exercise. Presented by

J. 5. Hart.
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FOLK: The temperature of the running wheel may be a fac~
tor here. If the feet are well protected, some species of animals
might make out all right, especially the white rat running on the
cold metal. The colder it gets, the more this factor might influence
the animal.

HANNON: How did you force your animals to work? We tried
this and had all sorts of problems.

JANSKY: All animals were running in a wheel made from
plastic, I attempted to get really maximal values of running and
to avoid having them change their position; they could not turn
back, for instance. In the axis of the wheel was a load, which
could touch and excite the animals forcing them to run.

HANNON: Did you have any trouble? Dr. Drury in our labora-
tory has done similar forced-exercise experiments with the rat
in a motor driven screen drum. Other people have tried to make
their animals run on a treadmill. We, as well as the individuals
to whom I have talked, have ancountered a lot of foot and tail
Injury.

JANSKY: It depends upon which animal we use for the experi~
ments. Some animals are better runners than others. The white
rat for example is not a good runner. Many small animals run
very nicely, since it is something like a natural movement for
them, The species we used really did not need too much force.

FOLK: We have had a great deal of difficulty forcing exer-
cise, and I did not quite understand how you got maximum run-
ning. You stimulated them, and I would like to hear more about
that.

JANSKY: We used the wheel, and as 1 said, the wheel was
narrow enough to prevent the animals from turning around. The
animals, of course, were not restrained. On the axis of the wheel
we suspended a load which was freely movable. This load was
located behind the animal and would touch him if he ran slower,
It was heavy enough to excile the animals. Another improvement
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is a net to avoid gliding or riding the axle. Running speed was
controlled with a Variac to prevent the animals from being car-
ried by the wheel and we were thus able to obtain really maximal
values.

HART: Did you keep increasing the speed until they could
just maintain that position without being forced?

JANSKY: Yes, of course they sometimes stopped, hut in
this case the load touched them and they started again.

JOHANSEN: When you are comparing metabolic rates in
these groups, that is, working and resting animals, it seems
to me there will have to be a different insulation in the two, How
would this reflect in your curves?

JANSKY: Comparing the values of maximal working meta-
bolism and those of resting metabolism, we can see, that at the
same environmental temperature the animals produce more heat
at the level of maximal metabolism than in the resting state with~
out a significant change in body temperature. This would suggest
a certain decrease in total body insulation. On the other hand
the values of maximal working metabolism in all species of ani-
mals that we studied form a definite exponent to the body weight.
This would mean that there are no changes in total body insula-
tion in working animals of different species.

KLEIBER: This change in insulation makes shivering ineffi-
cient because it increases the dissipation of healt.

HART: 1 am interested to know whether anyone has an opinion
on the method of total cyt-ox activity as a measure of the theoreti-

cal maximum metabolic capacity.

HANNON: Theoretically, at least, this enzyme should be 2
cood index of maximum metabolic capacity since most of the
oxidative processes are eventually channeled through it. The
manometric method of assaying it, however, is often open to
criticism since you are using ascorbic acid to reduce the ¢yto-
chrome ¢ substrate. There is alwiys a possibility that the ascorbic
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acid itsell is being oxidized and at differential rates, A more
modern and perhaps more accurate method of assaying cyto-
chrome oxidase involves a spectrophotometric procedure where
the cytochrome c substrate is reduced with hydrogen gas and
palladium prior to its addition to the reaction system.

JANSKY: Of course there is a certain amount of autoxida-
tion of ascorbic acid in the manometric procedure, but we can
avoid it very easily by extrapolating to zero after measuring the
oxygen consumption in Warburg flasks containing various concen-
trations of homogenate. I would say the spectrophotometric method
is probably more convenient except that we cannot easily measure
the oxygen consumption.
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TEMPERAT URE REGULATION AND ADAPTATION *
TO COLD CLIMATES

J. Sanford Hart

Studies conducted largely during the last 10 years have provided
us with a reasonably complete picture of the temperature regulation
of mammals in cold climates. It is clear that several types of ad~
justments to cold are theoretically possible, having been described
1n previous reports by Scholander etal.(1950a) and Hart (1957). The
most economical is structural modification in which insulation of the
fur and tissues is increased to such an extent that very low ambient
temperatures can be tolerated without increased energy expenditure.,
The most wasteful are metabolic modifications in which extremes of
low temperature that limit survival are extended only by increase in
metabolic rate, Behavioural adjustments (huddling, burrowing, etc.)
can modify costly metabolic requirements through avoidance of cold.

The metabolic studies conducted on mammals have in general
been limited to short term tests which do not provide an integrated
picture of 24-hour energetics such as that provided for small birds.
Nevertheless, within the limitation of the methodology it has been
shown that quite distinctadaptive processes are inpart dependent on
differences in body size and also in part on broad differences be-
tween aquatic and non-agquatic animals, It will be the purpose of this
review to describe the temperature regulation and adaptation to cli-
mate found in free living mammals. The term "acclimatization" will
be used to describe individual physiological modificationby climate
in nature while the term adaptation will refer to differences hetween
groups brought about through evolution. Other aspects of tempera-
ture regulation and acclimation to cold under laboratory conditions
will not be considered in this review since they have been treated
elsewhere (Cuarlson, 1954; Burton, 1955; Hart, 1957, 1958, and 1962;
and recent symposia, 1955, 1957, and 1960).

sContribation trom the Diviston ot Applied Biojogy, NavonmcHesearch Council,

Ottawa, Canada, Iasued a5 NJRLC. No, 6hau.
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Non-aquatic Fur Bearers

The large fur-bearing mammals have been investigated by
American and Russian investigators. The best known work on this
subject was published by Scholander et al. (1950a, b, and c¢), who
were the only workers to demonstrate the existence of true evolu-
tionary climatic adaptation. This demonstration was made by com-
paring arctic and tropical mammals withrespectto metabolic rates
at different temperatures and with respect to pelage insulation. It
was found that the tropical mammals that were investigated were
very sensitive metabolically to lowering of ambienttemperatures, as
shown by an abrupt increase inoxygen consumption with lowering of
temperature. In contrast, the arctic mammals did not begin to in-
crease their metabolism until they experienced much lower tem-
peratures and some could virtually remain in a basal state at tem-~
peratures down to -400 C and below. The results for the tropical
raccoon (Procyon cancrivorus or lotor), the small arctic lemming,
and the Eskimo dogpup (Canis familiaris) (Figure 1) illustrate these
distinctions, Using Scholander's terminology, it was observed that
the critical temperature and the critical gradient for increase in ox-
ygen consumption was lower in arctic mammals. Since the slopes of
the curves were extrapolated tobody temperature, the lower critical
temperatures were associated with a smaller increase in metabolism

for a given drop in temperature.

The distinction between arctic and tropical mammals was not
associated with differences in the resting metabolism or in body
temperature (Scholander, et al., 1950b), but withdifferences in body
insulation, Arctic mammals were found to have greater pelage insu-
lation (Scholander, ct al., 1950c¢) than tropical mammals (Figure 2),

sSome of the northern mammals investigated by Russian work-
ers, for example Ol'nyanskaya and Slonim (1947) whose work is
shown in IFigure 3, were also relatively insensitive to cold but there
was a very large individual variability within eachspecies. The in-
terpretation given to the data by the authors did not distinguish be-
tween zones of physical and chemical regulation; hence no apparent
critical temperatures were noted. The rabbit (Lepus timidus), which

showed an increase in oxygen consumption at temperatures below
o . . ; .
20 C, differed from the Aaskan hare (Lepus americanus) studied
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Figure 8. BEffect of temperature on metabolism of some Siberian mammals.
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Redrawn from Ol'nyanskaya and Slonim, 1947.
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by 1rving etal, (1955), in whioch metabolismdid not increase until the
temperature fell below -10 C.

The regulation of body temperature by arctic mammals and
birds has been thoroughly investigated by Irving and Krog (1955),
who showed that it depended bhoth on thick fur or feathers over the
body and on peripheral cooling of the thinly covered legs and other
exposed parts. The temperature distribution on the body skin and ex-
tremities of various arctic mammals at different temperatures is
shown in Figure 4. Warm skin is dependent on a temperature drop
through the fur;this phenomena has beendescribed for certain arctic
mammals by Griffin et al. (1953). An example of such a temperature
gradient measured by thermocouples placed in parallel at various
depths is shown in Figure 5.

In thinly fur-covered legs, tissues replace fur as insulators.
Heat exchangers are possibly located in the area of the base of the
limbs, which show a sharp temperature drop. Suchheat exchangers
have been demonstrated in tropical sloths (Choloepus hoffmanni and
Bradypus griseus) by Scholander (1957) and may occur widely in fur-
red mammals (Scholander, 1955). However, the presence of a marked
temperature drop in alimb or appendage does not necessarily signi-
[y the presence of a heat exchanger.

The cooling of peripheral tissues, which suggests tolerance to
cold not shared by warm tissues, is one of the remarkable proper-
ties of homeotherms, The demonstiration of functional differences
between cool and warm tissues is difficult, although suggestive evi-
dence has been found in the distribution of fats of lower melting
point associated with low temperature function. Irving, Schmidt-
Nielsen, and Abramsen (1957) have shown that the distribution of
low melting point [uts in various animals is not related to the cli-
mate in which the animals live, Other adaptations to cooling in peri-
pheral tissues have heen demonstrated by Chatfield et al, (1953) in
the ability of the leg nerve of theherring gull (Larus argentatus) to
conduct at lower temperatures in distal than in proximnlA[)urLs of
the nerve, and by Heroux (1959) inacapability of the ears of rats to
recover from non-{reczing cold injury (Rattus norwegicus) during

prolonged cold exposure, Nevertheless. the pronounced retardation
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of functional activity of cool tissues is one of the puzzling phenome-
na of homeotherms which must be active at all temperatures. Func-
tional retardation by cold, atleast for growth processes, has recent-
1y been demonstrated by Heroux (1960), who showed that the mitotic
activity decreased about 10-fold for a 10 degree lowering of tem-
perature in the skin of the rat.

While large adult arctic mammals are apparently able to with-
stand the most severe cold with little or no elevation of metaholic
rate, such may not be true for infant animals ¢f the same species.
Baby caribou (Rangifer arcticus) born during June in the far north
are exposed to cold, wind, and precipitation that may lead to mor-
tality (Hart et al., 1962c). These calves are extremely sensitive to
cold, as shown by the marked elevation in metabolism resulting
from exposure to the harsh environmental conditions (Figure 6). In
contrast, a 9-month calf of the same litteg did not show elevation of
metabolism at temperatures down to -50 C.

Seasonal changes in some northern mammals have been shown
by Irving, Krog, and Monson (1955) for the porcupine (Erethizcn
dorsatum myops) and red fox (Vulpes vulpes alascensis), but not for

the smaller red squirrel (Tamiasciurus hudsonicus preblei), The
winter fox and porcupine had lower critical temperatures and would
require a much lower temperature than summer animals for the
same metabolic response. These comparisons made in a review by
Hart (1957) also showed a similar trend for the lemming (Dicros-
tonyx groenlandicus) when Alaskan (winter) and Ottawa (summer)
test animals were considered. It was also pointed out that no changes
in the slopes of temperature-metabolism curves were found for the

deer mouse (Peromyscus maniculatus gracilis). In this species,
winter animals were able to resist lower temperatures (Hart and
Heroux, 1953) mainly by metabolic compensation, although some in-
dication of a small increase in insulation of winter animals was ob-

served.

The seasonal changes in these mammuals are in line with the
seasonal changes in pelage insulation observed by Hart (1956), who
demonstrated the obvious fact that smaller mammals with body
weights below about 100 gm, unhke the larger ones, fml to achicve
significant protection through increased fur thickness during the
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winter. Consequently they must rely for protection onnest building,
huddling, and other devices as shown by Sealander (19 52), Pearson
(1960), and Barnett (1956). Microclimatic observations by Pruitt
(1957) in Alaska have shown that the environment of the boreal red
back voles (Clethrionomys rutilus) 3-9 inches belox())v the moss sur-
face ranges for the moost part between -5 and +2 C when the air
tempeature falls to -40 C and below. Nevertheless, temperatures
in this range are well below the thermoneutral range of most small
mammals as shown by Hart (1953), Kalabukhov (1940), Morrison and
Ryser (1951), Morrison, Ryser, and Dawe (1959), Pearson (1960),
Smirnov (1958), and various other workers, suggesting that meta-
bolic compensation is necessary to maintain homeothermy under
these conditions. Evidently the protection afforded to Peromyscus
maniculatus during the winter in the Ottawa area is likewise insuf-
ficient to prevent cold exposure since metabolic acclimatization to
winter conditions was pronounced (Hart and Heroux, 1953). Unpub-
lished ohservations f Hart and Heroux have likewise shown season-
al metabolic acclimatization in wild dump rats, and similar obser-
vations have been made on short tailed shrews. Details of the sea-
sonal metabolic changes inrats reviewed by Hart (196 2b) are beyond
the scope of this review.

Semi-aquatic Fur Bearers

Certain fur bearing mammals such as beaver, otter, and musk-
rats are dependent on an aquatic environment for their foed and
shelter, butspend only a small portion of their total life in the water.
These mammals are protected from the cooling effect of the water
by a layer of air trapped in the fur, In general, very little is known
concerning temperature regulation in this group of mammals. How-
ever, observiations of the author (Hart, 1962a) on muskrats (Ondutra
zibethicus) in air and in water illustrate some of the problems in
the temperature regulation of a semi-aquatic mammal,

Muskrats tested in air atvarious temperatures for about 1 hour
showed anincreased heatproduction attemperatures helow a critical
level of appronimately 10 C and a gradual lowering of body tem-
perature which became pronounced below -40 C (Figure 7). No

appreciable scasonal changes were obscerved,
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Oxygen consumption and body temperatures of animals placed
in a small tank of water for about three fourths of an hour increased
progressively with lowering of water temperature below a critical
level of about 30 C. Colonic temperatures fell agter the animals
were in water at all temperatures below about 20 C. During both
summer and winter, it was apparentthat the heat production was in~-
adequate to offset hypothermia for prolonged periods atwinter tem-
peratures around 0 C. Skin temperatures measured under the fur
confirmed t;heO presence of an air layer, because a gradient of ap-
proximately 7 C was maintained in the fur at a water temperature
of 0 C. Nevertheless, this air was insufficient to prevent general-
ized cooling. Since the animals were all healthy, muskrats in nature
may tolerate limited hypothermia during winter while under the ice
and may limit exposure to cold water to shorter excursions than the
test exposures in these experiments.,

Bare Skinned and Aquatic Mammals

Metabolic studies havebeen carried outby Irving and coworkers
on swine in Alaska (1956) and on seals of the Atlantic coast (1957,
1959). Swine and aquatic mammals will be considered together in this
section because of similarities in problems of temperature regula-
tion associated with the presence of a minimal fur cover and an in-
sulating subcutaneous layer of fat or blubber,

Both the swine al various air temperatures (Figure 8) and the
harbor seals (Phoca vitulina) in air and in water (Figure 9) showed
murked temperature gradients through the tissues whichwere char-
acteristic of the insulating layers of fat and the different outside
cooling cffects. The distributions of surface temperatures on the
body surfaces of swine and scals were also rather similar at com-
parable air temperatures, indicating similarity in physiological in-
sulation by cooling in these two unimzllos. Thecritical temperatures
for increase in metabolic rate (about0 C)were also comparable 1n

Alaska swine und harbor seals during the summer.
In water, the surface temperatures of harbor seals were, as
anticipated, only slightly greater thanambient, and the crtical tom-

_ , 0 o
perature was elevated fromapproximately 0 Cto 20 C (Figure 10).
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This represents u difference of about twenty~fold in the cooling ef-
fect of air and water, but the tolal insulation (body + medium) in
water was about 509 of its value in air. It can be noted that the meta-
bolic response closely parallels the skin cooling in air and water.

The parallel between peripheral cooling and metabolic response
was also seen between different seals and was reflected in the indi-
vidual variability (Irving and Hart, 1957) (Figure 7). The smallest
seal, characterized as the "runt," had a very thin layer of blubber
and conse%uently was unable to maintain asurface temperature low-
er than 6 C to 8 C when in water at 0 C. The high heat flow re-
sulted in a high oxygen consumption at all temperatures, In other
harbor seals with a considerably deeper and less steep gradient
through the thicker blubber, there was a much lower surface tem-
perature and a maingenance of resting metabolism down to a criti-
cal level of about 10 C.However, a harp seal (Phoca groenlandicay,
with a still deeper gradient and a lower surface tempe}dt'ur_e,“mts
able to compensate completely without elevation of metabolism cven
in ice water, This represents the greatest coolingload experienced
by mammals in nature and the harp seal has the greatest physiologi-
cal insulation known for mammals.

Harbor seals tested in Decemher at St. Andrews, N. B., and at
Woods Hole, Massachusetts, during the summer revealed seasonal
changes that were comparable to those found by Irving, Krog, and
Monson (1955) for the redfox and the porcupine. During the summer
there was a greater elevation of oxygen consumption in cold water
than dulmo the vmtu and thecriticaltemperaturc was raised from
about ll C to 20 C in water. There was, therefore, a greater
physiological insulation in winter than in summer; this was associ-
ated with changes inperipheraltissues. No anatomicalbasis for this
change was noted, The nature of the scasonal alteration was such
that the differences were obscrved cven atthe same body skin tem-
perature (Figure 11). This puzzling phenonmenon suggests that more
heat islostinsummer than inwinter at the same hody skin tempera-
ture. This could be accounted for by a greater evaporative heat loss
from the lungs or by «a greater heat loss [rom the appendages,

neither ol which were measured in this investigation,
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While the temperature of the body skin was uniformly related
to the water temperature, temperatures of the appendages showed
striking fluctuations, suggesting independent control of heat loss,
which might be a basis for seasonal differences. The nature of the
fluctuations in temperature of the flippers was consistent with the
view that control of peripheral heat loss was affected by the pre-
sence of vascular healexchangers, such as those described by Scho-
lander and Schevill (1955) for porpoises (Lagenorhynchus acutus and
Tursiops truncatus).

Comparison of Different Species

Metabolic response to cold versus skintemperature, Itis diffi-
cult to compare the metabolic responses of species which live in
such different me-lia as air and water. One basis is to make the com-~
parisons relative to the actual body skintemperature of the species
in question. This has the meritofrelatingthe response to some as-
pect of the animals' own perception system to which it must be re-
sponding rather than to some physical aspect of the environment.
The use of skin temperature is disadvantageous because it is highly
variable and is known only for a few species. Skin temperatures
measured over the mid part of the body on the flank or back of a
series of animals are correlated withoxygenconsumptionin Figure
12, as originally shown by Hart(1962b). The sources of the data are
indicated in the legend. Comparisons of the same species relative to

air temperature are also shown.

Cleurly, the various species aredistributed ina series with re-
spect to the sensitivity of the skin as a factor in the metabolic re-
sponse to cold. All the land mammals tested show increased heat
production at relatively high skintemperatures. Nextinorder is the
scemi-aquatic muskrat, followed by the swine. The cooling of the
muskrat skin for the same metabolic response is not as great as that
for the harbor senl, especially during the winter. The least sensitive
species was the harp scal, which showed noincrease in metabolism
even in ice wuter, The range of responses indicates the very great
species differences thit exist in tolerationof peripheralcooling and
in temperature range of peripheral stimuli requived toithert that re-
sponsc. It has also been shown tor the harbor seul wnd for the leg
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nerve of the herring gull that these responses may be altered by ac-~
climatization in the same species.

The comparisons in Figure 12 also illustrate the fact that the
metabolic sensitivity to cold may differ, depending on whether the
oxygen consumption is correlated with skinor with air temperature,
e. g., swine and muskrat. This is because the fur provides the insu-
lation for the muskratbut not for the swine. Similarly, the thick fur-
red arctic mammals with warm skin may be as sensitive to lowered
skin temperatures as the rat, caribou, and man, even though the most”
severe arclic conditions ¢anbe withstood without elevation of resting
heat production (Scholanderetal., 1950a). Therefore, arctic and tro-
pical mammals may be quite similar withregard to the skin cooling
required for a given metabolic response.

Metabolic response to cold inrelationtobody size and insulation
of the fur, A summary of data published in the fourth Temperature
Symposium of the American Institule of Physics (Hart 196 2b)is illus-
trated in graphic form in Figure 13. The slope of the temperature-
metubolism curve below the critical levelis given as the ratio of the
temperature drop tothe increase in metabolism, which is dimension-
ally comparable to an insulation rather than a conductivity function,
This is done Lo facilitate comparison of slopes with fur insulation
(open circles) for the few species for which data are available.

It may be scen that the slope tends lo increase with increase in
body weight, but that there is anenormeus increase in species vari-
ability with increase in weight. This is because the small mammals
arc all metabolically sensitiveto cold while the large manunals may
he sensitive or insensitive, The leastsensitive are the arctic mam-
nitls with thick fur which give the three highest values for slope, e.
g., snow-shoce harve in winter, red fox, and white [ox, The larger
mammals may also hive little tur and lowervalues for slope, e. g,

dog, harbor scal in summer, and Brahaman bull.

When stope s related to msulation ol the fur (hroken liney, there
appeirs to be o much closercorrelation. flowever, tf s obvious that
the same correlitton would nothe applicable tor either bare=skinned

or auatie mammals with subcutineous fat and o thin tur cover, The
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correlation may be applicable to most fur bearers, but information
at present is inadequate.

SUMMARY AND CONCL USIONS

The temperature regulation and adaptation of mammals tocold
climates follows different patternsinlarge and sinall mammals, and
in fur-bearing compared to bare-skinned or aquatic mammals, The
large arctic mammals with thick fur have a capability for withstand-
ing the severest climatic conditions without elevation of heat produc-
tion. This is accomplished by considerable cooling of the peripheral
areas and appendages as well as by great insulation of the fur. The
combined effect of these insulators provides a variable response
graded precisely to the temperature of the environmentin a way not
yet fully understood. Climatic adaptation to arctic and tropical en-
vironments as well as acclimatization to summer and winter en-
vironments appears toberelated toalteration ininsulation of the fur
rather than to changes in body iemperature or in metabolic rate.
However, infant unimals of arctic species may be very sensitive to

temperature,

In the mammals of small body weight, compensation for cold
through changes in insulation is notpossible, and when protection is
inadequate, an elevation of heat production is necessary. LEvidence
huas been presented that small mammals such as mice and wild rats
show un increased cold resistance during the winter that is the re-
sult of the development of an increased metabolic capacity. It is
therefore apparent for the few species studied that cold exposure
and elevation of metabolism must have occurred during the winter
to account forthedevelopmentofthe observed seasonal acclimatiza-

tion.

The only fur-bearing semi-aquatic mammal studied (muskrat)
showed no evidence of seasonal change even though exposure to wiater
at 0() C during the winter secms inescapable. The surprising feature
ol the study was the degrec of body cooling observed during short
term exposure to cold water and the tlure of fur msulation and
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metabolism to compensate adequately for the observed cooling. It
was suggested that mild hypothermia might be tolerated by musk-
rats in nature.

In swine and in the true aquatic mammals with an insulating
layer of blubber, living tissues replace the fur as the effective insu-
lators, and thereis pronounced cooling of peripheral tissues. In har-
bor seals exposed to ice water, thereis a reduction of heat produc~
tion during the winter, signifying a seasonal change in insulation of
the living tissues. Arctic harp seals are superior to harbor seals
during the winter since they can tolerateice water without lowering
body temperature or elevating heat production.

When the body skin temperature of various species are com-
pared, very large differences arefound in the temperatures corres~
ponding to elevation ofheatproduction. In the fur-bearing land mam-
mals studied, heat production increased withonly slight skin cooling
whereas in aquatic mammals a pronounced skin cooling was necess-
ary. The swine and muskrat were intermediate. The distinction in
the metabolic response to cold between land mammals and aquatic
mammals is much more apparent with respect to skin temperature
than to air temperature.

The metaholic response to cold indifferentnon-aquatic species
is related both to insulation of the fur and to hody size. However,
while small mammals with thin fur are metabolically sensitive to
cold, large mammals may be sensitive or insensitive,depending on
the fur insulation. In aquatic mammals so far studied the fur insula-
tion was negligible and hence did not affect the metabolic response
o cold. Temperature regulation in aquatic mammals is cffected
through physical regulation of heat loss in the general hody surface

and particularly in the appendages.

apopp°
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DISCUSSION

MORRISON: I have some data on related species living in
the same environment. These show differing thermal sensitivi-
ties that can be rather nicely correlated with their habits. I hope
this will be of interest because it represents work done with
Dr. F. A, Ryser in this laboratory some years ago.

These are simply measurements of the hody temperature
against the ambient temperature. Figure 14 compares the two
common voles taken from the nearby Chena River in February
and  March. Clethrionomys has excellent regulation. Microtus,
on the other hand, falls off badly at low ambient temperatures
both in regard to the summer temperature and the higher winter
temperature. This correlates with their habits since Microtus
stays strictly inside its burrow system when it is cold, whereas
Clethrionomys does come out and move around.

Figure 16 compares the two lemmings from the far north.
Dicrostonyx regulates well but Lemmus is not so effective.
Dicrostonyx is seen above the snow when it is very cold whereas
Lemmus carefully restricts himself to his subnivean micro-
climate. Incidentally, D1, Hart showed a slide from Dr. Scholander
(Hart, Fig. 2) on insulation values in various northern mammals.
There the lemmings were grouped, but the two highest values
represented Dicrostonyx while the four lower points were for
Lemmus, which diffcrence correlates with the physiology and

bhehavior,
HART: How long were the exposures of the Microtus?
MORRISON: These were caged animals living at these low
temperatures, so there were a number of hours of exposure, days
In sone ciases.

HART: Continuous exposure?

MORRISON: Yes.

)
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IRVING: They must be able to take quite a lot, because I
caught a live Dicrostonyx in March on one of the sand islands
off the coast east of Barrow. It was over a mile [rom shore; we
heard him scratching around during the night and he was still
alive in the morning, We then traveled about ten miles off-
shore on the ice and found one Dicrostonyx which had died out
there, but it was obviously not killed b}—,_or transported by a
predator. 1 saw the tracks of several others around seven or
eight miles from the shore, which must take them quite a long
time at their rate of travel.

MORRISON: One of our group tracked a lemming a couple
of miles out on the ice off Barter Island. Therc was no indica-
tion of where it was going, bul the tracks were in a straight line,
not as though it was searching or meundering.

HANNON: With respect to running ability we have observed
that the hamster, which is about the sume size as the lemiming,
can run six to eight miles a day--all of this distance being covered
entirely during the hours of darkness.

FOLK: The white rat can run 21 miles, so they are capable
of running distances, for example one ran 28 miles in 24 hours
and another ran 32 miles in 24 hours.

IRVING: But the lemmings were found under conditions where
cven with their hardiness they were expending metabolic energy
at a very rapid rate for maintenance of body temperature.

JOHANSEN: | may perhaps comment on my work on the
muskrats, Once project wias concerned with the fact that the musk-
rat hus o very dense fur and aonaked wail, which suggested to me
that this tail might have a crucial importance as a heat exchanger:
and this turned out to be the case. The tail of the muskrat s it
wus studied by temperature measurements and plethysmaography
(where Chuarles Eagan gave expert helpy showed that the tnl blowd

How coan change by oo Lictor more than 400 within o very short
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time (Iig. 18A). I the muskrat is overheated slightly either by
excrcise or by being exposed fto a high cnvironmental tempera-
ture, his tail is "flushed" immediately. The skin temperatures
are practically as high as the body temperature.

I proceeded by ftrying to elucidate the mechanisms behind
these profound effects and the data acquired from doing nerve
blocks of the tail indicate that there exists such a thing as a
vasodilator innervation to the skin in the tail of the muskrat. If
} nerve-blocked the tail, the animal became hyperthermic in a
very short time and in one instance an animal succumbed and
died of heat apoplexia when his tail was not intact (Fig 19A).*

In the other project, I tried to assess the importance of the
air layer in the fur as an insulator. I compared two groups of
animals, one with the ¢:r layer intact and one with the air depleted
by way of surface active materials, such as detergents. I anesthe-
tized the animals to standardize the condition and to avoid dif-
ferences in movement. I found that the intact muskrat had a volume
of about 800 cc, of which about 200 cc was air. In other words,
almost 25% ol the volume of the muskratis air. If these two groups
are subjected to water cooling or to air cooling, the temperature
drops five times as fast in the one depleted of the air.**

HANNON: Theve is one (uestion I would like to ask Sandy.
In animals such as the muskrat and possibly wild rats living
outdoors continuously, do you feel it might be possible for these

anitals w be continuatly cold-accelimatized, summer and winter?

In the muskrat, tor example, in these northern areas, the water
is sl quite cold in the summer. It may be that they et o level

“Joh insen. K, 10t L. Heat exchange through the muskrat ta, Evidence for viso

diltor neryes to the sk St Phystologiea seandinav, (in pressy.,

sefohmsen k. JUt Buovancy and ansulation mothe maskeat. Jo Mammnl. (n

Hress)
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of acclimatization and just maintiain it. And that is why you cannot
see the difference between summer and winter.

HART: [ always think of it as a matter of degree. The musk-
rat is probably to a certain extent acclimatized in the summer,
too, but you would think that they would be more so in the winter.

JOHANSEN: We did some measurements in the field here
and the temperatures in the pushups of the mgskrats aore rather
strikingly high during winter. They are from 5 C to 10 C above
freezing in the -40 C weather. We do not really know how much
time they spend in the cold water; this is what we should find out.

HANNON: You have essentially OOO C water in the winter time,
and maybe it will go as high as 15 C in the summer and maybe
a little higher. You still have a pretty big differential, but on the
other hand they may be a litlle more active in the summer time in
the water, so they get a longer exposure.

HART: It is possible.

[RVING: Dr. Fay has been making some measurements {rom
time to time in the New York Zoo on the temperature on the hody
skin and flippers of walrus, both young and old. He has been able
to get some measurements of wild walrus around St. Lawrence
Island, too, and he finds a fair regularity in the relation between
the temperature of the skin of the hody in air or water. As Hart
and T found in harbor seals, the flippers may be quite different
from the body and appuarently fluctuate as if for fine adjustment
ol temperatures. Fluctuations in the extremities are also subject
to non-thermal excitation, and in absence of obvious relation to

heuat, are ascribed to plain nervousness.
PROSSER: In your summary slide, comparing the ditferent
mammils, you suggested that there might he differences in the

SeNsOry sensitivity.,

HART: Do you mean sensitivity to skin temperature?

200
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PROSSER: Yes. Is it possible that there might be differences
in the endocrine response mechanism?

HART: You might have the same input and a different res-
ponse to the input.

PROSSER: Have you any evidence about the response of
cither the thyroid or adrenal in these different series?

HART: Absolutely none.

PROSSER: It seems to me that endocrine response would be
an alternate explanation. Of course this could he explored.

EAGAN: However, this endocrine response could be mediated
only through the nervous system.

PROSSER: Yes, but the sensory input might be the same.

HART: Is there any way of assessingsensory input in animals?
1 do net know of any.

PROSSER: It certainly would be worthwhile to try to record
the nerve impulses in response to a given cold stimulus.

KLEIBER: T do not think I would be accused of particularly
being in love with body surface or against the three-fourths power
of body weight. But when you express the specific insulation, 1
wonder i it would not he wise, for internal consistency, to express
the metabolic rate per unit surface, whatever it might be. [ mean
that you should use weight to the two-thirds power instead of the
three-fourths, because otherwise you might introduce a1 side effect
in this insulation which is dctunlly not present,

HART: This is really a measure of metabolism, though.

KLEETBER: Yes, bat the metabolism an this caseas related to

heat exchange and the metabolism related o heat exchange is a
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function of the surface or is related to surface area rather than
to metabolic size.

HART: It might not make too much difference because they
are rather close anyway.

KLEIBER: That is right, except when you go from one kilo-
gram to a thousand kilograms.

MORRISON: They are close, but there is a difference between
the two functions. In our measurements, taking the thermal con-
ductance from the slopes of the metabolism-ambient temperature
curves, a rather elegant relation describes some of the smaller
mammals (<500 g). Thus, conductance is equal to the square root
of the body weight if the weigélt i_slexpressed in grams and the con-
ductance in 0002 (gms x hrx C) .

HART: If you express metabolism as a square root function
of body weight, it should then be independent of weight differences.

MORRISON: The exponent will change depending on whether
the expression is per gram or per animal. That would change the

exponent.

VIERECK: In your figure comparing skin temperatures of
different species at different environmental temperatures, where
on the animal's body do you take the skin temperature? Do you have
any idea of how w get anaverage skin temperature for the surface?

HART: It was notl an averace at all. They were simply repre-
o R

sentative temperatures taken over the trunk of the hody.

VIERECK: But the furis very thick in the back and thin in the
front. Wherc do you take the temperature?

HART: This s underncath the fur, and in the caribou they
were averages ol several measurements taken on one side of the

fur. dn the rat measurements were approsimatelvat the same place,
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VIERECK: Do you luok for a place where the fur is thickest?
HAR'T: Not necessarily.

FOLK: Possibly some experiments will be able to provide the
activity of the animal during oxygen consumption. Benedict has
stressed this so much. You find two groups of animals in your
series, at very cold temperatures where the metabolismis up high.
Some of the animals are quite restless and move around, while
others curl up and are quiet with high metabolic rates at these cold

temperatures.

HART; In those which I have observed, Ifind almost invariably
that they are huddled up and not moving at all. When the cold is such
that the metabolic rate is increased close to its maximum, then
these animals are seldom if ever moving in my experiments.

FOLK: Can you give examples of animals that were moving
under these circumstances? I think of the tropical raccoon. They
might be restless, which would account for part of the high
metabolism.

HART: Were there not some measurements by Erikson* on
ground squirrels which showed a definite correlation of meta-
bolic rate with activity in the cold? In these animals the activity
was greatest at the lowest temperatures which increased the oxygen
consumption further.

*1r Koo, H. 1956, Obsernvations on the metabolism of aretic ground squirrels
(C 0 eus prris g st different envoronmentsl temperatures, Acta. Physiolscandinay.
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TEMPERATURE RESPONSES AND ADAPTATIONS
IN DOMESTIC ANIMALS

Max Kleiber

The body temperature ¢f homeotherms is nearly the same as
that of man, about 37 C. Consistent changes from the average do
occur, but they are not related to body size or to geographic disa
tribution of the animal, Rat and elephant temperatures are gbout 1
C cooler than those of man; cow, sheep, and swine, about 1 C hot-
ter, rabbit and dog aboutoz c* hgtter; and the camel lets its body
temperature vary from 34 Cto36 Cand seems not to mind a tem-
perature cf 40~ C if this is necessary for saving water.

Figure 1, somewhat schematized from data of Johnson, et al.
(1958) shows that below an environmental temperature of 80 F
(27 C), cow and man regulate their body temperatures somewhat
more accurately than does the rabbit. Man is much more strict
in keeping cool in a hot environment than cow or rabbit. The cow's
body temperature risgs when the environmental temperature is
higher than 80 F (27 C). This is also the case for cold adapted
rabbits, whereas rabbits adapted to a warm climate do not raoise
their body temperatures before the air temperature exceeds 90 F

0
(32 Cy.

I am not aware of any biological theory which would explain
why in the evolution of homeotherms that 36 C to 40 C body tem-
perature has been so much more advantageous than other body tem-
peratures. I'or all conditions under which homeotherms live and for
all their sizes, this thermal tevel has been fixed by natural selec-
tion with a very small variation, It is fixed, however, and so is the
basal metabolic rate of homeotherms large and small, tropical and
arctic. It can be predicted with about 1079 accuracy by the equation:

0
*Rubbit’s normad temperature as 9.6 Gty varition s generidly not more

0
thin 1.~ C, hobert Co Lee (19689),
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3
B=70xW /4

where B = basal metabolic rate per day in kcal
W= body size in kg (Kleiber, 1947)

i

i

sScholander (1955) writes as follows:

The non-adaptability of the resting rate shows that the
heat production is notdetermined by the heatloss as one
might infer from the surface law of Rubner (1883) hut
vice versa. Whatever the surface area happens tohe, the
heat loss [rom it mustbe soregulated by various means
that it balances the heat production. In a homeotherm one
might say that body temperature plays the first violin,
metabolic rate the second, and heat loss the third.

The major, or practically only, adaptation which occurred was
the adjustment of the thermal insulation to bring the third violin
into harmony with the first and second. This adaptation was accom-
plished in various ways, und it led todifferences in the temperature

distribution of various animals.

IFigure 2, also schematized from the data of Johnson et al.
(1958), shows the skin temperatiure as a ofunctiono of the ecl)wiron—
mental temperature. From 50 F to 90 F (10 C to 32 C) air
temperature the rabbit skin maintains an almost constant tem-
perature; wherecas the temperature of the skin of cow and man
follows the environmental temperature.,

This temperatur ¢ distribution is the result of the high insulating
power of the rabbit fur and the fact that man lacks this insulation.
The main resistance against heat loss and therefore the greatest
temperature gradient in naked man is located in the subculancous
layer. The cow has a less efficient fur than the rabbit, The difference
between rectal temperature and skin temperature, whichis an index
for the resistance ol the subcutancous layers toheat flow, is shown
m Figure 3.

As the environmental temperature rises, the skin temperature
ol manand cow approaches the rectal temperature but does not reach

to
&0




KLEIBER

Aot

[ 00—

Cow

HATLIRE *F

TEMPE
LT
L B
I

SHIN

BD L — | | |
40 60 80 100
ENVIRONMENTAL TEMPERATURE °F.
Schematized from H.D. Johnson etal, Mo. Res. Bul. 648 18,1958

Figure 2. Skin and environmental temperatures of man, cow, and rabbit.

246




DOMESTIC MAMMAL ADAPTATIONS

o
E.°
. ]

|

n
£

m Cow

[ Habbal

e

RECTAL minus SKIN TEMPERATURE
i

=

I i I \ | A

5 10 20 30 40

ENVIRONMENTAL TEMPERATURE °C.
Schematized from H.D. Johnson etal, Mo. Res. Bul. 648 [9 1958

Figure s. Differences between rectal and skin temperatures in man, cow, and

rabbit at various environmental temperatures.

247




KLEIBER

it. When the air temperature rises [rom 300 C to 400 C, the man
and cow maintain an almost constant difference between skin and
hody temperature. This is mainly the result of evaporative cooling.
The rabbit, however, lets his skin temperature almost reach the
level of the rectal temperature. Rabbits presumably rely mainly on
the evaporative cooling in the respiratory system (or possibly the
ear surfaces).

Richet (1889) shaved a rabbitand observed that in this condition
the rabbit regulated its body temperature at a lower level. This
effect is shown in Figure 4, drawn from data in Richet's book on

animal heat.

Diurnal Changes of Body Temperature

Man changes his body temperature during a day in a cyclic
fashion, and Kleitman (1951) suggests that differences in this cycle
account for differences in the behavior of two types of people, the
early risers and the late risers. The late risers are grouchy be-
cause their bhody temperatures are low. They need to be warmed
up by a cup of hot coffee to reach a friendly disposition and a posi-
tive outlook on life. (See also Kleitman, et al, 1935),

Some domestic animals, such as the donkey and the camel,
start their days with a considerably lower body temperature than
that of muan, and they do not have the benclit of a cup of coffee.
They may possibly be endowed with a higher basic level of social
grace than man and donotexpress their grouchy feelings as strong-

ly as some human beings do.

Figure 5 shows the diurnal temperature change of a Holstein
cow subjected to an environment simulating the Impog‘iul Valley
(Kibler and Brody, 1956). In man, a temperature of 108 I (42 C)
would be revarded us o very high fever and the cow's thermostatic
capability seems therefore not very impressive: yet comparison of
the cow's daily temperature fluctuations with those of the airr tem-
perature under actual conditions i the Imperial Valley shows that

temperature changes an the body are o small part ot thosce in the

RN
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environment (Fig. 6). This is especially true in the relatively cool
months of May and June. When it gets extremely hot in July and
August, the [luctuations of body temperature become greater.

Onc may define the effectiveness of temperature regulation as
the quotient of the change in the environmental temperature and the
changes in the body temperature.

Figure 7 shows this calculation for the cow observed by Ittner
(1946} in the Imperial Valley.

As lgng as the maximum temperature of the environment stays
below 40 C, the change inthe cow's body temperature is only about
one lortiethof the change in the environmental temperature, but when
the maximum temperature of the air reaches 44 C, as in July, the
cow's regulating efficiency drops to one half. Her temperature fluc-~
tuation now hecomes one twentieth of that of the environment. The
cow is better equipped to maintain her body temperature against a
cold than against a hot environment.

some breeds of Asiatic cattle arebetter adapted to hot climates
than Western breeds. The Zebu cattle may thrive under conditions
under which Western cattle suffer. Brody and his coworkers have
investigated this dilference and McDowell and his coworkers (1953)
have studicd the inheritance of this adaptation. They crossed Jersey
cattle with Sendhi, a breed of Zebus, and exposed Jerseys and cross-
breeds to an environmental lemperature of 105 F(40 C) for 6
hours. Figure 8 shows somc ol their re(?'ults.'lé)hc crossbreeds main-
tain a body temperature close to 102 F (39 C), w‘h(‘:l‘casbthe hody
temperature of the Jersey cows rises to over 103 1 (39 C). The
reaction of the Jerseys depends on the season. During the \\'in(;el‘
months they are least able to copewitha 6 hour exposure to 105 I
(4()U Cy, wherecas during the summer months this exposure raises
their body temperatuwres to a level not much higher than that of the

crosshreeds,
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Environment Gow [Effectiveness
Month (rect.) A Envir.
Min. { Max. | A Envir. | 4 Rect. A Rect.
°C. B, G, “[,
MAY 14 | 29 15 0.4 38
JUNE 23| 40 'l 0.4 42
JuLY 27 | 44 Py 0.9 19
AUGUST | 28 | 42 14 0.9 |6

Note: Total variation of rectal temperature 38.2 to 40 °C.

Based on observatirns by Ittner, Imperiol Valley, Calif,, 1946.

Figure 7.

thermostat,
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and the effectiveness of a1 cow's
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REGULATION AGAINST COOLING

By cooling I mean a decrease in temperature and, to the best
of my knowledge, that is what Newton meant by cooling when he
formulated his law of cooling which is erroneously applied when one
means loss of heat rather than of temperature. Temperature reg-
ulation means prevention of cooling but not prevention of heat loss.

The classic example for adaptation to cold has been given by
Hoesslin (1888). He set out to test experimentally Rubner's theory
that the metabolic rate of homeotherms is proportional to their sur-
face area because their heat loss is proportional to their surface
area. Hoesslin argued if the metabolic rate is governed by the heat
requirement, then it should bedirectly proportional to the difference
between environmental temperature and body temperature. To test
this deduction, Hoesslin raised one dgg at 32 C and a twin brother
of that dog in the refrigerator at 5 C. From his records of food
consumption and his estimate of body substance produced, Hoesslin
concluded that the dog raised at 5 C haéj a metabolic rate only 12%
above that of his brother raised at 32 C, The difference between
body temperature and environmental temperature of the cold dog was
about six times as great as the correspondingdifference for the hot
dog.

Hoesslin concluded that heat requirement could notbe the deter-
mining lactor in the control of metabolic rate or the explanation for
the surface law. He observed that the cold dog's pelt weighed 3.6
times as much as that of the hotdog, indicating an adaptation of in-
sulation to environment. It may be that the adaptation was mainly on
the side of the hot dog, that his fur was abnormally light. We now
would accept Hoesslin's argument that the metabolic rate ol his hot
dog was not determined by heat requirement, but we would muntain
that the metabolic rate of the colddog presumably retlected a ther-
mostatic heat requirement, This assumptionis justitied by the rela-
tion of metabolic rates to buaxdy temperatures of various animals
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o.viously reflecting the insulating power of their body covering as
shown in Figure 9.

We simplify the situation by the scheme in Figure 10. If the
dogs behaved strictly like ordinary thermostats, then the metabolic
rate of the hot dog would be on the line between the rate of the hot
dog and the rate zero reached when the environmental temperature
becomes equal to the body temperature. On the scale of our figure
the hot dog would produce about 16% of the "normal' rate marked
100. The hot dog, however, produces almost as much heat as his
cold brother and operates special devices to get rid of the excess
heat. Obviously, the metabolic rate of the hotdog cannot be explained
as a heat requirement. Rubner realized that, and he explained the
surface law of animal metabolism as heatrequirementproportional
to surface area in a cold environment and as necessary cooling
power also proportional to surface area in a hot environment.

There is, however, a difference between the two dogs in their
immediate reaction to cold. If the hot dog were suddenly brought to
the cold living quarters of his brother, he would presumably shiver
and produce more heatthan the cold~adapted litter mate. If he stayed
long enough in the wintery climate and if he had enough youthful
adaptability he would gradually grow a fur as thick as that of his
brother and quit shivering; thenpresumably the two dogs would have
the saume melabolic rates. The rise in metabolic rate is known as
"chemical," or metabolic temperature regulation. By that term,
Rubner simply meant an increase in the rate of chemical processes,
whether ornot connected with muscular movement such as shivering.
The idea of chemical temperature regulation as contrasted to reg-
ulation involving shivering is a later and not too usetul complication.
The change in the insulation, in contrast to the change in metaboiic
rate, is known us "physical" temperature regulation, and, if it in-
volves slow processes such as changingone's fur, it is classified as

"acclimatization."

Scholander reports that dogs truly :lcclim:ltiy(,(xi to the arctic
regions have w critical temperature as low as -0 C. This shows
that domestication has not led to a degeneration of the dog or at
least has left the dog the possibility of overcoming the softening
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effect ol civilization and becoming [it to f[ollow "the call of the
wild," as Jack London would say.

Between the immediate response of shivering and the long
term acclimatization of growing a thickerfur, thereis an intermed-
iary adaptation, For some time the dog brought from the hot to the
cold environment would presumably respond with "insulative cool-
ing." He would let the temperature, especially of the outer layers
of his body, drop. Scholander (1958) discovered this temporary an-
swer to cold exposure in the Australian aborigines. This adapt-
ation is especially advantageous in climates with greatdiurnal tem-
perature changes.

[remember Nangsen's account of his polar expedition, especially
his description of Johansen's sleeping peacefully with his bare foot
stuck out from the tent into the subzero polar air. This observation
indicates that the Norwegian polar explorers may also have ac-
quired some ability to utilize insulative cooling.

social Temperature Regulation

My account of adaptations to prevent afall of hody temperature
in a cold environment would not be complete without mentioning
social temperature regulation. Animals have learned to conserve
heat by "togetherness,' also called "huddling." That this method is
effective has been shown in baby chicks, some of which were denied
fulfillment ol their social instinct and were forced to burn up more
fuel to keep warm, while involuntarily practicing rugged individ-

walism (Mg, 11).

REGULATION AGAINST OVERHEATING

An old method o get relie! from too much heat 1s the use of o

frn. 1 oam told that Endies used this mstrument not only to increase
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cooling hut also to hide blushing and even to hidenon-blushing,
Steers do not worry about blushing but they get relief against
overheating from fans, as shown oa Figure 12, which was con-
structed from a table giving observations by Ittaer, Bond, and
Kelly (1955), in the Imperial Valley of California. The fan could
keep the body temperature one degree lower than it would have
been without the fan. This type of relief, of course, is given the
animal by his keeper. The animal itself, however, also has methods
for preventing overheating. The first reaction of an animal ex-
posed to a high environmental temperature is to increase the
blood flow to the skin, which increases the heat flux from skin
to environment. This type of physical temperature regulation
is effective only when the skin temperature is higher than the
environmental temperature. When the air temperature and the
temperature of the objects toward which an animal radiates
are equal to, or higher than body temperature, more drastic
means of cooling have to be taken. The last resort is water
evaporation. Men and horses perspire. Dogs and caftle have
discovered a flaw in this method. When the surface is wet and
evaporative cooling takes place, there is not only the welcome
temperature difference for the flux of heat from the interior to
the surface, but also an increase in the flux from the hot environ-
ment to the animal surface. The animal therefore spends water
to cool its environment. To overcome that disadvantage, cattle
and dogs operate an internal evaporative cooler which leaves
the surface temperature higher and keeps the heat influx lower,
Dogs and cattle increase the evaporative cooling by panting.
Increased respiratory ventilation, however, involves the danger
of depleting the blood of CO_, a condition known as acapnia which
causes unnleasant disturbances in the operation of the breathing
reflexes. The answer to this danger is shallow breathing, in-
creasing the ventilation rate in the upper parts of the respira-
tory system only, this provides the desirable increase in evapora-
tion, with liltle change of the (302 washout from the alveoli.

Figure 13 shows the type of breathing in heat exposed cows
compared with that at a low (for the cow's taste comlortable)
temperature, A threefold increase in respiratory frequency pro-
duces i twolold increasc in ventilation rate because the volume
for cach breath 1s reduced. Cows do not start panting at a certain
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Environmental | Temperature

7°C. 32°C.

Breaths per minute 15520.3 | 460138
Respired air per minute, liters 521 3 105 5
Respired air per breath, liters 3410.2 221004

(Proceed. Soc. Exp. Biol. Med. 33,10-14, 1935).

Figure 13. Physical temperature regulationincows.The adaptation of breathing
at various environmental temperatures.
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environmental lemperature. As they get warmer, their breath rate
increases rather gradually, so that the relationbetween respiratory
frequency and the environmental tempe:.-ature canwellbe expressed
by the Arrhenius equation.

Figure 14 shows the logarithm of respiratory frequency plotted
against the reciprocal of the environmental temperature indegrees

Kelvin.

The idea that cows do not perspire at all through their body
surface has been proven erroneous. Figure 15 summarizes the
results of Kibler and Brody (1952), which indicate that indeed
a great part of the heat given off by cows, especially in a hot
environment, is accounted for by surface evaporation, and the
evaporation in the respiratory system amounts to only one~
third of the total evaporation.

Kibler and Yeck (1959) later observed that the greater heat
tolerance of Brahman cattle compared with shorthorns is related
to a grealer evaporative capacity and that in particular the ratio
of skin evaporation to respiratory evaporation is greater in the
heat tolerant Brahmans. The major advantage of the Brahmans,
however, in combating overheating, according to Kibler and
Brody (1954), is their relatively low metabolic rate, about 80
kcal/(m~ x hr) as compared with 150 kecal/(m”~ x hr) in Jerseys

and Holsteins.

The Method of the Camel

The most ingenious system of keeping cool has been develop-
ed by the cumel, also known as the ship of the desert. The U, S.
Navy has a perfectly good reason, therefore, for supporting re-
scarch on  this animal by Knut and Bodil Schmidt-Niclsen, a

team of extraordinarily keen observers.

The camel apparently realizes the advantage of inside cooling as
oppuscd Lo surface cooling. 1t also is very much interested in the
most cconomie use ofwater and canhardly afford to have sweat drop
to the ground unevaporated, as it Jdoes in human athletes and in

964
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horses. Yet the camel apparently does notthink much of panting and,
having observed panting cows anddogs, I cannotblame the camel for
disliking that method. The ship of the desert solves the problem by
making the skin surface an inside surface insulated by an effective
fur. This leaves the outer surface of the hair hot and dry, minimiz-
ing the heat influx from the environment and reserves the entire
cooling effect of the evaporation for the benefit of the animal.

The Schmidt-Nielsens and their coworkers (1957) demonstrated
the importance of the fur in water economy by clipping a camel's
hair. The result is shown in Figure 16 which is redrawn from Figure
1 inSchmidt-Nielsen's paper. Under given conditions, the furry cam-
el uses 2 liters of water perdayper 100 kg body weight. Clipping of
the hair increases the water loss to3.7 liters daily per 100 kg body
weight. *

Schmidt- Nielsen et al. also measured the water expenditure of
a donkey (presumably under the same conditions as the camel), and
they state that the donkey wastes more water even than the clipped
camel. As agood Democratl am bothered by this wastefulness of the
donkey and I think the accusationisunjustified. For a fair compari-
son of wastefulness, the rates of evaporation should be expressed per
unit surface area instead of body weight, and when rates are ex-
pressed that way, the donkey is just as economical in the use of
water as the clipped camel. To demonsirate the fallacy of the com-
parison per unit body weight for this discussion, I have added the
probable rate of water loss of a 4000 kg elephant, and the result
shows that by Schmidt-Nielsen's comparison the elephant is much
niore cconomical with water than even the furry camel. [ must warn
my Republican colleagues not to get too excited about this result. It
is just a matter of body size, and the fact Lhat elephants are hulkier
than donkeys has no political significance. [ hasten to mention that
in fact my calculation is based on the strictly bipartisan assumption
that the evaporation rate per unit surface areais the same for don-

Key and elephant.

Iigure 17 shows  the calculations  which  show the same

water loss tor the camel and the donkey per wnt surface area,

*Sote water may be used for the excretion of metabolic products in urine, but
under the circumstances, evaporation presumably accounts for most of the water
150l
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Gamel | Donkey

Body weight - — — — — — — — ——_ _ __ 206 Kg_ | 81 Kg
Surfoce area W22 _ _ _ _ _ _ ____ _ __ 349 nger_IB.Y Kg?’?

Daily water used per (U0 Kg (schmidt-Nietsen 19574 _ _ 3.5 it T3 lit.

cor w o wwapimalo_ ____ __ _ ___ 72} 59"
e wKe¥ 0.206* 1 _0.206"
oo kg 0133140218 "

FAmer. J Physiol. 188, pg 110 Fig.7, 1957

Figure 17. Rate of watler evaporation in the camel and the donkey.
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The water loss per interspecific unit of body size is kg 3/4
(Kleiber, 1947). This interspecific unit is a unit of probable
metabolic rate and it shows thatthedonkeyhad a higher rate of wa-
ter loss than the clipped camel.

The comparisonof rate of water loss between donkey and camel
leads not to one but to several different conclusions, and no one is
absolutely superior to the others. Assuming isometric composition
of the two animals, the conclusionbased on loss per unit body weight
indicates that the donkey loses a given percentage of its body water
twice as fast as the camel. For an estimate of the daily water re-
quirement of a caravan, it maybe of interest to know the water loss
per animal--7.2 liters per camel, 5.9 liters perdonkey. FFor a com-
parison of mechanisms of heattransfer it is noteworthy fo know that
both camel and donkey lose daily 2.1 liters H_O per m  of surface
area. For comparisons of the rates of water loss with metabolic
rates, the loss per interspecific unit of metabolic body size is the

most useful.

Daily Heat Load and Body Size

In many regions, especially deserts, it is very hot during a
period of the day and cold during the night. Under those circum-
stances the larger animalhas an advantage over the smaller one be-
cause heat load is proportional to body surface and heat capacity
proportional tobody weight. The riseinbody temperature for a given
period of excessive temperatureduring theday is therefore inverse-
ly proportional to the cuberootofbody weight. Figure 18 illustrates
this relation.

It is assumed that during a 6 hour period every day the influx of
heat exceeds the animal rate of heat loss so that during this 6 hour
hot period 2.5 kcal of heat are stored in the animal per dm— of its
body surface. This would be a rate of influx of 250 kcal per m in 6
hours and would equal the basal mgtuboliv rate which, according to
Rubner, is 1000 kcal perday per m™.* What is the rise in bhody tem-
perature at the end of the 6 hour period resulting from this storage ?

*This 1> approximitely correct for an antmal of 100 kg body weight, \\'h(-r(-us.
snraller ammals produce less. Larger ones more heat perm® per day,
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Body Weight

W

Kg.

10
100
1000
10000

Surface
Heat cap.

2125 x W3

dm2
kcal / °C.

12.5
5.8l
2.70
.25
0.58

Change
in Body Temp.

=2.5

Surface

Heat cap.
°C.

31.4
14.5
6.7
3.1
1.4

Figure 18. Periodic heat Joad, body size, and body temperature for a periodic
heat storage of 2.5 keal per dm™. Fora 6-hour period the rate of this storage would
be equal to the daily metabolic rate of one megacal per m  (Rubner).
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T}ie/‘ surface area in square decimeters may be estimated to be 10 x
W, where Wis thebody weight in kg, The heat capacity of the ani-
mal may be estimated as kg water x0.4 x kg dry matter in the ani-
mal (Kleiber, 1961). Assuming a water content of 68%, the heat
capacity of the animal would therefore amount to 0.81 kecal/~ C per
kg body weight. Theraiio of surface areato heat capacity then would
amount to

2/3
10 x W / —1/3 . .
T or 12.5 W (second column in Figure 18)

The increase in body temperatgi“%from the storage of 2.5 kc%l/dm2
then amounts to 2.5 x 12.56 W 5 This rise would be 31.4 C for
an animal weighting 1 kg and 1.4 C for a 10 ton super elephant.
A large animal, therefore, may comfortably survive discontinuous
daily heat loads which are fatal for smaller animals. When, how-
ever, the heat load is continued, the advantage of size is lost.

Professor Regan at Davis noted that a cow can stand a good
deal of heat during the day when she cools off during the night,
whereas a constant rather moderately high temperature in an
air conditioned room may be fatal.

The camel can take udvantagg of cool nights by letting its
body temperature decrease to 34 C (see Schrnidt-Nielsen). A
human being could har%ly stand this, nor could he let his body
temperature rise to 41 C when waler is short and the day hot.

Schmidt-Niclsen feels that this relatively large change in
body temperature should not be regarded as a failure regulation,
but rather uas an adaptation which conserves water. It may be
more cautious to say that in this case the water economy at the
cost of an uaccurate temperature regulation proves advantageous

for survival,

The difference between controlled and run away increase
in body temperature, the latter resulting {rom positive feedback,
is clearly shown in a plot of pigs' body temperature against time
ol exposure to various environmental temperatures, observed by

Robinson und Lec (1912).
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TEMPERATURE AND FOGCD UTILIZATION

An animal that is producing flesh or other forms of animal
product invariably has a higher metabolic rate than a non-produc-
ing and especially a fasting animal would have. The difference in
heat production between the fed and the fasting animal is called
the "heat increment", or the calorigenic effect of food, or the
specific dynamic effect of food, an intriguing name considering
the fact that the effect is neither specific nor dynamic.

This calorigenic effect of food intake means a relief to the
animal in its fight against a cold environment and an extra burden
in the regulation against overheating.

The situation is illustrated in Figure 20. At a low environ-
mental temperature the metabolic rate,beingdetermined by the heat
requirement, will be the same for fed and fasting animals. There is
thus no calorigenic effect of the food. Atthis low environmental tem-
perature the extra heat forthermocstatic controlis now less becauge
the minimum heat production of the fed animalis higher than that of
the fasting animal, and the calorigenic effect of the food helps to heat
the animal. The critical temperature of the fed animal (Tcf) for
that reason is lower than that of the fasting animal (Tco). Between
these two temperatures the calorigenic effect of the food in-
creases from zero to C in proportion to the increase in environ-
mental temperature. Ruq)]ner called the description of this effect
his compensation theory. The calorigenic effect compensates for
the thermostatic rise in heat production of the fasting animal.

Above the critical temperature of the fasting animal, the
calorigenic effect of the food is independent of changes in environ-
mental temperature. The cxcess heat of the fed animal is greater
than that of the fasting animal. This means an extra burden in
the fight against overheating. If this burden becomes significant,
it affects the food intake. At o sufficiently high environmental
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KLEIBER

temperature , the animal may eat only enough for maintenance,
as illustrated in Figure 21 (Kleiber and Dougherty, 1934).

This temperature (T max) is the highest environmental
temperature for animai production. As the environrentaltempera-
ture is decreased, the animal will eat more, and the net energy,
appearing in the animal product, N, will rise. Below the critical
temperature of the full fed animal, TCB, the heat production will
be determined by the thermostatic heat requirement. Since the
capacity for food intake is limited, whereas the heat requirement
continues to increase with decreasing environmental temperature,
less and less energy is available for production, and at the tempera-
ture, T  , the maximum food intake of the animal provides just
enough ﬁ]l]elgt for maintaining the animal's body temperature. Below
this temperature the animal will eat all it can and yet starve to
death because it will have to burn up its own body substance in
addition to all the food it can eat in order to maintain its body
temperature. This situation may be less significant for practical
purposes than the lack of food in a cold environment which calls
for human action such as operation "Hay Lift". Between the low
temperature, at which the animal eats a lot but needs most of
the food for fuel for keeping warm, and a high temperature at
which it loscs appetite to such an extent that it burns up all it
takes in for maintenance, there should be an optimal environ-
mental temperature at which the efficiency of animal production
is at & maximum. This is illustrated on the lower part of Figure 21.

An indication, though not too obvious, of such a temperature
optimum has been obtained in respiration trials with lactating
cows fed to capacity with alfalfa hay, beet pulp, and grain, and
kept alternately for weekly periods at 7 C, 18 C, and 30 C
(Kleiber, 1961), Total carbon and nitrogen balance was determined

over a three day period during each week.

The results are shown in Figure 22. The decline in food
intake at a high environmental temperature is most conspicuous.
The milk production was little atfected, hut the Joss of body sub-
stance was greater at the low and at the high temperature, than

0
at Is  C where the net energy wis at o maximum,
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Figure 23 shows a hydraulic model as an analog of animal
energy utilization in which the effect of cooling power is coordinated
with other effects such as stimulus for milk produétion and for
growth on the regulation of food intake. This was an early sugges-
tion (Kleiber, 1936) of the two great regulators of food intake, a
chemostatic principle now worked out especially convincingly by
J. Mayer (1953) and the thermostatic principle represented es-
pecially by Strominger and Brobeck (1953).
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Figure 23. Scheme of energy-utilization.
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SUMMARY

Domestication has not essentially changed the basic responses
of animals to challenges from cold or hot environments.

A reaction to cold exposure, common to manand other homeo-
therms, is an increase in metabolic rate called chemical tempera~
ture regulation. A more economical response, known as insulative
cooling, has been lost by civilized man, but operates in domestic
animals and Australian aborigines.

In order to adapt to continued cold exposure, animals increase
their insulation mainly by growing a thicker fur. Man has replaced
this adaptation by technical control of the microclimate.

Overheating is prevented mainly by evaporative cooling at the
body surface or in the respiratory system. Contrary to older be-
lief, cattle evaporate more water from the skin than by respira-
tion, even though respiratory frequency increases consistently
with increase in environmental temperature.

Evaporation from a wet body surface in a hot environment
is uneconomical because it allows an influx of heat from the

environment to the surface.

The camel's fur maintains its outer surface dry and hot,
minimizing the influx of heat to the skin which is kept cool by
evaporation. Clipping of the fur increases the camel's water
loss in a hot environment to a rate per unit area similar to

that of a donkey.

lixcessive but time-limited daily heat loads producing heat
storage in the body can be endured betler the larger the animal
because heat load is proportional to body surface area and heat
capacity is proportional to body weight. Increuase in body tempera-
ture for given loads, therefore, is proportional to the reciprocal

of the cube root of body weight.

RAYS]
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Animal production increases metabolic rate and consequently
the problem of overheating. The breeds of cattle which are best
adapted to endure hot climates are usually low producers with
relatively low rates of heat production.




KLEIBER

LITERATURE CITED

Hoesslin, H. V. 1888. Ueber die ursacheder scheinbscheinbaren
Abhéngigkeit des Umsatzes von der Grosse der Korperober-
flache, Arch. Physiol, 11:323~379.

Ittner, N. R. 1946. A progressreportonlivestock investigations
in the Imperial Valley. College of Agr., Univ.of Calif., Davis,
Table 1, p. 3.

Ittner, N, R., T. E. Bond, and C, F. Kelly. 1955. Methods of in-
creasing beef production in hot climates. Cal. Exp. Sta. Bul.
761, Table 13.

Johnson, H. D., C. S. Cheng,and A, C. Ragsdale.1958., Compari-
son of the effect of environmental temperature on rabbits and
cattle. Missouri Res, Bul. 648:1-27.

Kibler, H. H. and S. Brody.1952. Relative efficiency of surface
evaporative, respiratory evaporative, and non-evaporative
cooling in relation to heat productiog in Jergey, Holstein,
Brown Swiss and Brahman cattle, 5 to 105 F. Missouri

Res. Bul. 497:19.

Kibler, H. H, 1954. Influence of radiation intensity on evapora-
tive cooling, heat production and cardiorespiratory activities
in Jersey, Holstein and Brahman cows. Missouri Res. Bul.

574:20.

Kibler, H. H. and 5. Brody. 1956. Influcnce of diurnal tempera-
turc cycles on heat production and cardio-respiratory
activities in Holstein and Jersey cows. Missouri Res. Bul.
601:10.

Kibler, H, H. and R. G. Ycck.1959. Vaporization rates and heat
tolerance in growing Shorthorn, Brahman, and Santa Ger-

) 0 ¢
trudis calves rarsed at constant 0 and S0 17 temperatures.

Missour: Res. Bul. 701.




10.

11.

12.

13.

14,

15.

16.

15,

19.

DOMESTIC MAMMAL ADAPTATIONS

Kleiber, M. 1947. Body size and metabolic rate. Physiol.
Rev. 27:538.

Kleiber, M. 1936. Problems involved in breeding for efficiency
of food utilization. Am. Soc. Animal Prod. Proc. p. 247-258.

Kleiber, M. 1961. The Fire of Life, and introduction to animal
energetics. Wiley and Sons, New York, p. 102.

Kleiber, M. and J. E. Dougherty. 1934, The influence of environ~
mental temperature on the utilization of food energy in baby
chicks, J. Gen, Physiol. 17:701~726.

Kleitman, N, 1951. When your temperature goes up. San
Francisco Chronicle "This Week", March, p. 18-19.

Kleitman, N, , S. Titelbaum and P. Feievson. 1935. Diurnal
variation in reaction time and its relation to body tempera-
ture. Am. J. Physiol. 113:82.

Lee, R. C. 1939. The rectal temperature of the normal rabbit.
Am. J, Physiol. 125:521-529.

McDowell, R, E., C. A. Matthews, D. H. K. Lee and M. H.
Fohrman. 1953. Repeatability of an experimental heat
tolerance test and the influence of geason. dJ, Animal Sci.
12:757-17176,

Mayer, J. 1953. Genetic, traumatic and environmental factors
in the ctiology of obesity. Physiol. Rev. 33:472-508.

Richet, Ch. 1889. La Chalcur Animale. Felix Alcan, Paris,

P.23.

Robinson, K. W. and D, H. K. Lee. 1942, Reaction of the
Pig to Hot tmospheres, Proc. Roy. soc. Queensland

23:145-10n.




20.

21

22.

23.

KLEIBER

Schmidt-Nielsen, K., B. Schmidt-Nielsen, S. A. Jarnum and
T. R. Houpt. 1957. Body temperature of the camel and its
relation to water economy, Am. J. Physiol. 188:103-122.

Scholander, P. F. 1955. Evolution of climatic adaptation
in homeotherms. Evolution 9:15-20.

Scholander, P. F. 1958. Studies on man exposed to cold,
Fed, Proc. 17:1054-1057.

Strominger, J, L. and J. R. Brobeck. 1953. A mechanism
of regulation of food intake. Yale J. Biol. Med. 25:383.

oy




DOMESTIC MAMMAL ADAPTATIONS

DISCUSSION

EAGAN: There are three minor points I should like to make.
First, Figure 1 showed that the rectal temperature of the rabbit
decreased in response to a moderate decrease in environmental
temperature. I know that this has been shown by some people, for
instance by Carlson (1955) % but we have not seen this--not even in
rabbits that were exposed to ~25 C. There is no change in rectal
temperature in mature animals exposed at-25 Cfor several hours

(Eagan, 1961).**

Secondly, Burton presenteg a theory on why the body tempera-
ture is regulated at about 37 C. This theory is presented in the
first chapter of Man in a Cold Environment (Bur<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>