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INTRODUCTORY REMARKS 

John P. Harmon 

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 to travel. It is our desire that you remem- 

ber this visit to our Laboratory and to the State of Alaska 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 perpeluationofanypopulationofplants or animals. 

Thus, when a species is unable to adapt to an adverse environment 
it becomes extinct. 

To those ofus who livein arctic or subarctic areas, the adapta- 

tions of plants and animals to adverse environmental temperatures 
are 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 to organize a symposium that would 

adequately cover the whole field. Consequently, we decided to con- 
tinue the pattern that was followed in our first Symposium on Arctic 
Biology and Medicine; namely, to give intensive consideration to 

one rather na rrovv aspect of this field. Furthermore, we also decided 
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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 in one 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 other vertebrate heterotherms; those 
of us who study the temperature regulation of cats and dogs may 
not be cognizant of temperature regulation Studie»o#i(to«fcMrtic ani- 
mals such as the cow; and those of us who ate coWeefteS* «rilft *he 
natural temperature adaptations of arctic taAitimip **•? m* mlttie 
our information to studies that have= bee» oanHmMlf oti &»%& 
animals. 

Our first concern, therefore, in orgam2iA(fÄ»»»ympo(ii\ii»«Mw 
to bring together representatives of the various sc4»ftliftedlMiei|»li«*« 
who are interested in vertebrate temperature re^btatioft. Beyooil 
this, we had two other desires in organizing ita» «yntymiufn. Oil« 
of these was to obtain participants who could discuM v«ftabt«tc 
temperature regulation from the evolutionary stmäpmni. Owart&ef 
desire was to obtain participants who could ifrteffe4a.*«te»ipeMthtfe 
adaptations to other forms of environmental adaptMiwft. i #eei that 
we have been at least partially successful in acMenngJiotfc o* these 
desires. And in this regaid I would like to express my g»atitude to 
Dr. Laurence Irving, Dr. J. Sanford Hart and Dr, C. Ladd Prosser 
for their valuable suggestions regarding possible participants and 
subject material. 

VI11 



ACCLIMATION OF POIKJ.LOTHEKMIC VERTEBRATES 
TO LOW TEMPERATURES 

C.   L. Prosser 

Temperature limits thedistributionof many poildlothermic ani- 
mals, and knowledge of responses to temperature is important for 
physiological ecology. Natural selection acts on the capacity for 
ohange within a given genotype; hence it is important to learn how 
such an environmental variable as temperature brings about bio- 
chemical changes in individual aninaals. Natural variation in respect 
to. temperature relationi CM^efri^c 4e«c?ibed in terms of the re- 
sponse» to the »itts»t9 at eoUl *«$ ftcsit: fvrrival, reproduction, 
various rate ftiuctioa», lusltftlilpf. QntftUkif vtiifttion is described 
for naturai $opa|tfiPIM Of «QtQKto. it ■• <k9CC»safT to analyze that 
component wfciell Ift f MCtiC Mi UUl M|I<Ü i9 «ttrironmentally in- 
duced; this aaalygjg la permitted b| ««^UtMttiilk of similar animals 
to a range of ItffipmtlireS* Plaally««* P8iyw«logM*"l mechsnisffis 
of the vuriatioo «rltH respect Id lmpet«M«c«afc vuf sued down to 
the molccvlS» «liaikgM« tntf IB» «M|i»m|p# 41 «fcftts ty which tem- 
perature brttygfe iimtaS «IIAf|(ft in ^HMttctlly «iaiU* iftdividuals can 
be elueiAataft. 

COMPARISON  Of   §80MOf8fiSi*flS»   AMI»  POOOBLOTHERMS 

The differences 5etw€eft • yollEito^etfib^eftperature conform- 
er)   and a homeotherf« ^<emf>efatvjfe fegwiatoi') are multiple and 
fundamental. Birds and mamraals erolred ffom reptiles and differ 
from presenfc-dayreptiles in possession of a thermoregulating center 
in the brain, ininsulation, in peripheral vascularresponses to ambi- 

l   « ent temperature (which are oppositeto those 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 that certain 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. Peripheral cold receptors signal the drop in skin tempera- 
ture and initiate reflexes such as hair or feather erection, peripheral 
vasoconstriction, and behavior such as huddling. These initial re- 
sponses result inheatretentionby increased insulation. With further 
chilling, the temperature-sensitive center in the hypothalamus is 
stimulated and further defenses maybe mobilized. Cooling below the 
critical ambient temperature or to that temperature below which in- 
sulative changes areinadequatesothatatransientdrop in body tem- 
perature OCCUM, result* in increaaed metabolism which serves to 
maintain body temperature. Nor-adrenaline secretion is enhanced, 
and shivering Aia/I^e initittal and heat prcüuetien increased. If cold 
stress eontinues, ibe hypothalamus actirates the anterior pituitary 
to liberate adrenoeettieottopie wid thytetropic bermenes. The ad- 
renal cortex aftd ItytoiA i&iti&te * ttictabeUc iftcf ease and extensive 
bioehemicai ffcfpenAe»«! wriiniforgaftlefWticuUfty liver to vary- 
ing extent» ilk diffs'Ml «pecifS». In Mtof »tofy scelitBafeea to cold 
seme aftitaslft «Ha« «pt iQpf«|«ad «twutsnt meUboUlts; ia field ao 
cUaaat|<atio|k Quuty «lkifli«it«iiaii«rat«:tl(}|iin«;tltic«)iemperature. 
Soioe «pftattolKp «MfOMB» UKome owr« «clte^üu» otbcrs and the 
sea^ttieily to •tiffluUttiAgttprmaM» i% «llerMl IHaAAo», I960; Hart, 
1959; Hermdi. 19001. Tils iftpfAestaJ «Mttt»»«!» at4*14 acclamation 
may pertiAt «flat tttlMrt«ii of feaffflwaü tlitttdattofi, and in the 
annual cycl» of «toter, ftwütttvi tdttptstto«« make metftbolie ones 
less fte<e&s«ry. IA «OIM «pacteft && «Ircfk«! elftes i» aefevc and 
the thyroid imm tcQv« «stor oai^rti «tfttot con^itta««. 

Over s ttkerOMlkSMV'^ t*9» Qm i«s«iUltiir»changes »f« sufficient 
to maintain feldivscjoikstsikcf «ftodyiemperatureina homeotherm. 
At elevated afobiefti iestpe/fttures. reflexes provide increased peri- 
pheral blood flow, surface cooling by sweat, panting, and other means 
of coDtrolling body temperature. However, there is no reduction in 
metabolism and in conditions of fever the oxygen consumption may 
increase. 



POIKILOTHEBMIC ADAPTATIONS 

HOMEOTHERM 
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AMBIENT   TEMP„ 

Figure I. Schematic representation of temperature regulation in a homeothenn. 
At a critical ambient temperature the body temperature is temporarily reduced, but 
metabolienn increases, thus maintaining body temperature. C, cold acclirns'cod; W, 
warm acclimated. 
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PROSSER 

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 large fish may be significantly 
warmer than its environment. But poikilotherms lack insulation, 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 even die from respiratory 

failure. If the cold stress is less, there may be initial stimulation, 
increased nervous activity (well shown in crustaceans and insects) 
and an initial transient increase in oxygen consumption, the. so-called 

initial shock reaction. This is followed by a decline 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 compensatory changes 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., 19 55) 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 in the cold than at the initial 

temperature, (2) perfect compensation with the same metabolism at 

each temperature, (3) partial compensation, (4) no compensation, 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,partialcompensation, so 
that if the metabolism of animals from temperatures t   and t   is 

1 2 
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, 19 58). Acclimation to heat is a re- 
duction in metabolism below the initial level determinedbv the Q 

10 
relation (Gelineo, 1959). The net effect of long-term acclimation is 
to tend toward relative constancy of energy liberation despite 
changes in body temperature. 
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POIKILOTHEEMIC ADAPTATIONS 

POIKILOTHERM 

Initial 

Metabolism 

Temp, 

TEMR 

Figure 2. Schematic representation of tempenrtru»« relation« In* polkilothena. 
Metaboliem decrease* more steeply than body temperature. Accliin«tton rsault» 1« 
a riee in metabolism at low temperature and a fall at high tempemttire, ttitM toadlng 
toward relative constancy of metabolism as theenvlPonmentaltenrpBrftture changes. 
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Figure 3. Precht'a pattern« ofnjet«bolic»ccllm«tion in cold. Anlin*! inov«! from 
a high temperatui« (t J to ftlottoo«^ ) «ad wtttoolkc rate fall« chnsDtiy •long eoiid 
line. Rate rem&lna at llfiU3«ccUm«tton occur« vitb time (ran't JMi aDprcarimatioq); 
rate rises to 2 if acclimation i«coa>pletcPatt«m I r<»pnss«itB oTAr-compmsatlOB, 
3, partial compensation, and 5, uncler-con»pen«atlon or rsv^rae acclimation. KodS- 
fied from Precht, 1958. 
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Tolerance of sudden temperature stress, called "resistance 
acclimation" by Precht, is also modified. This is shown by shifts of 
both high lethal and lowlethal 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 maintains 
constant temperature. There is no "comforlf' or th«f moneutral zone 
for the poikilotherm as long as chill or heat coma «re avoided. Effi- 
ciency of feeding and general body activity incre*»« i» 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 hormon«s are involved in the enzymatic changes 
of metabolic acclimation in poikilotherms is not known. Evidence 
concerning thyroid pAfticipatioft in adaptation of fish is conflicting 
(Hoar, 1959). A slight increas« in height of thyroid epithelium at ele- 
vated but not at reducad temper&tures was reported for the minnow 
(Phoxinus) (Barrington and Matty, 1954), and in trout the tliyroid 
shows signs of increased activity in the cold (Olivereau, 1955b). 
However, no histological change was found in thyroids of catfish, 
carp, tench, eel, Muflil, or ScyLLium after acclimation in cold (7 C- 
14 C) or warm (30 C-23.5 C) (Olivereau, 1955a,b,c). Thiourea 
treatment is said to eliminate metabolic differences between cold- 
and warm-acclimated crucian carp (Carassii^ (Suhrman, 1955), but 
thiourea increases the differenoes in Leuciscu» (Auerbach, 1957). 
Resistance to cold in long-day goldfish increases when thyroid hor- 
mone is injected (Ho&r, 19SB). Thiourea increaees cold resistance 
of goldfish and decreases that of the crucian carp (Carassius) 
(Precht, 19 58). 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., 19 59). 
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).Theamountofhydroxycorticosteroidin the blood 
of a fish may be increased after swimming but no response to tem- 
perature stress has been reported (Jones et al., 1958). Changes in 
metabolic enzymes in compensation for temperature occur in yeast 
(Precht, 1956) and in invertebrates where thyroxin sumd iodinated 
tyrosines and corticosterone do not function as tihey do in homeo- 
therms. Also, the biochemical chfijiges of poihJloth«rmfi in tem- 
perature adaptation can be either an increaee or a döcrease in 
specific enzymes. It seems likely that the &caliiB«.tiQft 0# poildio- 
therms is either a direct »£f«ct of t«iBp«:rfttur« on «htyim forming 
systems or an indirect «njyme iMucfaön 4ue to(JütfÄrwiteuil utiliza- 
tion of substrates at different temperatures. TJiwlB tii^re ii little 
similarity in the metabolic acclimationof poikllotherifts «undhcmeo- 
therms. 

DIFFICULTIES AND METHODS IN ACCLIMATION MEASUREMENT 

The analysis of biochemical mechanisms of temperature accli- 
mation is beset with many difficulties. The identification of limiting 
steps involves extrapolation to the intact animal from measurements 
on tissue slices, homogenates, isolated mitochondria, and purified 
enzymes. Such extrapolation is difficult and based on several as- 
sumptions. It is not possible to provide in vitro conditions which dup^- 
licate in all respects those under which an enzyme functiong In vivo. 
Balance of organic as well as inorganic ions, concentrations of co- 
factors and hormones cannotbe duplicated, 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  tnlcing it npnrt. One method of 

8 
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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 procedures 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 a useful comparison between sys- 

tems treated differently (as by temperature), but it does not tell 
much about limiting steps in vivo. 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 factorsj tem- 

perature, nutrition, and photoperiod, interact in an inextricable way. 
Many fish and amphibia eat little in the cold, and it has been common 
practice to observe acclimation in starved animals. Unfortunately a 

fish starved at 25   C is not comparable in its food reserves to one 
o 

starved at 5  G. Also if each is fed ad libitum, the absorption of food 

may be so slow in the cold that the nutritional state is different from 
that of one fed at 25 G. We have 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 effect in fish and amphibians. 
Ekberg (1961) found a greater difference between enzymes from cold 

and warm acclimated fish on a 17-hour than on a 7-hour photoperiod; 

he also found a marked seasonal difference in the metabolic response 

of i'-oUH'ish gills. Huberts (1961) observed a photoperiod effect 

on Garassius carassius at 20 C but not at lower temperatures. 
Hoar (1955; Hoar and Robertson, 1959) observed seasonal dif- 
ferences in temperature tolerance and in oxygen consumption 
by goldfish even when acclimated at the same temperature; 
these seasonal effects reflect photoperiod and may he associated 
with enhanced thyroid activity on short photoperiod. Frogs show 
marked seasonal differences in many of Uv.a r physiological proper- 
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lies independent of temperature. It is important, therefore, that pho- 
topenod be kept the same for different conditions of temperature 
acclimation. 

Another difficulty in metabolic acclimation results from the 

differences between active and rest (standard) metabolism and the 

impossibility of controlling movement 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. not 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).Suchcurvespermitsomespecula- 

tion concerning the mechanism of acclimation (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 Gunner (Haugaard and Irving, 

1943) and for a variety of insects and shore invertebrates. One type 
of acclimation to cold is a translation of the rate curve to the left or 

upward (Figure 4b) without change in slope. Such simple translation 

has been observed for 0 consumption by the scorpene trout (Gelin- 
eo, 1959), cocarboxylase of the eel (C arisen, 1953) .oxygen consump- 
tion by salamanders, Ivurycea (Vernberg, 1952) and Triturus (Riech 

et al., 1960), for metabolism of some northern and southern species 
' oo 

of frogs (Tashian, 1957), of the lizard Sceloporus at 16    C and 23    C 
(Dawson and Bartholomew, 19 56) as well as for numerous inverte- 

brates (Prosser, 1961). 

A third pattern (Figure 4c) is rotation about a midpoint, i. e., 

change in slope or i»)     only. This occurs for C)   consumption by the 
10 2o-o 

European eel with an  intersection ol curves for  11   C and 26    C 
o 

acclimation  at about 2J    C (Precht, J951) and also for metabolism 

by the  salamander  Plethedon (Vernberg, 1952). The most common 
pattern  is a combination of translation with rotation. When the 0 

of cold-acclimated  animals  is  less  than that of wann-acclimated 

10 
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ones, the two cui'ves may intersect by extrapolation above the normal 
temperature range (Figure 4d). Examples for vertebrates are heart 
rate of the newt Triton (Meilanby, 1940), metabolism of cottid fish, 
winter and summer, northern and southern latitudes (Morris, 1961), 
and O consumption by frogs acclimated to 5 C and 25 C (Riech et 
ah, I960). If the Q of cold-acclimated animals is higher (Figure 
4e)p the two curves may intersect at a low temperature, often by ex- 
trapolation. Above the intersection the rate is greater for cold-ac- 
climated than for warm-acclimated animals. This is reported for 

o o 
O   consumption by the crucian carp acclimated to 5   C and 26   C 
(Suhrman, 1955) and for 0   consumption by brain tissue of goldfish 
(Freeman, 1950). 

Translation of a rate-temperature curve implies a change in ac- 
tivity (in a thermodynamic sense) and may be caused by change in 
enzyme concentration, change in the relative activities of enzymes in 
series or in parallel, or a change in controlling conditions—ionic 
strength, pH etc. Rotation of a rate-temperature curve implies a 
change in Q and hence in activation energy and may result from 
alteration of the enzymatic protein, change in some co-factor, or a 
shift incontrolof a reaction to 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 Q     in the cold. 

10 

Metabolic and Enzymatic Changes 

A number of selected examples of compensatory acclimation of 
metaboüsm of intact poikilothermic vertebrates is given in Table I. 
A greater oxygen consumption of cold-than of warm-acclimated ani- 
mals when measured at intermediate temperatures is indicated for 
lampreys (ScherbaJcov, 1937), eels (Precht, 1951), marine fish Fun- 
dulus and Gellichthys (Wells, l935a,b), goldfish for both active and 
standard metabolism (Kanungo and Prosser, 1959a), and frogs (Riech 
I960). The extent to which photoperiod and nutritional state modify 
these differences is not clear, but the principal experimental vari- 
able in each experimentwas 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 

Temperature 
of 

Measurement 

lamprey 
(Scherbakov, 1937) 16° 

eel 
(Preoht, 1951) 12° 

22° 

CarfiBsius gibello 
crucian curp 

(Suhrmann, 1955) 
10-11° 
20-21° 

29° 

Carassius carassiim 
caraesiua a)0 

(Roberts, 1960) 

Acclimation Temperature 
and Oxygen Consumption 

per Wet Weight 

1.5-3.5° 15-17° 
0.21 mg02/gw/hr 0.14 

llu 

3 mlOä/lOOgw/kr        2 
7.mlO2/l00gw/hr 7 

5° 26° 

i.i mlO2/l00gw/br 3-> 
15.5 mlOj/lOOg^hr »^ 
24.6 mlO2/l00gw/lir l«.l 

4-7° 

70 mlOj/kg/fcr 
7 2nil02/l^|/hr 

Per Cent by which 
Cold Exceeds Warm 

50% 

20° 

IBS (7 &r My) 
m;» t» any) 

1§0|) 

37% 

128« 
53% 

58% 

20° 
Standaxd nc0 (Kanungo, Prosser, 25 

goldfish 
mgo 

1959 a) 20 
Active     2g0 

10 30° 
«.84 
7 48 

8.7 mlOj/lOOg^/hr 

13.7 mlOj/lDOg»/^ 

11.29 mlO2/l00gwAtr      ••7* 
19.33 ml02/lfl0gw/lw     U-i , 

»6% 

1«% 
58* 

GilUchthya 
(WeUs, 1935) 22" 

10-12° 
0.11 gme/lir 

.30° 
22« 

frog 

(Riech t-t al., 1960) 10 u 

aoc 

5° 
8 mlOj/lOOgw/hr 

11 mlO!1/l0OgwAr 

28° 
3A 

7.8 

1«8« 

*7% 

frog 

(Jankowsky, 1960) 15° 
26° 

7° 
158 mnvVhr/g273 

411 

2SU 

122 

287 

30% 

«3« 

Table I.   Metabolic scoUm&äon of intAct poikilothermic /ert«l)r»t«i. 
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metabolism 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 Garassius carassius and C. gibelio (Suhrman, 19 55 and 

Roberts, 1960); G. carassius shows an inverse or type 5 acclimation, 
_G. gibelio a positive or type 3 acclimation. 

Data for oxygen consumption by tissue slices, homogenates, and 

whole gills are given in Table 11. There is some disagreement for 

the same tissue among investigators, and some tissues show more 
temperature compensation than do others. In general, skeletal mus- 
cle shows more change than does liver or heart. For brain, compen- 

sation is reported by two authors and lack of compensation by two. 
Gills offish 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 a short day (7-hour) photoperiod 
than on a long day (17-hour) photoperiod. No attempt has been made 
to equate the 0 consumption by various tissues to the total by the 

intact animal and to evaluate the relative contributions of each, but 
the percentage of change found for isolated tissues is less than for 
intact animals. 

Evidence for acclimatory effects on some enzymes of poikilo- 

thermic vertebrates and not on other enzymes is summarized in 
Table 111. The reported enzymatic effects are insufficient to account 

for the observed changes in metabolism. Differences in some de- 

hydrogenases and electron transport enzymes have been reported. 
Gills from cold-acclimated goldfish were more sensitive to cyanide 

(Fkberg, 1958) (and Uver more sensitive to antimycin (Kanungo and 

Prosser, 1959b)), while liver showed no significant differences witli 
respect to Inhibition by cyanide, azide, carbon monoxide, or amytol 

(Kanungo and Prosser, 19 59b). Cocarboxylase showed somocompen- 
sation in liver and questionable effect In muscle (Garlsen, 19 53), 

Succinlc dehydrogenase of eel liver as measured by methylene blue 
reduction showed considerable change (Precht, 1951). In goldfish 
this enzyme was altered in muscle and in liver when measured on :i 

protein (but not on a wet weight) basis (Murphy, 196]). Malic dehy- 
drogenase of goldfish liver showed considerable inverse acclima- 

tion (Preeht's typo 5) (Murphy, 1961). Cytochrome oxidase showed 

M 
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15 



"1""~™"" 

PROSSER 

Temperature Accllraatlon Texapsrature Per Cent by 
Tissue of and O2 Consuraptlon per which cold 

and animal Measurement Unjt Weight Wet (w) or Dry (d) Exceeds Warm 

Muscle 
Crucian carp *-T0 (7 Ur d*ft 30° (7 hr) 
(Roberts, 1960) 30° MO »«*/»^fc? 

•-T« (XT to ivf) 
XI *4| 

30° if 186 38% 

sunfish «» M0 

(Robert«, 1961) 38° 8«tS »Wj/aB^/V 0£H7 88« 

goldfish 
(Murphy, 1991) 

U-« d«r«) 
Ml 

•• 

a» 

n.l. 

«a« 

1««1 

frog (R. pipier*) 
(Riech et »1., 19i0) !•« 180 iBm*/feAt M« 

frog (R. UmEDriria) 

(Jan)coir«kj,l»»0) ae« MA ««'/«/to »13 n.«. 

Gills 
goldfish 
(Ekberg, 1956) 10° (Feb.) 

18°     " 
26°     " 

a» aoo 
D.i«? Kiflj/feGa/fer Q.10» 
O.ttr fiu^m^j/ln- »4*1 
1.CM f.iiäj/m^.'V 0.513 

113« 
10«« 

Crucian c«rp 

(Robert«, 1960) 

*)" 

•-T* (? W «•/) 
7S1 ii»inJ/fw/l»T 
«-7° (J7 hi <l«)0 
(18 

80° (7 IwiJ*« 
MS 
»0 117 hr» 
489 

MO 

3«« 

Table II, Oxygen consumption by tissues (usually with glucose) from potkilo- 
thermic   vertebrates  acclimated at different  temperatures, (n.s., not aigmflcanQ 
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Temperature 
Tissue of 

and Animal Measure merit 

Liver 
golclfisb 
(ElcDerg, 1968) 10° 

22° 

AccUmation Temperature 
and O2 Consumption per 

Unit Weight Wet (w) or Dry (d) 

10u 30 0 

30 ^ 

0.621 ^10 2/ai&i/»>r 0.454 
IPS» 0.849 
1.44 1.41 

Per Cent by 
which Cold 

Exceeds Warm 

37% 
64% 

goldfish 
(ItanuinfO, Pro#«M 

VI») 

»" 
10° 30" 

1.2 nVi^/m^/iir 0.84 43% 

(ttuivti, i«au 

flrcf 
(Rl»cb »t U., UW) 

15° 
~,o 

as" 

5° 30° 
363 Mlü2/i;w/hr 403 n.a 
697 (il02/gw/hr 7 27 n.s 

5° 25° 
321) 300 n.s 

Br»l» 
Bunflet 
(MMrtS.lMl) 

10° 20° 
«I0 U.519 (ilOj/mgd/hr Ü.521 

golraifis» 
.(*rMmu>, 19®) li*0 » »J»02/«w/,:nin 6,! B0% 

60U1/1«I> 
(£kb*r|, JJSfi) 

10° 30° 
22° 1.S3 /il/rtH]Ar 1-5 

gOidflsb 
(Murphy. 1981) 10° 5S0 iil02/f*/i>r 

$»8 ^l02/»w/lu' 
1744 f/H^/gw/V 

■30° 
493 
757 

1524 

n.s. 
n.s, 
n.a. 

fre» 
(m«Ch St al., 18«0) ii" 

25" 

226^ 10 2/^/1^ MO 
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Temperature    Acclimation Temperature und Knzyme    Per Cent by 
Oxidative of Activity Per gn Wet Weight which C 
Enzymea            Measure ment                        or rng P rotein Exceeds V 

Cokl Warm 

Succinic dehydrogenase 
eel liver 11° 26" 
(Precht, 195i) .43 M ~»% 
goldllah liver 5° 30" 

(Murphy, 1961) If." 15.9 ß l/gw/iiiin 14.3 n.8. 
25" 17 nl/gw/niiii 19.9 n.s. 

jtükifiBii muscle 
(Murphy, 1951) B.U ulO^/'fi^/snin 5.64 21% 

CocarboxylaBe 
eel liver 440 345 m 
(C»rlsea, 1853) 
eel mimcie 390 367 nsJ 
(CMteen, 1SS3) 

UtUc dat»y«tiogsn»BB 
goldflBh Uver 8° 30° 
(Murphy, 1961) 15" 9.15 H JO 2/gw/hr 16.2 -44% 

20° 14.7    j, l/gw/nun 22.5 -34.5% 

Cytociirome c oxidane 
gcidiish liver 30° 
(Murphy, 1961) 15" 15.0 /J l/g/min 1 5.9 n.s. 

261' 23.-1 »il/gw/min 22.8 n.s. 
.236 »i l/mg|)r/niin .JB3 29.5% 

goldtiib muecle 13.9 (il0 2/gw/min 12.3 n.s. 
(Murphy, ISBJ.) 

DPNH oytochrom« reductase 
goldfish liver 5° 30° 

(Murphy, 1961) 23.5/gw 23.9. Rw n.s. 

TPNH cytochxorae raduotag« 
gokiflsh liver 5" 30" 

(Murphy, 19S1) 4.l3/gw 4.97/gw n.s. 

CtUlM« 
cirp gill 5° 25" 
(Slchei|j, 1981) 219.7 223.7 u.a. 
«61 liver 50 77 -35% 
(Prscht, 1951) 

CN inhibition 
11)" 30° 

goldQib gill 
(EHjerg, 1958) 79.11, inhlb. 57.5| 
goWfieh liver H5.8'J HI.21 n.M. 
(Kkberg, 1558) 
goldfUh liver No olnnlfieant dißiT>'n.-c in inhibition ty CO, CN, attde. 
(KiniuiKO, Prosser. 1959 
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HexosH monophoaphute 

atmnt eii/,yineB 

Acclimation Temperature and Enzyme 
Activity Per gm Wet Weight Per Cent by which 

or mg Protein Cold Exceeds Warm 

Cold Warm 

Glucose - 6-Pü4 dehydrogenase 
Crucian carp gill 5° 25° 

(Kkberg, 1S6I) 44.2 tirb. unity 43 .S n.a. 

goUiibh liver 5° 30° 

(Mui-pbj, laei) Ü-.29H 0.54« -46% 

6 - P04 - giui'onio dehydrogenaHe 

Cmoian c«rp Kill 5° 25° 

(Bkberg, IS61) 11.0 arb. units 4.7 134% 

goldfish liver f," 30° 

(Mutiphy, IS« 1) 00)4] 0.034 n.a. 

Glycolytio emyvaea 

Aldolaaf 
Crucian carp gill 5° 25° 

(Ekberg. 061) 96.:! 64.3 50% 

AnBerobic acid production 
Crucisn carp gill 5'J 25° 

(Ekberg, 1961) 263 (7 hr. day) 176 (7 hr. day) 49% 
0 26 (] 7 hr. day) 194 (17 hr. day) 68% 

Lactic dehydrogemBt- 
gcWfiBh liver 5° 30° 

(Murphy, 1861) im/gw M15/gw n.a. 

19.10/mgj,,. 11.3  mgpr 65% 

IOA inhibition 
toldfliti (ill JQO 30" 

(Ektoerf, 19SS) 82.6f mliib. 77.4% inhib. 

Table III.  Activity of euuiysjies  from poikilothornur: vertebrates acclimated In 
0 different temperatures.  ('--Value's,  invtTbc licclmiatiun, or Precht's Type 5). (n.s. 

not signififant). Knrvmi» »"fvitiea in difffrent units of mcadurement. 

IS» 
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either no effect or a very slight compensation and goldfish liver has 
no such excess of cytochrome oxidase as rat liver (Murphy, 1961). 

Gatalase showed no change (Garassius gill, Ekberg, 1961) or an in- 

verse or type 5 acclimation (eel liver, Precht, 19 51). No differences 
between warm- and cold-acclimated goldfish were found for DPNH 
reductase and TPNH cytochrome reductase (Murphy, 1961). Wide 
variability in P/O ratios 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% ofthat in rat liver (Murphy, 1961). This enzyme 
showed no compensation in crucian carp gill (Ekberg, 1961) and an 

inverse (type 5) acclimation in goldfish liver (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 to be in glycoly tic enzymes. Sluggish fish such as carp are said 
to survive anaerobically in the cold (Blazka, 19 58). Active fish such 

as the Kamloops trout show an increase in lactic acid concentration 

in muscle of as much as 4 l/2 times in 9 minutes of exercise and 
elevated lactic acid persisted for several hours 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 et al,, 1960). Pyruvate follows the same 
time course as lactate. A trout accumulates lactic acid and pays off 
an ü( debt (Black el al,, 1960); a crucian carp does not accumulate 

lactate but increases its CO excretion (Blazka, 1958). It 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 was not (Ekberg, 1961). Aldolase was markedly increased in 
carp gills by cold acclimation (Ekberg, 1961). lodoacetate sensitivity 
of  goldfish   gills   was   less   in   the   cold. It appears that the most 
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striking enzymic increases in fish tissues in the cold are in those of 
glycolysis. However, intermediate acids must ultimately be oxidized 
and the relatively small changes in electron transport enzymes are 
difficult to explain. 

The preceding evidence indicates that some enzymes change and 
others are unaltered in the compensatory acclimation of fish, that 
corresponding enzymes differ for different tissues, and that enzymes 
may either increase or decrease according to temperature. The 
meaning of inverse acclimation (e. g., malicdehydrogenasein gold- 
fish liver and catalase in eel liver) is not clear. In general, the more 
an animal is taken apart, the less is the apparent accUmation. In our 
laboratory Murphy recently examined the activity afnumeroti» en- 
zymes of goldfish liver and has had difficulty obtaining statlsticaüy 
significant differences between those from cold-and warm-accUma» 
ted fish. The range of variability is very great for those genetically 
heterogeneous fish and reproducibility of expsrimenis poor« Cer- 
tainly there is no evidence for a general change in activity of all me- 
tabolic systems, and major effects are probably in the Integration of 
metabolism. 

Non-enzymatic Chemical Changes 

Other changes besides those in enzymes of intermediary meta- 
bolism have been noted in cold-acclimation, Chansres in water content 

o 
may be significant for marine fish. At 1,6 C in sea-wat^r the tide- 
pool fish Girella lost 23% of their water, and they survived only 2 
clays, whereas in 45% sea-water at the same temperatafe nö water 
loss was observed and survival was ptCAOJiged <l>OudOroffv193^. in 
fresh-water fish, however, an increase of 1% in wabet content was 
reported for goldfish after 2 days at* C ^Meyßr et 4i., 1956) and a 
decrease after 25 days at 5 C iUQM and CotU«, M5^, Goldfish 
liver showed no significant difference In water CMitentfdr 5 C and 
30    C acclimation (Murphy, 1961), 

Protein content of liver from goWfish acclimated at 5 C was 
9,9% and from those at 30 C was 12.5% (Murphy, 1961); no change 
was t'ouml 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 heat by a decreased unsaturation (Hoar and Cottie, 
1952). In cold the tissue phospholipids of goldfish increased in re- 
lation to cholesterol, but no consistent correlation was observed be- 
tween the ratio of cholesterol to phospholipid and thermal resistance. 
Also no good correlation was found between dietary lipid unsaturation 
and thermal resistance, although a high cholesterol diet increased 
resistance tobothheatandcoid(Irvineetal., 1957). Preliminary ob- 
servatioiia indicate a higher percentage of stearic and palmitic acids 

o 
in liver of  30    G-acclimated  than of cold-acclimated  goldfish 
(Murphy and Johnston, 196'1). Liver of goldfish from 5   C had 1.76% 
lipid, from 30   C had 3.97% lipid. The iodine numbers were as fol- 

Ü oo 
lows; 30    C, 97.7; 15   C, 100.3; 5  C, 102.3; hence the liver lipid is 
more unsaturated in the cold-acclimated state. Similar changes were 
noted by  Hoar  and  Cottie (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 underly biochemical changes ?Changes in lip- 
ids must depend on differences in some synthetic enzymes. As stated 
above, there is no evidenct'for involvement of the adrenal cortex and 
conflicting evidence for 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 favor» a direct effect of temperature. This could 
occur in several possible ways; (1> In the cold, the total metabolism 
is lower than at high acclimation temperatures; hence metabolic sub- 
strates in general may accumulate, and these may induce more in- 
termediary enzymes ;it several levels. (2) an interniediate such as 
pyruvate ^or tactate) may accumulate because its degrad a five en- 
zymes have a higher Q than those enzymes forming It, and thus 
this inter mediate may reach concentrations which induce an alternate 
path.  If B^C, in the s>stcm: 

A   «M^ B  m^  C 

II 
D   9» E 

h.-is ;i highQ    , B accumulates and may induce the enzyme catalyzing 

■ )•> 
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B [) 1). (3) An accumulation of products of one step can repress or 
can stimulate an earlier step in a sequence. The actions (2) and (3) 
ma}/ be on enzyme-forming UNA or even on the DNA template. In 
nature the capacityof a particular enzyme-forming system to change 
can   form   the   basis   for   selection  under  temperature   stress. 

The biological significance of the chemical changes in tempera- 
ture acclimation is uncertain. Many enzymes show enhanced activity, 
some are unaltered, and a few decreased inaction after cold accli- 
mation. No calorimetric measurements of total energy liberation 
have been made, and deterniination of P/O ratios for liver mitochon- 
dria have led to equivocal results. The iipidchanges are in the dir- 
ection of lower melting points in the cold. A fish or a salamander at 
a low temperature is never as active as at 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 ther mo receptors and 
is upset by lesions of the tbrebrain (Sullivan, 1954; Fisher, 1958). 
The "selected" temperature is higher' than a low temperature of ac- 
ciimaüon and lower than a high acclimation level (Sullivan and Fish- 
er, 1953, 1954), and shifts according to acclimation (Fry and Hart, 
194Ha). When maximum swimming speed is measured at different 
temperatures, the optimal temperature rises (Fry and Hart, 1948a), 
and the temperature at which active swimming stops is higher 
(Roots, 1961) as the acclimation temperature rises. 

The U( consumption measured in raaiomum swimming activity 
riset» with temperature more rapidly over a low temperature range 
and then more slowly than does the standard or rebt metabolism 
(Figure 6), The difference between the two curves (active and stand- 
ard) tor fully acclimated fish is considered a measure of extra en- 
ergy available lor swimming, the "scope of activity" of Fry. This 
difference curve or scope of activity rises to a maximum in lake 
trout (Salvehnus) at a temperature close to that of maximum cruising 
speed (Gibson and Fry, 1954), and it has been suggested that the 
nnocimum  motor  aotivit\   is determined In  tin   'nierg\  nvnilahle '^ 

2>i 
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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 been described a- 
bove. Certainly no animal can move more rapidly than energy can 

be made available to it. Fisher (1958) has questioned whether the 
maximum metabolism per se determines the cruising speed or 
whether the limit may be imposed in the nervous 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, 1961). Spinal 

0 0 
reflex movement oi the fins of goldfish was blocked at 10    C, 5   C, 

0 0 0 0 0 
and 1 C respectively for fish acclimated to 35 C, 25 C, and 15 
C; the reflex persisted at below 1 C in fish acclimated to 5 C. 

Hoots has conditioned fish to avoid either a light or dark end of a 
divided aquarium, and also to interrupttheir breathing rhythm when 
given a visual stimulus. The cold-blocking temperatures of these 
conditioned reflexes is higher than for simple reflexes, e. g., block 

occurs at 15 C for 25 C-acclimated fish. Thus a hierarchy of tem- 
perature sensitivity is found, with midbrain functions mostsensitive, 

spinal functions less so, and peripheral nerve 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- 
daptivc changes occur in the nervous system during temperature ac- 

elimation. Changes in nervous function reflect chemical alterations 
of excitable membranes and subtle changes in interneuronic inter- 
action  which  are  lotallv  unknown.  In  the absence of the insulative 
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changes which occux 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 may be 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 but not 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 organs are more sensitive than others; for example, the brain 

is  more sensitive than the heart, but the chemical bases for such 

differences 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 fish (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 42   C and 47    C respectively 

(Milton, 19 58). 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 the normal range, 
and there may be little relation between the compensations of capa- 
city  adaptation  and  the stress responses of resistance adaptation. 

CONCLUSIONS 

Acclimation of poikilothcrmic vertebrates to temperature is 
basically dilTercnt from that in homeotherms in that compensations 

oi   poikilotherms   tend  toward   maintenance 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 show no compensations, 
but their body processes remain slow (as in hibernation) 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. Giycolysis may be most affected in fish. The 
meaning of lipid changes is not clear .although lower 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 
sensitivity of nervous systems to cold might be related to alterations 
i» membrane lipids. 

Changes in resistanceto extreme temperature stress ore clear- 
ly indicated by decline in temperatures of both heal and cold death 
with reduced 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 concerned, if the cord is not responding it would not 
do any good to have the nerves responding? 

PROSSER: I am not surethat lean 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 poikilothermio vertebrates as a result of 

acchmation to higher temperatures, or the converse? One of the 

questions, of course, in homeothermic literature is the inter- 
relationship of cold and heat acclimatization. 

PROSSEK: Yes, Precht has reported cases where acclima- 

tion occurred in both directions. But the curves of Fry and his 

associates are quite clear in showing a change in the lower lethal 
temperature with acclimation which may or may not be parallel 

to the change in the high lethal temperature. Both of his curves 

shift in the same direction. 

HAUT: Do lower lethal and upper lethal temperatures both 

change in the same direction? 

PROSSEK: Yes. I wish we knew more about the mechanism 

of this process. I have a feeling that we need to use stress tests. 
We have been looking at changes in the tolerated mid-range of 

temperature. There' arc virtually no data on the critical tempera- 

tures of enzyme functions. We know very little about chanees in 
denaturation temperatures. Dr. .lansky is doing something with this 
and might want to comment on it. 
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I should say in respect to the mechanisms of accümation 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 others have shown 

o 
that the cytochromes function at temperatures up to 70   C, where- 
as the 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 about those curves 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 have 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: I wondered if you had any data on the resting versus 
active  metabolism  to compare with those active metabolism data? 

PROSSER: Not for the green sunfish. 

HART: Does this conflict with Fry's concept? 

•Koffler,   II.   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 to a maximum. The 

shape is somewhat different from those of Fry . The metabolism 

of these goldfish was measured at different temperatures. R 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, 1 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 to cold 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. 

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

♦♦Fry,  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. 
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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 basic difference between 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 is quite 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 rate in 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 optimum, is reached. Beyond this temperature optimum the 

activity declines. In many enzymes this decline at high 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 of acclimation. The direct metabolism 
temperature effect is what one finds 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. Thislfeelis a basic difference. 

At the cellular and sub-cellular level, 1 was quite impressed 

by the man}' striking similarities between the metabolic activities 
of poikilotherms and homeotherms following cold-acclimatization. 

In fact, 1 do not feel there are as many incongruities here as you 

do. For instance, you have given a number of examples where cold 
acclimatization leads to an increase in the metabolic rate of the 

intact animal.  You have also shown with whole cell preparations 
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tliat 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 effeöts succinic dehydrogenase, cyto- 
chrome oxidase, glucose-6-phosphate dehydrogenase, and lactic 
dehydrogenase as well as DPNH and TPNHcytochrome c 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, 

hi 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 as glucose. In 

vitro 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. 

PHOSSEH:   Do   you   find   an   increase   in   the   monophosphate 
shunt enzymca'.' 
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HANNON: In our own work we have  found a decrease in both 

liver and muscle alter 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 with the 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 the liver thus retains a high meta- 
bolic rate by virtue of its size.lnotice in your data that practically 

all of the metabolic rates are expressed as oxygen consumption per 
gram of 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. 

PHOSSEH: Dr. Murphy has found the 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 
o 

that  has been  held at 5   C is large. We thought it has more fat on 

a   unit   weight   basis.   It does  not.  It has loss fat. You are finding- 
thai the fatty acid metabolism increases, are you not? 

HANNÜN: Yes, but we have studied only the liver. Dr. Depocas, 
1 believe, has found that the intact animal can oxidize fatty acid 
at greater rates in the cold. Am 1 correct, Dr. Hart? 

HART: Irs, but not associated with acclimation. There is a 
greater elevation of oxidation in the cold, but there was no change 
associated with acclimation. 
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PROSSEU: 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 
capacity 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 electron transport system of the 

liver, it was found that the activities succinic and malic dehydro- 

genase 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 
seen in muscle. On the basis of these data, 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 
cytochrome oxidase.This conclusion, however, mayhavetobe modi- 
fied for animals that have been exposed for intervals longer than 

one month. Also, we have only limited data on how cold exposure 
affects muscle tissue, 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: Thai is correct. The increase in oxidation will pro- 
bably disappear w ilh exposure's thai would lead to an increase in the 

relative amounl ol tissue. In response to an earlier comment, I 
should mention thai fatly acid oxidation, a! least the oxidation ol 
palmilie acid, does proceed ,i| a greater rate in the Ir.e1 tissue I' 
the eold-acclimatized rat. 

PHOSSKH' Tin' factor ol exposure time, 1 am sure, is very 

importanl. We have used periods ol our to three weeks because 
this agrees with acclimalion time for lethal lemperatuivs. How- 

ever,  Mr.   Murpin   showed   me  some data  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 
1 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 animal. All of 
these variables, at least potentially, could lead to a big difference 

in the type of response you get. 

HAKT: 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, 

1 wonder if enzymes associated with the maximum metabolism might 

be worth investigating. 

PHOSSER; How are you going to find these? 

HART: I wonder if the cytochrome oxidase activity would have 

sonic bearing on this. 

JANSKY: We could expect some differences in thecytochrome- 
oxidase activity and especially in the shifting of the optimum of 

Ulis enzyme according to the temperature of acclimation. We have 

some evidence about it on insects. 

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

Jansky? 

JANSKY: I would say we could find some differences in the 
maximum metabolism, and especially in the shilling of the tem- 
perature tor maximal enzyme activity. 
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PKOSSER: 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: 1 think at this time we might point out that after 
one month of acclimatization you do find an increase in cytochrome 

oxidase activity. I 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. 1 do not understand 
the inverse acclimation of some of them. 1 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 or less continuous slopes, 

that is, something which will relate the rate to temperature in the 
lonu ol a curve; and yet many changes of behavior occur explo- 

sively at given temperatures, whether it be the flight or the biting 
of the insects, or the sensation of same. Insects do not half fly. 
The}' either completely fly or they art- completely quiescent. Of 

course, they also have certain reverse or discontinuous changos-- 
as, for example, in thedischarge 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. 

PHOSSER: 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- 
tures. 



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 opportunities it has 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 development of tem- 
perature regulation in this latter group is treated in detail elsewhere 

(Johansen, 1962). 

THE HISTORICAL BACKGROUND 

Current concepts of the origin and earlydeploymentof birds are 
largely a mutter of deduction, owing to the very incomplete fossil re- 
cord. The structure of the earliest known bird, Archeopteryx litho- 
graphic a, from the upper Jurassic of Bavaria, places the origin of 

the class among the thecodontreptiles (Swinton, 1960). Birds appear 
to have arisen from a single line which appeared with the radiation 
of this reptilian order in theTriassic. Thestage in the development 
of this line at which homeothermy was achieved is unknown, and for 

this reason subsequentreferences to theestablishmentof this condi- 
tion in the "avian evolutionary line" are intentionally vague. Swinton 
(1960) suggests that the immediate antecedents of birds were arbore- 
al and at least partially homeotherniic, and that true flight was not 

•Preparation of this paper was aupported in part by a ^rant from the National 

Science Foundation {G-02'.iH). 
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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 thereareover 8,000 species of living 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 the class 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 featuresoftherapsid reptiles (Simpson, 
19 59). 

BODY TEMPERATURE 

Central body temperatures of active birds are generally main- 
tained between 38 C and 43 C, with the limits for individual species 
being narrower (King and Earner, 1960). Perhaps utilization of this 
band of temperatures resulted from a compromise between two un- 
favorable ranges of temperature (Burton and Edholm, 19 55). On one 
hand, it was far enough above the radier 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 be relatively small. On the 
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other hand, it was sufficiently far below the lethal 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., 19 50a; 

Irving and Krog, 19 54; 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 Redpolls (Acanthisflammea). They became 
hypothermic by as much as 9 to IQ   c when exposed to cold at night. 
However, hypothermia did not developin these birds when they were 

experimentally  acclimated   to  -10    C. Bartholomew and Dawson 
(19 58) regard hyperthermia as a regular feature of the response of 
birds to heat. The tolerance by these animals of 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 the level of body temperatures maintained 

in cool environments. This response is of great significance in arid 
regions because it reduces the demands for evaporative cooling from 
what they would be in hot weather ifbody temperatures were main- 
tained constant. The statement concerning the non-adapti'veness of 
body temperature of course pertains to central body temperatures 
and not to the temperatures of the peripheral tissues, particularly 

in the lugs, 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 

warm environments, but its effect on heat exchange is probably in- 
consequential in cold ones. The difference 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 Cowies 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 Cowies and Bogert, 1944; Norris, 19 53; and Fitch, 
19 56), apparently have not developed the capacity for prolonged 

existence at a high thermal level. Wilhoft (19 58) found that main- 
tenance of fence lizards (Sceloporus occidentalis) at their activity 

temperature (34 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, 
19 58). Elimination of this structure or shielding it from radiation 
significantly increased the extentto which tlie 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. It has been possi- 
ble to gain some insight into the probable nature and sequence of 
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these steps in mammals by comparison of species 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 most recently been utilized by Johan- 

sen (1961). Such an approach is less useful in attempting to trace the 

evolution of temperature regulation in birds 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 subsequentdiscussion a good deal of dependence has 

been placed on information concerning the ontogeny of temperature 
regulation in birds and on data on the physiological responses 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 phytogeny when expedi- 
ent, and contemporary reptiles are for the most part far removed 

from any line of direct importance to the history of birds. 

Behavior of Significance in Temperature Regulation 

Significant behavioral patterns in management of temperature 
relations are widespread and presumably of considerable antiquity 
among vertebrates. The ability 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 species 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 means (Cowles and Bogen, 1944 ; Bogert, 
1949a, 1949b; Norris, 1953; Fitch, 1956; and Saint-Girons and Saint- 
Girons, 1956). Selection of suitable niicroclimates and absorption of 
solar radiation allow man} species to establish characteristic and, 

in SOUK; cases, very high levels of body temperature when they are 
abroad  and  active.  The extent of the control of body  temperature 
which can be achieved by behavioral  means when sufficient solar 
radiation  is available is indicated by the Andean lizard (Liolaemus 
niultltorinis), which Pearson (1954) found could maintain a tempera- 

ture above' 30    C by basking, even though nearby shade temperatures 
'Acre at or below treczing. 
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Undoubtedly the first homeotherms in the avian line received 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, bathing during the heat of the day (Daw- 

son, 19 54). In a few instances birds resident in cold climates also 
employ behavioral mechanisms incopingwith 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, 19 55). In general 
it appears that birds, particularly the smaller ones, are less suc- 

cessful in evading the extremeconditionsof their environments than 
their mammalian counterparts. The factthat most desert birds are 
diurnal and fail to take advantage of the shelter afforded by under- 
ground burrows forces them to contend with heat as well as aridity. 

This has an important effect on their water economies because it 
requires rapid rates of evaporative 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 failure of birds in cold climates tu 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 restricted 
to a fairly narrow range of temperatures a few degrees below the 
level of body temperature m adults. This restriction must have been 
accompanied by the evolution of elaborate patterns of parental be- 

havior, which are evident in contemporary birds (Kendeigh, 1952). 
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Incubation in birds is nicely regulated so that the 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 to the 

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 in the 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 also shielding them from solar radiation under 

certain conditions, as noted in pelicans (Pelecanus erythrorhynchos 
and P. californicus) and Herons (Ardea herodias) by Bartholomew 

et al. (19 53) and Bartholomew and Dawson (19 54a) and in Nighthawks 

(Ghordeiles minor) by Howell (1959). As young birds attain effective 
temperature regulation, the role of parental behavior in their heat 
economy progressively declines. 

Thermostatic Mechanisms 

It is difficult to trace the origin of the neural mechanisms con- 
trolling temperature regulation m birds, if only because these mech- 
anisms have thus far been characterized in only the most general 

terms. Regulatory activity appears to be controlled principally by 

thalamic or hypothalamic centers (Rogers, 1928; Rogers and Lackey, 
1923), although some activity persists after these centers have been 
eliminated (Kayser, 1929a, 19291)). In the Domestic Fowl (Callus 

gallus) shivering can he elicitedbystimulationof cutaneous cold re- 
ceptors or of centra I areas through red net ion of skin temperature or 
central   body   temperature,   respectively (Randell,  I'.'-UJ).  Panting 
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appears to be controlled by a center in the midbrain, judging by von 

Saalfeld rs 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 present features of the 
mechanisms governing temperature regulation in birds, it is 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- 
perature by reptiles is unknown, but recent work (DeWitt, personal 

communication)  suggests that in the lizard (Dipsosaurus dorsalis), 
and presumably in other species, it is actually the temperature of the 
brain or one of its parts that is 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 a hypothalamic 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. 

Metabolie Level and Chemical Regulation 

The basal metabolic rates of birds and mammals are as much as 
eightfold greater than the resting metabolic rates of reptiles of com- 
parable size at the same body temperature (Martin, 1903; Benedict, 

1932, 193b; and Dawson and Bartholomew, 1958), and the intensifica- 
tion of metabolism has apparently comprised a most important step 
m the evolution of homeothermy. Zeuthen (1953) has suggested that 
this intensification was achieved through prolongation of the develop- 

mental phase in which metabolism and size arenearly proportional. 
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Hemmingsen (1960) emphasizes that the transition from a poikilo- 

thermic to a homeothermic metabolic level was to a great extent de- 
pendent on an increase in the area of the respiratory surfaces. Ob- 
viously this transition exercised a profound effect on the respiratory, 
circulatory, and other organ systems of the nascent homeotherms. 
The bolsteringof 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- 

perature at a high level during exposure to an ambient temperature 
o 

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) reach- 

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 intensified 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 Enger, 
1957; Kini; and Farner, UHiD).  i'he ability to sustain elevated levels 
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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. (19 50b), the Yellow Bunting (Emberiza citrinelia) 

studied by Wallgren(19 54), 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)  studiedby DawsonandTordoff (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 achievedby shivering with that stimulated by hor- 

monal substances in 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 littlediversificationof 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 that for mammals (King and 

Earner, 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 to cli- 
mate (Scholander etal., 19 50a; Scholander, 19 55; Irving et al., 19 55, 

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 in the avian evolutionary 

line. The ability ofcontemporary reptiles such as the lizards Dipso- 

saurus dorsalis and Sauromalus obesus to pant when heated (Cowles 
and Bogert, 1944; Dawson and Bartholomew, 1958; Dill, 1938) sug- 

gests that this mechanism for enhancing evaporative cooling could 
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have appeared in this line as a legacy from 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, 

{19 54a); 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 subsequent changes 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 

fuse us , P. aberti, and Richmondenacardinalis (Dawson, 19 54, 19 58) 
and on the lizard Dipsosaurus dorsalis (Templeton, I960)). It would 

be of considerable value to an understanding of 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 biids 

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. Flight has 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 lor gas exchange. Zeu- 

then (1942) and more recently Salt and Zeuthen (I960) have suggested 
that the air sacs arc important in producing the necessary evapora- 

tive cooling during flight. This suggestion appears plausible, but 
awaits experimental evaluation. 
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The evolutionary history of those components of physical regulation 

affecting the extent of insulation inbirds is 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 to have 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., 19 55). 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 arctic and tropical mammals are apparent (Scholander et al., 
19 50 c). 

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 development of vaso- 
motor mechanisms to their present high level of performance in 

birds. Even with the inevitable wear and loss of feathers between 
molts, the minimum insulation afforded by the plumage is consider- 

able, and this must make heat loss from the naked or thinly leathered 
portions of the body of great importanceduringvigorous activity or 
hot weather. The thinly feathered sides are exposed by holding the 
wings away from the body in warm environments (Bartholomew and 

Dawson, 1954b; 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 be important sites 

of heat dissipation under appropriate conditions (Bartholomew and 
Cade, 1957; Bartholomew and Howell, J'.Uil). Combs and wattles of 
gallinaceous birds are apparently important in this respect also 
(see Yeates et al., 19-11), although Hutchinson (1954) does not agree 
that this has been eonvinciniiiv demonstrated thus far. 
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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 heat loss 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 the body feathers when the bird "sits" 
on them). However, counter-current arrangements for heat exchange 

are evident in some species, for example, wading birds such as 
herons, cranes, and flamingoes (Hyrti, 1863, 1864), In either case 
pronounced longitudinal temperature gradients can be produced, 

Irving and Krog (1955) found that leg temperatures in the Gull (Larus 
glaucescens) ranged from 37.8 C proximallyto 0 C distally when 

the animal was subjected to cold. 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, 19 55: and Fry, 19 58). 
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., 19 53). 

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 

matter of deduction. These components may have been present in 
incipient 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 
a result of the metabolic changes discussed previously. If the fact 
that allrieial 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 

Kcndeigh, 1932; and Dawson and Evans, 1957, 1960) has any phylo- 
genetic significance, it would appear that thedevelopmentof physical 
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regulation has been mainly significant in 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 rules in climatic ad- 
aptation have recently been the subjects of some controversy (Scho- 
lander, 19 55, 19 56; Mayr, 19 56; Newman, 19 56; and Irving, 19 57). 

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, the relatively slight differences in the size of the body 
and length of the appendages are quite trivial with respect to adjust- 
ment of heat dissipation (Hutchinson, 19 54; and Scholander, 19 55, 

19 56). This is not meant to argue for the invalidity of the "rules" in 
species in which such clines do clearly 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 adjustment of heatdissipa- 

tion, or even any appreciable fraction thereof, far exceeds the genet- 
ic potential of any species. 

PATTERNS IN THE ONTOGENY OFTEMPERATURE 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 arc the young of altricial spe- 
cies, e. g., passerines, which are hatched in a very immature stale 
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 present in precocial birds even before 
hatching. Between the extremes represented by typically altricial 

and precocial birds are many species, e.g., cap rimulgids, 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 burden is 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, at least, 

the energetic obligations of homeothermy are only assumed when the 
young are nearing mature size (Kendeigh, 1939; and Dawson and 
Evans, 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 energy to a considerable degree for growth and 

development and for maintenance of body temperature once they are 
hatched (Bartholomew and Dawson, 1954a). 

It lias been suggested (Kendeigh, 1952; and Witsch!, 1956) that 

the evolution of small birds was in part made possible by the devel- 

ment of the altricial mode of development. Certainly, the lower limit 
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of avian size is reached only in altricial species. The energetic con- 

siderations relating tosmaller eggsize and to the fact that the young 
are not required to assume the energetic obligauuns of homeothermy 
during a major portion of their development support this suggestion. 

DISCUSSION AND SUMMARY 

Any accountof the evolution of homeothermy in birds will neces- 

sarily be highly speculative on the basis of the information now at 

hand, but it can be useful 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 must have involved 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 establishmentof 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 probably 
possessed.  Extensive investigation of the neural mechanisms con- 
trolling thermoregulatory activity in birds and reptiles is needed be- 

fore an evaluation of this suggestion can be undertaken. 

The various components of the physical regulation in birds ap- 

parently became functional at different times. The presence of pant- 
ing in various contemporary thermophilic reptiles indicates that this 
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 of 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 heat loss from the thinly feathered and naked portions 

of the avian body. 

If the order of events in 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 selectionfor 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 theprecocial 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, 

because 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 way to mature size, and because it 

requires elaborate patterns of parental care following the hatching 
of the eggs. The evolution of small size 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 tobea monophyletic groupinwhich there was probably 

but one development of homeothermy. Mammals on the other hand 

are almost certainly polyphyletic (Olson, 1959; Simpson, 19 59), and 
homeothermy could have developed independently in each of several 
evolutionary lines as they traversed the boundary between mammal- 

like reptiles and mammals. Theprototherians (monotremes) and the 
therians (marsupials and placentals), the surviving groups of mam- 
mals, appear to havebeen separately derived from the mammal-like 

reptiles (Simpson, 19 59), complicating considerations of the evolu- 

tion of homeothermy. 
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EVOLUTION OF TEMPERATURE 

REGULATION IN MAMMALS 

Kjell Johansen 

The   term   "evolution"  has   a  special  affinity to all of us. It 

is an integrating symbol of what we are all concerned with. How- 
ever,   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 

mechanisms may have evolved. In my near 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 phytogeny 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 1 have been ascribed the rather doubtful task of discussing the 

evolution of one of the profound and strikingphysiological character- 

istics of the higher vertebrates, homeothermy. Today a few mamma- 

lian forms exist which  retain a number of extinct morphological 

characters. These animals are often called living fossils or missing 
links, and are mainly represented by the Australian monotremes and 
marsupials.  For man)' reasons, I have decided to confine the mam 

parts of my discussion to theseoixlei's plus the New World marsupi- 
als and Xenarthra, 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 classified among the 

more primitive forms, 'those are the Insectivores and the Chirop- 
tera, but there will he no Lime to discuss phylogenetic implications 
of the evolvement of temperature regulation within a distinct order, 

like for   instance, the  rodents.  Brief digressions will be made to 
exemplify how and why environmental extremes may lead to evolve- 
ment of specialized physiological  mechanisms also  in the higher 
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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 I have selected the term 
"physiological phytogeny," I will make no or only 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 been derived 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 Jurassic period, about 150 million years ago. On this basis, 
many writers have jumped to the 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 about 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 placenta I mam- 
mals, particularly the Insectivores, which undoubtedly a re the oldest 

stock of placental mammals. 

The placental mammals arose with the Insectivores in the 
Cretaceous period about 100 million years ago. All present living 
placental mammals have probably developed from these early 

Insectivores. The most archiac orders are the present living Insecti- 
vores, their close relatives, the bats (Chi roptera), and a diverse 

group of Xenarthra, The bats, or Chiroptera, show a very close 

morphological resemblance to the Insectivores, except of course, 
the   specializations   associated   with  flight.  .Among  the Xenarthra 
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(previously also termed Edentata) the armadillos (Dasypodidae), 
have departed 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 palfeon- 
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 return to more detailed descriptions only if they are advan- 
tageous to the physiological considerations to follow. 

CETÄCEA 

RODENTIA 

XENARTHRA 

CHIROPTERA 

CARNIVORA 

PR IM ATA 

UNGULATA 

INSECTIVORA 

MARSUPIALIA 

MONO RE M ATA 

Figure 1.   Schematic arrangement of the existing mammalian orders. 

Turning then to the physiological phytogeny of temperature regu- 
lation, we should also list some starling points. First of all, it s reins 

reasonable to assume that a certain variance m the environmental 

lau tors is necessary for the establishment of temperature regulation. 

In other words, before regulation appears there must be something 
to regulate against. This naturally leads us to believe that the grad- 

ual establishment of temperature regulatory mechanisms rnusthave 
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ölarted under fairly constant environmental conditions. It seems 
also reasonable Lo 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 
a great many homeothermic 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. P. Darlington (1948) has advanced excellent arguments telling 
nb that the animal dispersal bothfor poikilothermic and homeother- 

mic species started in the tropics and expanded north and south. 
This expansion and all migratory movements of animals are gen- 

erally very complex. Thus a successful species with a large dis- 
tribution range extending north and south can rarely be ascribed 
to one or a few characteristics. It seems, however, justifiable to 
assume that a rapid expansion and migration southwards and north- 

wards from the tropics must have had a bearing on a concomitant 
establishment of mechanisms for better regulation of internal tem- 

perature. Vou will see throughout this discussion, and, 1 am sure, 

in Dr. Morrison's paper as well, that the tropics today also have 
.1 great number of primitive forms. There we find the monotremes, 

most of the living marsupials, the overwhelming pa i't of the Chirop- 
tera, the Inseclivores, and practically all the Xenarthra except the 
m ne-handed a rmadi Ho. 

Lei us then start in the tropics anddiscuss the qualities known 
to uo of the temperature regulating abilities of some of the pnnu- 
ii\i: lonns confined to this environment. We can realize that in 
inlur lo make the transition irom the reptilian lo the primitive 
iiiammalian condition of temperature regulation, a rather radical 

change m the speed of the biological machinery had to lake place, 

making possible a heat production high enough to keep a maintained 
In^h n-radienl of temperature between the core of the animal and 
the environment. The assessment of a higher internal temperature 

uill in turn laeilitate an aecelerated nerve impulse, shortening of 

tlie laieiit period of a muscleeontraction, and acceleration of diges- 
lion, among a number of other bioehemieal and biophysieally linked 
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processes. All these features will result in an intensification 

of the life processes, making possible a greater exploitation 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 of 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 heat loss rather than heat production. An obvi- 

ous   consequence  of   regulation   of  heat   loss only would bo a far 

higher fuel cost. Securing the necessary fuel for such a regulation 
would   require both time and  range of activity that were not pos- 

sible   for the earliest mammals. The first records of body tem- 

peratures  in  monotremes were  made about 75 years ago. In }H8'S 
Maclay published records ol'cloacal and intra-abdominaltempera- 

tures m two specimens of Echidna aculeata. He found an average 

temperature of 28   C.Lendenfeld (1886) reported a marked increase 
o 

(2   G) in the female Echidna after egg laying. Uichard Semon (JXM) 
seems to have made the first systematic study of body tempera- 

tures  m  monotremes  on  a   fairly large number of specimens. Thr 
cloacal   temperature   he   measured    ranged   between   26.5    U    md 

o ,, u o 
3-1.0    C and  mtraperitoneallv from 29.0    CtoiiG.'J    0, This repre- 

o o 
sents  a  lluctuat ion oi   i     C  to 7.;)    Gat air temperatures ranging 

0 o 
only from 18 C to 2-1 G.Semon points to a clear intermediate pos- 

ition of the monotremes between (he reptiles and the higher mam- 
mals, but lie does not c lassify them as poiki lothenmc, as was u-m ! 
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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 another one exposed to the mid-day heat registered as 

high as 36.6 G. This was to Sutherland an immense range for a 
mammal and suggested a reptilian lackof ability 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 a phylogenetic 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 essence of their 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 cndothermic 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 raise a reptile's tem- 

perature to levels manydegreeshigher 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  ectothermic 
assessment of heal present today  in  the   reptiles. The behavioral 

control of body temperature  in  reptiles  implies a high degree of 

sensitivity to temperature changes. Sutherland's data seem to jus- 
tify the conclusion that the monotremes display variable body tem- 

peratures in response to a great rangeofair temperatures. In 1901 
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to 1903, G. J.Martin did a very outstanding study on thermal adjust- 

ment in monotremes and marsupials. The sub-title of his paper was 
"A Study in the Developmentof Homeothermism."To my knowledge, 

this is the only published study with this title ever made. Since 
Martin, in contrast 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 aculeata." He reports average 

body temperature in the neighborhood of 30 G. Wardlaw's extensive 
records also contain data on seasonal as well as diurnal variations in 
body temperature. Morning temperatures would invariably be higher 

than afternoon temperatures, the difference being about 3 C. 
Wardlaw's data indicates a diurnal temperature change independent 
of the external air 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 monograph on the platypus (1927), reports that 
the   body  temperature   for   seven females of this species ranged 

oo 
between 30    C  and 33   C. Wood-Jones (1923) had earlier reported 
an average of 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 thebody temperature variations 

at controlled air temperatures between 4 C and 40 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, Cyclodusgigas, 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 of about 10 C between the extremes of air temperature. 
Ornithorynchus displays somewhat less variance and also regulates 

ai a higher level. The marsupials studied, Dasypus maculatus, 
Bettungia,   (ihr    kangaroo    rat)    and    the   opposum,   Trichosurus 
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o o ., 
vulpecula, showed a variance of about 3    C--beLween 36.1   C and 
38.6    C.  His cats showed a variance of 1.4   C whereas the rabbits 
showed a   range of 3.6    C. Martin did what very few people do but 

what is necessary to get intelligible results; 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 platypus has been unjustly listed as a poikilothermic 
animal. Between 5    G and 30    G air temperature, he claims that it 
adjusts  its body temperature even better than the rabbit. However, 

when subjected to a temperature above 30   G,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 returning to water (Hesse, 1937). This is particularly true 

among larger animals, like the water buffalo, the water buck, the 

rhinoceros, the elephant, and most strikingly, the hippopotamus. The 
elephant 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 discussion of these I think be- 

longs more properly  in Dr. Morrison's paper. For the purpose of 
my 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 from staying sub- 

merged and benefiting from the larger conductivity ofthe water for 
heat, but also froni frequent emergence from the water and obtaining 

a cooling effect by way of the evaporative characteristics of the air. 
Significantly, a great  percentage of the primitive forms aid their 
less-developed temperature regulation by burrowing. It is interest- 

ing thai   the substratum temperatures   in  tropical Australia never 
o 

exceed ö5    F (Vorhies, 1945). 

Martin's data on metabolic heal production shows a number of 
interesting features.   Minimum heal production was found at about 

o 
30    C  in ail   the species,  including the higher mammals. His fig- 

ures, calculated acconling to body surface show a similar metabolic 
rale lor both the monotremes and the marsupials, which were only 

one-third of  the values  he got   for the higher placenlal 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 increase in 

metabolism of Echidna at environmental temperatures of 5 C. He 
points out that none of the experimental animals 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 onlyon variation in heat production and not on physical mech- 

anisms for their maintenance 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 

the monotremes, the breathing frequencies are decidedly lower in 
30 G air than in cooler air. Martin was unable to find any sweat 
glands in Echidna, and he also demonstrated that this species is de- 

void of vasomotor adjustments importantfor heatdissipationor con- 
servation. Without any means for adjusting the core temperature by 
physical means, Echidna is vulnerable at high air temperatures and 

dies easily of heat apoplexia at a body temperature as low as 38 C. 
Under natural circumstances, I would assume that behavior mecha- 

nisms are indispensible to Echidna. The animal is known to bury it- 

self several feet in the 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 heat tolerance in Australian 
monotremes and marsupials. She confirmed Martin's earlier find- 

ings about the lackof panting and vasomotor adjustment in the mono- 
tremes. She measured the evaporative heat loss and found that it is 

higher in platypus than Echidna, indicating some activityof the sweat 
glands in the former. These a redistributed mainly on the snout, but 
there is also one apoerme gland opening into the follicle of each of 

the large hairs. The|)lalypus shows also some adjustment in posture 
to facilitate heat loss. As its 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 

indicates some impairment in neuro-muscular coordination. The 

animals do not salivate or lick their eoats dunni; heat exposure. On 
the basis ol the scattered data presented so far, we may be 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 nei'vous inte- 

grating control of both behavior and heat production. Understandably 
these animals are confined to tropical stability and seek refuge in the 

stability of the 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. 1 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 marsupials. The average body temperature for all 

the species was 36 G. Sutherland lists the wombat (Phascolomys 
plathyrinus) as the poorest regulator with an average temperature 

of 34   C. Next came the members of the genus Petaurus or the fly- 
o 

in g squirrels, with an average of 35.7   C.The koala bears (Phasco- 

larctos cinereus) had a range of from 35.0° C to 36.5° C at air te m- 
peratures between 7.7    G and  24.5    G. Sutherland adds that upon 
exposure to the sun the body temperature rose rapidly, in one speci- 
men to 38.4 G. 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 
1.2 G. The fact that pregnant or suckling females have higher tem- 

peratures and also a more efficient regulation has often been report- 
ed, for example, Morrison (1945) for a pregnant sloth. In the larger 

marsupials, notably the kangaroo (Macropus giganteus) tempera- 
o o ,■      

lures between 36    G and 37    G 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 standpoint, Eisentraut (1955) recorded an average body tem- 
perature of 34.7   C, and a range of from 29.3   C to 37.8    G, show- 
ing  great dependence upon conditions of activity. I would like to 
give  Eisentraut 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 

normal 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 abilitythando mostof the para- 
meters now in general use. Eisentraut (19 56b) 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), slates that the species studied, the brown opossum (Meta- 

chirus nudicaudatus) and the Eten opossum (Didelphis marsupiaiis), 
showed a homeothermism in no way inferior to that of many higher 

mammals. Sutherland's data  (1897)  show  that even the very slug- 
gish koala bear (Phascola re tos)   maintained his body temperature 

better  than   any of the placcntal  mammals. A number of authors 
comment on the well-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 seems of the greatest significance that its temperature regu- 
lation   is   decidedly   superior   to   that   seen  in  the closely related 
tropical forms. 
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Robinson (1954) studied the development 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 order of phylo- 
genetic development, for instance, the primitive bandicoot(Peram- 

eles nacuta), next the opossum (Trichosurus caninus), then the 
cuscus (Spilocuscus nudicaudatus), the koala (Phascolarctog cine- 
reus), the wallaby (Petrogale penicillata), and most superior, the 
wallaroo (Macropus rqbustus). 

Higginbotham and Koan, in 19 55, studied temperature regula- 

tion at elevated air temperatures in the Virginia opossum (Didelphis 
Virginian a). 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 that the spreading of saliva upon the body surfaces 
and subsequent evaporation constitutes an indispensable mechanism 
for heat dissipation. Robinson and Morrison (19 57) studied the reac- 
tions to hot atmospheres of various species of Australian marsu- 

pials and placental mammals. 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 of temperature  response to activity in some of their 
o 

subjects.   In  members of the Dasyuridae,  rises oi 4   C were not 
uncommon. They report that maintenance of bod}' temperature at a 
constant but higher than normal value was successfully achieved by 

o 'o 
all their animals at air temperatures of 35   C. At   10    C air tem- 
peratures, some specie's failed to adjust to a steady state condition. 
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However, all their species of Phalangeridae achieved thermal equili- 
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 point to the fact that the species unable 
to maintain equilibrium at 40 G 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 a 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 thermocouples could cause temporary elevations 
of body temperature up to 1.5   C in the rectal temperature. Upon 
the exposure to high air temperatures (40   G), 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    G  there were indications 
that   the   peripheral  vasodilation   persisted   for  some time after 

removal of the heat stress. The elevation of the deei>-body tem- 
perature during the heat load seemed moderate and did not exceed 

1    G. At extreme heat stress with dry bulb temperatures of 44° C 
fur   4   hours or more,  the animals showed no apparent failure to 

maintain the thermal equilibrium (Fig. 4). Temperatures of periph- 
eral   parts   like   the   feel   and   tail,   rose  rapidly to levels almost 
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Group 

Thermal Equilibrium 

None AT   >  iO C ^ C    >Ar   >   j^o c     AT   <   ^ c 

Monot reiTiata Echidna '      * ~  

Plat ypus 

Dasyuridae Mars.   Mice       Nat.   Cat Tas.   Devil 

Mars.   Ral 

Peramelidae Bilby Bandicoot 

Phalange ndae Gliders 

Pos sum s 

CuScus 

Phascoka rctidae Koala 

Macropodidae Rat.   Kanga, Wallaroo 

Pademelon Kangaroos 

Wallabies 

Rodentia Giant  naked Naked-tail Field  rat 

-tail   rat rat 

Water  rat White mouse 

Rabbit White   ral 

Chi ropte ra Fruit  bat 

Carnivora Cat D0^ 

Arliudactyla Pig Cow Sheep 

Pnmata Monkey 

M a n 

Fable  1     Compa risün o 1 the   heat    regulatory ability of main ma 1 s at  40° C . 

From  Robinson and Morrison,   T'SY 
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Modification at 40    C 

Normal Rate 

Slow 

(20-30/min) 

Moderate 

(t.0- 120/min) 

Slight 

Echidna 

Platypus 

Bilby 

Man 

Tas.   Devil 

Cuscus 

Water  rat 

White  rat 

Monkey 

Marked 

Bandicoot 

Gliders 

Possums 

Koala 

Wallabies 

Wallaroo 

Kanga roos 

Rabbit 

Fruit bat 

Cat 

Dog 

Pig 

Sheep 

Cow 

Fast 

{  MSO/min) 

Sugar glider 

White mouse 

Naked-tail  rat 

Field rat 
Mars,   rat 

Mars,   mice 

Ma rs. 

Nat.   c ,i 

fable 11.     Comparison of  respiratory  response  m mammals at •!() 

C.    From  Robinson and Morrison,    1957. 
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DRY    BULB    AIR 

20     40    60     80    100   120   140    160   180 200 220 240 

MINUTES 

Figure 4. The effects of a dry bulb air temperature,of 44   C on the body tem- 
perature of an adult Setonix sp. (G. A. Bartholomew, 1956). 
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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 secretion and licking with saliva. Again, upon a 
sudden change to 20 G air temperatures, the maximally involved 
heat loss mechanisms showed some delay in adjusting to the new 
conditions, and body temperatures fell rapidly 2 G 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 (3 C) two animals averaged slightly lower body 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 
actual 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 for 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 these repeated findings of delays 
in the transitions between regulatory states indicate some slow- 

ness in the intcgrative apparatus controlling the effector responses 
in temperature regulation. I will try to elaborate this assumption 
in more detail when discussing my own data on the armadillo. 

HarthoLomew also exposed some wallabies to -JO C for two hours. 
Such temperatures arc never encountered by this species in its 

normal habitat. At this time, both the subjects studied over-compen- 

sated to the cold stress, and showed adeep body temperature more 
than  1     C above the normal resting level. The feet and tail showed 
;i   marked   vasoconstriction,   and  the  peripheral  temperature  an- 

o ■ i 
proached () C. C)i great interest, the fool, and to a lesser decree 

the tail, showed waves of vasodilalion very similar to cold vaso- 
dilalion.   Bartholomew's   data   indicate clearly that the ability to 
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Figure 5. The response of deep body temperatures of three specimens of Setonix 
sp. subjected to prolonged exposure to air temperatures as low as they ever en- 

counter under natural conditions. (G. A. Bartholomew, 1956). 
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Figure 6. The deep body and skin temperatures of an adult Setonix sp. during 
exposure lu lu» air temperatures. (G. A. Bartholomew, 1956). 
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regulate deep body temperature in the marsupial (Setonix sp.) is 
equally as efficient as that displayed by many placenta! 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 (19 57), and others. Bartholomew points out that this 

very effective mechanism for facilitating heat loss is a specialized 

20     40     60      80     100    120    140    160     ISO 
MINUTES 

Kigun- 7.  The  response  in body temperature  of an adult Setonix sp. to an air 
Lemperature  much  low^r than thai which ever normally occurs in its 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 since it can 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 primitive forms like the 

Dasyuridae which show values down to 33    C to 34   C at resting 

conditions,   at   20     G   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 b}' Robinson and Morrison (1957) and Bartholomew(1956), this 

unique indigenous fauna may enable us to talkwith more confidence 
about the  role of the phylogenetic position vis a vis the influence 

of  environmental factors  for the establishment of homeothermy. 

Common to temperature regulation in ail marsupials is the presence 

of physiological effector  mechanisms of both chemical and physi- 
cal temperature  regulation. Some of them, like sweating and pant- 
ing, seem generally to be of rather limited importance, being sub- 
stituted by specialized behavioral responses like the coat licking. 

In   my   own   intei'protation   of   Bartholomew's   important work on 

Setonix,  it  seems  of the greatest significance that the integrative 
control   of   the   otherwise   well-developed   effector   mechanisms 

show some  lag in precision, compared to higher placental mam- 

mals.  It  is conceivable that even more strikine: differences 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 diversity 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 tenrec of Madagascar (Centetes ecaudatus) is probably the 
most phylogenetic ally 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 thatthe animal estivates 
during the dry season, which corresponds to the winter season. The 

tenrec shows in general an 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 

o o 
when the air temperature changes only 3 C to 4 G. The body tem- 
perature must thus be closely related to the activity of the animal. 
Eisentraut notes that the animal is able to perform 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 
semispinosus  and Setifer setosus)   remain active all year around. 

Eisentraut (1956b) also reports body temperatures intwoother 
species of primitive Insectivores (Hemiechinus auratus andParae- 

ciiuimj   acthiopicus).   They   show   a   range in body  temperature of 
o o o o 

33.4     G  to 36.4    G  and  31.2    G  to 36.2    G respectively. We may 
briefly comment on the extensive studies ol the European hedge- 

hog, particularly  referring to its hibernating ability. Most authors 

report a rather large labilit} in Uie body temperature of this species, 
o o 

trom 31.2    G to 36.5    G. 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 representative times of activity are 

taken, Herter (1934) reports a range of 2 G, and reports a dif- 
ference in activity temperature between summer and winter of 
about 1 G for the hedgehog. The one specimen of Erinaceus 
europeus subjected to measurements by Morrison (19 57), shows 

the range of 34.8 G to36.4 G with an average of 35.6 G. 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. 1 am, myself, and 1 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 Fairbanksand in Norway 

even farther north. Apparently, no detailed studies have been made 
of these extreme northern populations of shrews. Morrison, Hyser, 
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 animals dur- 
ing measurements of their body temperatures invariably increased 

the   bod}'   temperature.   The   increase occurs very rapidly, often 
1     G   per   minute,   and  the body temperature could attain a level 

o 
above 41   C. Similar elevation in body temperature became apparent 
after   exercise. The body temperature seems always  to  level off 

o 
at about 41    G.  Figure 8 shows the results. More than anything il 

demonstrates a great  variability of body temperature; this animal 
is unquestionably one of the more successful small animals living 
today.   Us   labile body temperature can hardly be (. lassified as a 
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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, 19 59), and the little pocket mouse (Perognathus 

longimembris) studied by Bartholomew and Cade (19 57), 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 a num- 

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. They display a rather great lability in body tempera- 
ture, and many of them are hibernators. A substantial number of 
species are typical substratum dwellers, with burrowing habits. 

Some are excellent nesl 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, 
Xenarthra. They consist of the armadillos, the Dasypodidae, the 

anteaters, the Myrmecophagidae, the sloths, the Bradypodidae, and 
the Old World scaly anteaters, the Manidae. The extremely inter- 
esting and phylogenetically important Orycteropus called the 
aardvark, or (Jape Anteater, is a zoologicalh very isolated form. 

This animal retains a number of characteristics present in the 
earliest   eutherians. Some  authors,   like  11.  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 (1956b) reports a body tempera- 

ture range for Manis tricuspis from32.2 C to 35.2 C. A similarly 
limited number of observations is availableon the tropical anteaters 
from Central America. Wislocki and Enders (1935) report that the 

giant anteater (Myrmecophaga jubata) shows a rectal temperature 

between   32    C  and 34    C  at air temperatures between 16    C and 
o 

21   C. The three-toed anteater (Tamandua tetradactyla) shows rec- 

tal temperatures between 33.7   C and 34.6 0C at air temperatures 
o o 

between 25    C  and 27.6    C. The more sluggish two-toed anteater 
(Cyclopes didactylas) displayed a lower level of body temperature 

between 28.9    C and 31.3    C and showed a greater variance during 

exercise   than   the  other   two   species.   Enders   and   Davis (1936) 

recorded somewhat higher rectal temperatures on the Tamandua 
o o 

tetradactylum. They got 35.0    C  to 35.7    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 30    C to 32.9    C at an air 

0 0 
temperature   between 19    C  and  25.8    C  tor the three-toed sloth 

(Bradypus griseus).  Kredel (1928)   recorded a range from 27.7    C 

to   36.8     C   at   air   temperatures   from   24.5    C to 32.4   C. Upon 

exposure   to   a   moderate   cold stress, the three-toed sloth loses 
considerable heal  rapidly.  .According to Gibbs, cited by Wislocki 

o 
(1933),   Bradypus  griseus   lost 8    C  in deep rectal temperature. 

' T~        '  o 0 
dropping   Irom   33     C   to   25     C   m  2 hours and 40 minutes when 

• ,    ■ o o 
transxerred   Irom   an  air temperature ol  26    C   to 13    C.Britton 

and  Atkinson (1938)  often observed spontaneous variations in body 

temperature of Bradypus with no apparent reason. In the light of 
tins   il   seems   of   interest   that   Irving et al. (1942) found that the 
resting   metabolism   could   be   readily depressed,  particularly in 

relation   to  disturbances   of  the breathing pattern. The two-toed 
sloth   (Choloepus   hoffmanni)   is   more   active   than   Bradypus  and 
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shows also a higher average body temperature. At air temperatures 

of 28    G to 23   C, Bradypus showed an average of 33   C, whereas 
Gholoepus showed 34.4   C. The difference in intramuscular tempera- 

tures was even greater with values of 34.6   C for Gholoepus and 
o   

32.4   G for Bradypus. Bradypus occurs only in the lower neo-tropi- 

cal   altitudes  and is particularly prevalent in  regions with small 
fluctuations in air temperature and dense vegetation providing ample 

shade. Gholoepus has a similar habitat but is also able to withstand 
colder areas with occasional freezing in altitudes up to 7,000 or 

8,00G   feet (Britton, 1941). Gholoepus has not yet been studied in 
regard to temperature regulationinthesecolder areas; this project, 
however, seems to promise a great deal. The body temperatures 

of Bradypus drop precipitously when exposed to 10   G air tempera- 
ture and reached 20   G after about 5 hours. Below this temperature, 

a lethargic condition seemed to ensue. Gold v/as 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 figure for the higher mammals ranges between 45% and 

55%.   Upon exposure to sun, the  rectal temperature rose 2   G to 
4     G  within 30  minutes, and the animals struggled vigorously to 
get free. Getting freedom, they promptly sought shade under the 

nearest tree. Irving et al. (1942), in their interesting study on res- 
piration in the sloth,  mentioned  an oxygen consumption about half 

of what is gene rally found in higher mammals, with values approach- 
ing what Martin found for the monotremes and some marsupials. 

Gomparing the two sloths, thethree-toed is far inferior 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 metabolism is shared with 

the other members of the Xenarthra and the monotremes and many 
of   the  marsupials.  We  have  throughout this discussion seen that 
very earl}' mammals became able to increase their metabolism by 
shivering,  thus compensating for an increased heat loss. This me- 

chanism appeared before the ability to regulate heat loss intrinsi- 
cally. In the sloth thinga are seeminsdydifferent. The animal almost 
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entirely lacks the potential 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 result 
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 to be 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.f ialho (1924). Eisentraut (1932) recorded 

an average body temperature in Tolypeutes conurus of 32 C in a 
tropical habitat. Wislocki (1933), studying the nine-banded armadillo 

in Panama, reported 34.5 C as an average body temperature at air 
temperatures around 25 G. I have recently 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 and south from the tropics is a factor presum- 

ably of great importance in the evolvement of more refined homeo- 

thermic adjustments. It struck me that 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 a hundred years ago, 
the animal crossed the border into the United States and is now well 

established in most of Texas, the southern part of Arkansas and 
Oklahoma, most of Louisiana, and southwestern Mississippi, fur- 
thermore, il is established in Alabama and Florida. In Florida, 
the armadillo is reported to have increased its range by about 50% 

from 1954 to 1958. There are also persistent reports that there are 
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armadillos in Kansas, spreading rapidly northward. At present the 

animal is stillspreadingnorthand eastinthe United States. Accord- 

ing to Talmage and Buchanan (19 54), the migration of 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 ecological situa- 

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 an teaters, are still confined 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 temperatures for short periods and have atypical seasonal and 
diurnal periodicity. This unique dispersion rate, bringing the animal 

out of the tropical stability 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 Fieure 9. At a constant air temperature 
o oo 

ol   25    C,  the diurnal cycle  ranges between 34.0   G and 36.4    C. 
The animals were free to build nests from dry hay and were con- 

lined in a room of considerable size allowing tor exercise. The 
diurnal cycle is obviously related to their nocturnal activity pattern. 

Following forced exercise, the deep body temperature may increase 
ü      ft o O i J i 

to 37    C or 38   G. At 30    G ambient temperature the animals were 
usually   very sedate, no signs of discomfort, and  rectal and skin 
temperatures were nearly constant, the difference between the two 

o 
being surprisingly small.  A   rectal temperature ol 34.5    G could 

correspond to a skin tenmerature on die soft belly as high as 34.2   G 
and on  the armor 33.9    G,   Under these conditions the gradient is 
less than l    G 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   JO and 11 demonstrate 

these points; a slight lowering of the air temperature brought about 

a dramatic response.  The  most conspicuous feature was a sudden 

increase   in   rectal temperature. Thus,  if the air temperature was 
o o 

decreased  Irom 30    G to 2;J   G, the deep rectal tempernlure might 
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Ambient Belly side 
(soft  skin) 

Figure 11. .vh''ni;itir rupri'St'iitat ion ot lcnipcr:itiiro graclicntb hctuccncorc and 

nrsal   and   lentral  sides of armadillos   it diflcn'nt  air Iriupcratuics. (Johansen, 

:'t,i). 

1U7 



TT'"1 

JOHANSEN 

0 ü . _„ . 
increase from 34.3 C to 35.4 G in less than 30 minutes. I his 
increased core temperature seemed to result initially from a 

decrease in heat loss brought about by a vasoconstriction in the 
body surface. Then 15 to 20 minutes afterthe onset of vasoconstric- 
tion the oxygen uptake increased. The increase in oxygen 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 
occasionally observed when the room temperature was as high as 

30 G. 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 skin on the ventral side was directly 

exposed to the cold air (Fig. 9B). The increase in body temperature 
upon a decrease in air temperature didnotoccur only with the first 
cold stimulus. On the contrary, each time the temperature decreased 

the animal's body temperature rose immediately (Figs. 10 and 11). 

Even when the air temperature was decreased from 0 G to -10 G, 
and the animal already had a very high heat production, the body 

temperature rose. On one occasion when the change was from 0    G 
o oo 

to -6    G, the rectal temperature increased from 35.7    G to 36.1   G 

in less  than  10  minutes. During the stepwise decrease of ambient 
o o 

temperature Irom 30    G to -10    C in a period of 5 hours, the total 
o 

increase  in rectal temperature was 3.5    G (Fig. 10) and the body 

temperature on the armor decreased about 10    G to 23    G. These 

temperature changes occur reel in a step-like pattern following the 
changes in air temperature. Upon a sudden decrease in air tempera- 
.00 0 

tare from 30    G to 0    G,   the  rectal temperature rose 2   G in 40 
minutes. But this increase was not as great as was the total response 

(J (TOO 
to step-reductions irom 30 G to 20 G to 10 G to 0 G. This very 
conspicuous increase in rectal temperature upon cold exposurehas 
to ni)' know ledge not been reported before. It may have escaped 

notice because rectal temperatures were not continuously recorded. 

Bartholomew, in his paper on Setonix (19 56) makes the statement 
that at -10 G, the animal kept an elevated bod}' temperature for 
quite some time (luring the exposure period. Meanwhile, he did not 
persuade this point lurther in his discussion. In my interpretation, 

tliis fact, so very explicitly demonstrated in the armadillo, shows 
thai the effector mechanisms that modify heat loss, like vasocon- 
striction,  etc.,  opt:rale very promptly hut entirely out of pace with 
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ai various air-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. Eigure 12 demonstrates the events during long- 

time exposure to various ambient temperatures. When an experi- 
o 

ment   began    at   30     C,   the  deep   rectal   temperature fluctuated 
oo 

between   33.9     C   and   34.5    G, as can be seen in Eigure 12. The 
animals were quiet and relaxed. Occasionally they walked around, 

but the activity was always transient and on a low level. The ani- 
Ü 

mats responded to an air temperature oI'O   C with a rapid increase 
in bod}' temperature  like that   recorded  in  the  metabolic studies. 

This response was accompanied by curling into a ball as described 
earlier, and shivering began immediately. These bodily responses 

continued   throughout   the   test.    At   the  end   the  animal showed no 
o 

signs   oi exhaustion. The curve  tor 0    C   in Figure J2 illustrates 

the   typical variation   in deep   rectal temperature. It   rose rapidly 
o 

to 36.3     C  in  this  animal  within the first halt hour. Alter an hour 
o 

tile  temperature dropped slightlv to 35.5    C and  remained between 
(I o 

35     V,  and   ;i5.5    Ü   tor   more   than   li hours.  Toward the end ot the 
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exposure, the temperature dropped slightly; the last temperature 
recorded   in  this   animal  was   34    C.  In similar experiments at 

o 
-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 experiment. For the next 2 1/2 hours the tempera- 
ture fluctuated around 35 G. Then suddenly the animal began to 
run about the room scratching at the walls, the rectal temperature 

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 eagerlydranksomemilkwhichit was offered. The highly 
organized behavior at such a low body temperature seems to be 

unique among non-hibernating mammals and is probably of great 
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 l/2 hours in some and as long as 5 l/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 will be pointed out later that 

the armadillo is very much concerned with and dependent upon nest 

building and social habits for suiTival at low 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 primitive animals. 
This fact lias, however, never been appropriately evaluated. It 

strikes me since it is a common characteristic among most of the 
lower mammals studied in this respect. Comparing this with the 

lethargic condition and the concurrent impairment of coordination 
that appear in higher mammals, for example carnivores and 

ungulates at temperatures which are for them only slightly hypo- 

thermic (30 C lo 33 C), it seems of the highest significance. I 
think the persistence of coordinated behavior at Low body tempera- 

tures   m   primitive   forms   has   great   survival   value and greatly 
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increases their independence from the environment. 1 think, fur- 
thermore, that this is an important point in the phytogeny of homeo- 

thermy and more than anything that it should be 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 followingrectal 

temperature  patterns  in  armadillos   transferred  from 28    C to 
o o ,0 

0    G air temperature: at 0 time, 35   C; at 1-hour exposure, 34   C; 
o o 

at 2-hour exposure, 31.5   C; at 3-hour exposure, 30   C, Recently, 
Enger (19 57) 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 adaptation to cold. 

The increase in oxygen consumption upon lowering of the air 
temperature for a  representative experiment is shown in Figure 

1Ü ,   and   for   all experiments in Figure 13. There was more than 
a   five-fold   increase   in oxygen uptake when the air temperature 
was   reduced   from 30    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 

o 
attempt was  made tu test responses to temperatures below -10    C 
because some annuals try 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-like   posture tor hours when  the temperature was  as low as 

o 
0    C. 
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increases their independence from the environment. I think, fur- 

thermore, that this is an important point in the phylogeny of homeo- 
thermy and more than anything that it should be subjected to further 
study. 

My data on the tolerance to cold in a long-time experiment 

differs markedly from apparent results of earlier investigations 
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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 adaptation to cold. 

The increase in oxygen consumption upon lowering of the air 

temperature for a representative experiment is shown in Figure 
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a   five-fold   increase   in oxygen uptake when the air temperature 

was   reduced   from 30    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 
o 

attempt was  made to test responses to temperatures below-10    C 
because some animals try 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-like   posture for hours when  the temperature was  as low as 

o 
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, 1 find it proper to discuss briefly the concept we all have been 
repeatedly mlormed 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 of the critical temperature, the ability for physical 

regulation is exhausted. This fact has been repeatedly stated from 

studies on temperate and arctic mammals and has received value 
as a concept in our understanding of temperature regulation. I 

can see no reason why this strict sequence has to have general 

value. Martin's data on the platypus and the marsupials indicate 
a gradual, simultaneous time of action for both processes. My 
own data on the armadillo likewise support the idea that maximal 

insulation, including vasomotor adjustment, does not necessarily 

need to reach the end point betöre metabolic compensation sets 
in. The sequential arrangement has, of course, an obvious biologi- 

cal   rationale,   by   saving   fuel.   However,  in   line  with mv earlier 
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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 in many forms may not have 
reached the perfection needed. 

For the metabolic rate of the armadillo, my studies showed a 

low   resting 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 xhr) and varying between 150 and 280. These values 
are  roughly  half the  size  of those reported by de Almeida and 
de A. Fialho (1924). However, Scholander et al. 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. It is 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 bylrvingetal. (1942), Martin (1903) 

reported   an air temperature of 30    C coinciding with the lowest 

metabolic value for the monotremes, Echidna and Omithorhynchus, 

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 factors in the dissimilarity between the armadillo and more 
advanced homeotherms. For the same reason critical temperatures 
and critical gradients  are more or less meaningless when applied 

to   these   species.  As  mentioned,  the armadillo will occasionally 
start shivering and increase its body temperature at an air tempera- 
ture of 30     C. The word "critical," 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 following factors: a greatly diminished 

heal loss, a lower body temperature level, and failure to maintain a 
constant body temperature. 
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The increase in heat production when air temperature declines 
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  armadillo 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 invahdate comparison of it to the 
sloth. The peak metabolic values in the armadillo vary from five 

to   six times  larger than the 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 a progressive 
augumentation of shivering. The shivering pattern is 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 response of body 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 followed at various ambient temperature levels ranging 
ooo 6   6 

from +30 Cto-6 G.At30 C air temperature, the rectal tempera- 
tures of the armadillos are more than 4 G 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 4 to 5 hours. These studies 
demonstrate a conspicuous over-compensation to the cold stress 

in the armadillo. In otiier words, the body temperature is drastically 
raised at the expense of an increased metabolism. The fact that this 

over-compensation takes place so rapidly and to such a large extent 
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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 insulation in 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 
19 57. 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   16. Cutaneous temperatures at various sites on the armadillo's body at 
oo o " 

air   temperatures   of   25     C    -  30    C  (upper numbers) and 5   C (lower numbers). 
(JoKansen, 196]). 
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DEGREES CENTIGRADE 

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 gradients. Circles are record- 
ings taken at air temperature of 25    C; squares at 0    C. (Johansen, 1961). 
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o o 
great   as   0.2     G  per  cm   at  ambient temperatures of 25   C to 

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 the fox, makes possible a maintained resting metabolism down 
oo 

to 60 G to 70 G 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 keep the body 
temperature at so-called normal levels of 37 G to 38 G. 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   intramuscular   and   deep   rectal   temperatures   reach 

o o 
levels   of   about   41     C   to   42     G   in an air temperature down to 

o 
-50    G. 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 function and heat collapse at lower body 
temperatures, down around 41 C. Although few data are availa- 

ble so far, it seems 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 physiological responses to high air tem- 

peratures in the armadillo. Figure 18 shows the changes in rectal 
and skin temperatures and oxygen consumption when the ambient 

temperature was increased above 30   G. 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 temperature rose to 40   C. If 
oo 

the air temperature was increased from 30   Gto 42   G in one step, 
o 

the rectal temperature reached 40    C in less than 3 hours. From 
the  behavior  of   the animals, 40    G seems near the upper lethal 

o 
limit for the rectal temperature, although 41.5   G 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 rate seemed to occur when the 
o o 

rectal temperature was between 37    G and 28    C (Fig, 19). During 
panting the nostrils were red and vibratinn; intensely. 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 G 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 surface was maximally exposed. When the rectal temperature 

was 40 G, the animals wore obviously uncomfortable and some 
attempted to escape. 
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EVOLUTIONARY ASPECTS IN MAMMALS 

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 very limited. 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. 1 am referring to man's or 
more correctly, 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 
doubt 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 ball-like posture. The importance of posture was shown 

clearly for the armadillo as well bytheskin temperature measure- 
ments and the experiments with the heat-flow discs. The building 
ol nests is also a mosl important factor in survival during exposure. 

Without overstating it, nest-building seems to be a highly developed 

social habit which is of 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 1 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 level of body 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, 

EUTHERIA 
REPTILIA MONOTREMATA  i MARSUPIALIA IINSECTIVORA   CHIROPTERA   XENARTHRA CARNIVORA 

Chemical (metabolic) regulation of body temperature 

Physical regulation of heat loss and conservation 

CMS ihermostatic control of chemical and physical temp regulation 

Figure 2<J. Simplilied schematical drawing of a possible route for the evolu- 
tionary sequence of homeothermy in mammals.   (Johansen,   1961). 
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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 at severely high 

air temperatures and outside the tropical stability. 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. Weknowfrom the important works of Irving 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 an integrated 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 'reached 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 mammals 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 obtainable in 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 20    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, (19 57) and 
on the  rhinoceros by Alb rook et al. (1958), and practically all the 
smaller animals subjected to thoroughstudy recently show the same 

thing   (Morrison   and   Ryser,    1959).   Let   us   not  forget Joseph 
Bare roll's words (1934) that every adaptation is an integration. Let 

us  remember there is more to it than just keeping a constant core 
temperature. The effector systems involved in temperature regula- 

tion-have other tasks to perform, which is so strikingly apparent 

from Schmidt-Nielsen's study on the camel. 1 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 larger range of body temperatures than we are familiar with. 
Let us not a priori let such a large temperature range be classified 
as a primitive sign. Moreover, 1 feel from my work on the arma- 

dillo that the specializations 1 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. 1 would like to submit this idea 

as   a  challenge  to  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 rabbitwas nearly 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 youngphysician 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 metabolic heat in a tropi- 

cal climate brought about less reduction of oxygen in the venous 
blood than was usual in 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 blood 
does not sound valid, however, for people in warm and cold climates 

have about the same basal production of heat, adjusting the elimina- 

tion of heat to the climate by varying the circulation and temperature 
in their skin. 

ARCTIC CLIMATE 

Cold northern climates arc advantageous for studying thermal 

reactions of animals because the winter weather is su 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 just north of the arctic cir- 
cle the lowest temperature during the mild winter of 1959 was -59 

G, and the warmest day in June was+29 C. On April 3, -36 G was 
recorded, and on April 11, the temperature rose to +13 G (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 Eskimo people 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 that an Eskimo t^pe 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 northwas warmer than now, and some 20,000 years ago most 
of Ganada 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 a few thousand years. Although 
many generations succeeded each other in 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 to the recent climatic 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 Krogand I (19 54) found a 

fair sample of the few species of arctic mammals and resident birds 
and observed thattheir body 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 forwhich warm-blooded animals 
are physio logically adapted compared with those of the world's cli- 
mates. Redrawn from Figure 16,page33."Birdsof Anaktuvuk Pass, 
Kobuk, and Old Crow." Bulletin 217, U. S. National Museum. 1960. 

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 differenceof only afew degrees. Body temperatures 
do not now differ geographically, and the comparative view indicates 

that little scope for variation in warm body temperature has oc- 

curred in the courseof evolution. There maybe evidence for ancient 
separate development of warm body temperature in birds 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 that its evolution- 
ary modification for warmer operalion was limited within a narrow 
range of temperature (Fig. 2). 

Economy of Heat Among Arctic Animals 

Watching the caribou in winter in Alaska, I have been impressed 

by the large amount of time that they expend resting and carrying on 
individual and social activities that bring them no food, for while liv- 

ing in warmer climates 1 had thought that 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 rate-. Because of this economy the cost of maintaining bodily 
heat for existence in arctic cold does not exceed 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-consumingindividual 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 population 
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 as complex in the 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 excessive loss of heat (Scholander et ah, 19 50b). 
In fact fur is so effective an insulator that a man clothed in winter 

caribou (Rangifer tarandus) fur becomes overheated when he 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 providedby the thin covering of the limbs and 
noses. When active, these extremities become nearly 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) are nearly as cold as the 
icy water in which they swim (Irving and Krog, 1955). When we tried 

to measure the heat emittec 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 heat by cold skin is shown by the cold- 
ness of the entire surfaces of swine (Sus scrofa) in Alaskan winter 
weather (Irving, 19 56).ThevaIueof their cool skin as an insulator is 

apparent in the practicability of raising hogs outdoors in Alaska, 
where our estimate indicated that they consumed about the same a- 

mount of food as in temperate climates (Irving, Peyton, and Monson, 
.1956). 

An even more impressive indication of the insulating 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- 
pacity of an}' inhabited environment for removing heat. This thermal 
economy allows greatnumbers of seals, walrus, and narwhals to live 
throughout the year in the ley arctic seas. 
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Figure 3. Topographie distribution of superficial temperatures in the leg of 
gull (Larua glauceacens). Figure 9, page 361, "Temperature of Skin in the Arct 
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 part of 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. A number 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 workwithoutthermal gradients. Untilwe 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 
1 find this variability in tissue temperature to be 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 
o ] 

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 tundra near the arctic coast of Alaska at Bar- 

row, I 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 Uie flies became grounded, 

slow, crawling insects that 1 could easily catch. I inserted fine ther- 

mocouples in several of the flies and found that in shade they were 
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o o 
about 8    C and in sunshine they warmed to 12   C. The change of a 
few degrees converted the flies from slow, crawling to alert, flying 

organisms. 

Not onlydohabits of livingchangecritically in cold-blooded ani- 

mals at certain temperatures, but many measurable physiological 
frequencies and velocities of their activities commonly double in 

warming 10 C. Aquatic cold-blooded animals do not usually survive 

the quick changes through which heterothermous tissues of northern 
warm-blooded animals rapidly and frequently pass, but some north- 

ern terrestrial insects can survive large and swiftchanges in tem- 

perature. If their activity changed continuously from 0 C to 40 C 
with the common Q 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 certain temperatures 
and drastically alter their manner of living. 

The physiological systems of cold-blooded animals do not oper- 

ate consistently over wide ranges of temperature, but the heterother- 
raous 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 in the continuous life of individual organ- 

isms, but 1 can add some examples of heterothermous operation in 
the adaptative reactions to cold 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 with light clothing and bare 

feet in .Alaska. Two of their members who were university students 
have helped us to understand some thermal reactions by their ability 

to manifest and describe then' adaptation to cold (In ing, 1959). While 
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one student was sitting for 100 minutes in sparse clothing in a room 0 o x 0 o 

at 0 G, a toe cooled, in 40 minutes, below 10 C and then warmed in 

two typicalslowwarmingcycles. The toes ofthe 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 neither expressed or showed much disturbance by the 
cold. At 6   C the toes of one became insensitive to light touch, but 
both   individuals   remained  sensitive  and alert to small thermal 

o 
changes when their toes were 8   G. One of them notified me that a 
certain  toe  was rewarming while its change was recorded from 
oo 

10.0    G to 10.2   G and remarked upon similarly small cooling before 
the change was recorded. 1 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 two years an assistant in the Aero- 

medical Laboratory at Ladd Air Force Base, Alaska, cooled to 10 

G in eight minutes and werevery uncomfortable. At 14 minutes they 
were very painful, and his general discomfort became so great in 

41 minutes that 1 asked him to give up for fear that his violent shi- 
vering would be injurious  (Fig. 5). 

1 was at first miimpressed whenoneof 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 

o 
rewarming fingers that had not yet reached 20    G. Airman Henson 
also looked for and showed me droplets of sweat on his fingers and 
toes as he was rewarming but still shivering. The paradoxical ap- 
pearance of sweat on cold skin may give a clue to a 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 in fingers and toes so cold as to be 
extremely   painful   for   a   person   unpracticed   in   exposure,  then- 
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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. 

Figure i). Temperature on skiti of a young iiinniin 
accustomed to regular militar) 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 think it is 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 look for adaptation as a func- 

tion of populations and not look merely in the samples of young men 
whom we usually test. But it is hard enough to make observations on 
vigorous young men when they are exposed to cold, and experimental 

exposure to cold might appear to be cruel treatment of delicate wo- 
men and frail children. Since 19 471 have of ten 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 AnaktuvukPass 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 set out 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. 1 think it 

is significant that the hands of the adult Eskimos 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 earlier than the hands of the white men whom 
we tested there (Eisner, Nelms, and Irving, I960). The tiny fingers 
of the lough Uttle Eskimo boys cooled rapidly and very quickly began 

rewarminff cycles which continued at short intervals as lively as 
o J 

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 Kulland, 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. 

Kigure  h.  Nunamiut boys  with Jo Ann Miller at Anaktuvuk Pass, March, 1960. 
'hoto by Keith Miller. 
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Figure 9. Nunamiut boy at play, Anaktuvuk Pass, March, 1960. Photo by Keith 

Miller. 

•^^ 

Figure  JO. Nunamiut boy after losing gloves at play, Anaktuvuk Pass, March, 

I960. Photo by Keith Miller. 

Figure    11.  Uilh.mi   robuk  «itli  hands  exposed  for eolii test, Bettles, March 
J96U. Phom In Keith Miller. 
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Another important difference was in theexpressionof pain. Most 
o 

white people find lingers around 10   C painful, and our white subjects 
spoke veryplainly 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 or demonstrate pain or appear anxi- 

ous to terminate the test as did die 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 exposureof hands to just below 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 
Eskimo 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- 
warming 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 with the degree and ex- 

tent of the adaptation of the extremities ofarctic animals. But even 
this small adaptation extends their ability to woi'ksufficiently to al- 
low for many essential acts which can only be performed with hands 

unencumbered by mitts. That frostbite 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. 

Uberservations   on    the    Integration   of  Heterothermous   Tissues 

For individual existence to be coherent it must he continuously 
related to information about its internal condition and external cir- 

cumstances. Apparently an individual must always appreciate certain 
Mt; 
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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 in sensory detection of physical 

forces do change with temperature. Mammals and birds ap- 
pear to differ from the cold-blooded 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, 1 have been trying to find a per- 
tinent measure for their sensitivity. Itseemed tome 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 it falls 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 skin was cooled, a heavier weight 
or longer fall was required for the impact to be detectable. 

It was easier to discharge mercury droplets weighing from 1 to 
3 mg 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- 
gram. The kinetic energy of the impact on the ball of my middle lin- 
ger thai 1 could just detect increased rather regularly about eight 
limes   as   my   finger   was   cooled   from   35    C to 20    C (Fig, 12). 

Keith Miller is now using small steel ballbearings for weights 

and finding that when measured as kinetic energy of detectable im- 
pact the threshold stimulus increases regularly ina trained subject 
as the skin cools. Individuals differ in sensitivity and in the rate 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 wo regard as adapuxi. 
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The report of sensation involves complex neural mechanisms 
which we cannot analyze physiologically. Since only part of 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 cooling of 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. It is 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 constant dimensions, and 

yet the signals for those dimensions are submitted through peripher- 
al transducers that change characteristics as the tissues which con- 
tain them warm and cool. 

In comparison with thenaturaladaptationof 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 unpleasantfor 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 used to 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 m 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 to 
lead him into a position where its effectiveness diminishes. Then 
troops accustomed to sheltering warmth are immobilizedby the pro- 
lection that has left them inexperienced in cold, while those less de- 
pendent upon artificial warmth may retain a small hut decisive abil- 
itv to maneuver. 
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The necessity for independence requires Eskimo populations 
to utilize their adaptability in winter. Even the limited human physi- 
ological adaptation is important in the natural economy of arctic life, 

and it 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, 1 hope that some people will continue to practice ways leading to 

adaptation so that by their reactions we can gain insight into the in- 
teresting physiological components that appear in human adaptation 
to cold. 
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Subject    Age    Air- Re warming Pain 

LO 

Body 

(üc) (M Minute) (Minute) 

White: 

LJ b5 - 6 9 1 0 moderate Warm 

J LA 39 -11. U 8 severe Warm 

NG 11 -15 10 I 7 moderate-' Warm 

AB 40 - 7 17 14 moderate W a r m 

JAM 2 b -  i) 6 3 moderate W a r m 

E ski mo: 

JR 31 - 9 5 
CM 45 -14 11 

Warm 
Warm 

RN 3 b - 12 10 — Shivc ring 

Hobt. I 3   2 ■; -      1 4 — Shive ring 

Ray 1J 2 0 - 4 8 — Shive ring 

Ml-J 19 -  ') r 
D 1 7 medei'ate W a r m 

RM 

mi 

2 0 

1 I 

~ 8 

- 18 

7 

7 

1 

A   21 mo der; i te Shive ring 

Warm 

cr 1 1 -It, 0   Warm 

VV'l il - 12 ;   Shive ring 

Ken IS . 1 '    1 -1 ■ It, i   Warm 

l.iblr   1 
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DISCUSSION 

MILLER:   As   Dr.   Irving stated,  Figure lo  summarizes one 

aspect ol a study made at Barrow late last winter involving Lskimo 

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  see  tinger cooling rates of 

Eskimo girls, aged about II to 12, Eskimo boys of the same age, 
outdoor or cold-exposed whites, and indoor, non-cold-exposed whites 

and Eskimo ad'.! Its 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-second inter- 
vals during an initial five-minute cooling period. There appears to 

be a definite relationship between hand volume and the initial five- 

minute;   cooling rate. The smaller fingers of the children show a 
more  rapid  initial cooling rate than the adult fingers. Ignoring the 

group of indoor or non-cold-accustomed  whites  for the  moment, 
il  may be seen that the relationship between initial cooling rate and 

hand   volume among the various groups  is approximately linear, 
the cooling rate being decreased with increasing hand volume. The 

most   sinking   feature   exhibited   by   the slide  is  the fact that the 
indoor non-cold-exposed  white group exhibits an anomalously high 

cooling  rate  in comparison with adull   Eskimos and cold-exposed 
whites. This more rapid cooling rate is mostprentinent in the little 
linger,  although  it   is exhibited to  a noticeable degree even by the 
thumb.  Anothei   point  ol   inteivsl   is the degree of variation among 

dilleiMit   lingers   within each subject group. Variation among cool- 
ing   rales   el   different   lingers   is   greatesl   in  the group with the 

smallesi   hand  size,  the Eskimo girls, and dec reases steadih  with 
incivasitii;   hand    udume,   again   with   the  exception  of the indoor 
whites.  The degree  ol   variation  within  I lie whites nol accustomed 
I" euul   was  almost   identical  to thai   el the Kskimo no_,.;..  i'ln   !;u;l 

thai   white   men   not   aceustomed   to eold   exhilnled   a finger eoolm^ 
leiiuiiiäc sign 11 icanl l\   ditleient   liom  that ol  Kskiino men, despile 
a iim '.-,1   ii !i r.i ie T   i , e i Me hand x o luniei . w on Id Si ■! nu t •' mi hi ■:iie I h.il   i 
it11le11 ■■>■(■ in ■ ■ ii'' 'u iaiiirv i i■spende to liand ini(ilin^ i.^ nii ~,iait Iiet\\eiai 

tin    I we-    e eup.^.   \\ hethi :   ' !ii,^  'lit:   :i aici ,   . air1 
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to group differences in regard to previous cold experience, I 
would not wish to say atthis time.The exposure temperatures were 

from -5° C and -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. There is just a very 

slight difference. 

MORRISON: It is 10% which would seem to be an appreciable 
amount. 

MILLER: But it does not appear to be statistically important. 
It is a relatively small group, 

HUDSON; .Are there any changes in blood flow? 

MILLER: I did not make any determinations of blood How, but 
other people have correlated blood flow changes with adaptation in 

1'Jskimos by cooling them in water.This is. more or less, a compli- 
mentary study, using air cooling. 

1'IAGAN; 1 would like [o ask Dr. Irving one thing; your concept 

D! peripheral heterothermy, 1 believe, presupposes an improvement 
m sensitivity to all the genenil Detors in the em i raiment at the 
.-> one or :ii :i lower temperature. Does this also include the ability 

to eool more   md \i-\ mainl;iin sensi ti\ it\ to envirnnmenl'V 
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HIVING: Well, there certainly must be improved sensitivity; 
that would be the conclusion from the fact that they appear better 

able to monitor what is going on outside. That is, they are more 

observant of minor temperature changes in exposed 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 after 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 to peripheral heterothermy as being an 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 during the period of exposure than was true of 
any of the adults. 

EAGAN; Children do seem to withstand very low hand tempera- 

lures even here in Fort Wainwright. 

IRVING; 1 do not know whether il is true of all children or nut. 
We do not dare to ask parents to lend us then- children for experi- 
ment, but we have no compunction about asking the blskimo children 
to cooperate. They enjoy it. 

KAGAN; G lasse r's work' with habitual ion or repeated presenta- 

tion  ol   an  extreme cold   stimulus  shows  that   there' is a ehantxe 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 itself. 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 central habituation may often 
be of much greater importance than peripheral heterothermy as 

a 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. 

EAQAN: We only have indirect evidence of this. Dr. Hensel 

has not done it, but I believe Glasserput on a demonstration before 
the Physiological Society. He had a subject who was accustomed 

to immersing one finger in ice water six times per day and who 

no longer gave any evidence 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 meet- 

ing, he did show the pressor response and the tachycardia. He has 

made other indirect observations 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 invoked the use of Iranquili/.er drugs, and from all of this 

he thought that the simplest explanation was that the discharge of 
the peripheral receptors is unchanged. 

IRVING; Well, 1 cannot discount the operation of the central 

pan ol thesystem inhahiluation, asdistinct from peripheral adapta- 
tion. 1 would say that adaptation iikel} involves change in the phys- 
iological hehavior of peripheral organs or tissue. I think there is 

sure to he some alteration there; tor e.xa tuple, the changes in sonn 

of the nerves ol the poikilotherms result in the blocking of theii 

conduction and exeitahiliu at a lower temperature after they havi 
Ijeeonie used to lhal lempeniiun . Thai us ihe sort ol thing 1 am 

eonlideni h looking tor since we observed that the peripheral nerves 
ol cold adapted sea gulls conducted at lower temperatures than 
u hen warm   id a p ted. 
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PROSSEK: It might be that these other more complex inte- 
grated functions are superimposed upon peripheral change. I do 
not think one would expect a single line of defense here, but a 

double line of defense. 

IRVING". I do not see how the nervous system can possibly work, 

anyway. What 1 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 go nuts; we would not be 
here. 

EAGAN; There was an experimentwedid in which four subjects 
exposed one hand in a cold box for 12 hours per day for ten consecu- 
tive days, the finger temperatures being maintained between 10 C 

and 15 G 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 Cor insert 

it farther into the cold box as it increased towards 15 C. The 

subjects complained quite a bit at first, especially as it was getting 
toward the JO C side of things. As the days passed, their cold 

tolerance was greatly increased and they would even go to sleep 
with linger temperature at 10 C, a temperature which was too 

painful in the beginning to even consider any sleep. Interestingly 

enough, when theydid go to sleep, the finger temperatures invariably 
rose; we had to awaken them so that they could shove their hands 
into the cold box a little further. In general, I feel that this experi- 

ment nicely demons!rates a decrease in the discomfort due' to cold 
as a  result of continuous exposure. 

IHVING; 1 think that is very important. Kven though we say 
"pain" is not physiological!} definable as yet, it is nevertheless 

a very important Cacl. Pain is pretty real, especially pa in from cold. 
A person unaccustomed to cold just cannot conceal it. 1 think the 

mechanisms responsible lor this habituation present a most inter- 

esting question. As a result of hah it nation t lie re is repression of the 
sense  o|   pam,  but   ue do  not   know  whether there is am ehan'jv ni 
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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 get at this question. 

PROSSER; What would be the best animal to use? Hansel's 

work has been done almost exclusively with cats. 

IRVING: People are pretty good. 

PROSSER; But you cannot go in andrecordthe nerve impulses. 
I want an animal in which you can go in and record the nerve 

impulses. 

IRVING; I 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 bare legs to cold. 

EAGAN: 1 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 temperature per sc, or might it be duo to changes in 

oxygen supply? 

IRVING: Temperature, per se, must be a factor in 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 
either by emotional 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 peripheral vasoconstriction (with the linger surface 

temperature at () C) up to 25 minutes In the ice haih by super- 
imposing the effects of anxiel\ on the basic pattern of the response. 
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o 
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 10 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 finger into the ice bath. This is to 

be contrasted to the "unstressed" subject, where the spontaneous 

vasodiiation normally occurs in about 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 I am dis- 
cussing is, of course, the temperature at the thermocouple taped to 

the surface of the finger. It indicates very little, if anything, about 
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 became 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 stirred ice bath for 20 

minutes each time for one month; different groups of subjects under- 

went two, three, or four such exposures each day. In the group of 
subjects that showed the greatesldifference in response to the finger 

immersion  in stirred  ice water, we found the finger temperatures 
o 8 

cooled to only  10    C   in the bath, compared to 0    C in the control 

experiments. The first  thing that wo saw was an earlier initiation 
of the  rewarming phase after about one week of cold conditioning. 

We also carried out  digital ealorimetrie   measurements when the 
lini'iT was maxi mallv vasodilatcd m the bath and found a statistically 
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significant   difference between the heat dissipation  to our digital 
calorimeter   of  the   control   and locally cold conditioned digits. 

There is a possibility that this vasodilation, or relatively 
reduced vasoconstriction, could be due to the destruction 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 due to a destruction of vasoconstriction potential. 

However, using anxiety again as a variable, we found that with our 
subjects, all of whom were either medical or graduate students 

and in whom it is very easy 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 to the initial vasoconstriction seen in the control experi- 

ments. 1 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 adjustment in peripheral circula- 

tory control rather than a simple destruction of function. 

EAGAN: I would like to point out that you have to be very care- 
ful m using thermometry to deduce what is happening in the blood 

vessels, but you cannot fool a calorimeter if you use exactly bal- 

anced systems in testing the two fingers. In similar experiments 
of retail-rent finger cold exposure we have used plethysmography, 

thermometry, and calorimetry concurrently, and we do not see 

any of these CIVD differences you report. 

ADAMS: 1 think such calorimeter data are quite acceptable 
for showing an increase in digital blood llmv. it is possible, how- 

ever, that one could have a change in circulaUon or circulatory 
mechanisms, perhaps m an increased blood Mow deepin the finger, 

that would not ho reflected in surface temperalures. 

KAtbW; How can you tool A |)lethysmograph';, Calorimetry 

will measure the average response over HO minutes, it that is ihr 
length of immersion. With thermonietry you get something inter- 

niediaie m eapabiliU lor detecting vascular ehan^i'. It is slightly 
more sensitive than calorimetry, but nevertheless, in vasocon- 
s: neted   tissue,   because  el   the   thermal   eapae \\  ,)1 the tissue and 
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because of its lowthermalconductivily.youwiUhave a considerable 

delay in deteelion of vasodilalion. We have used the mercury strain 
gauge, which you can place on the finger and which makes plethysmo- 

graphic measurements by using either the olume pulse or the meas- 
urement of blood flow butdoes not interfere with the exposure of the 
finger 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- 

tion to cold insofar as the CIVD response is concerned. 

FOLK: 1 would like to ask Dr. Johansen to comment again on 

his work with huskies. .As I understand itthey showed high body tem- 

peratures after being on the trail. If you are talking about some 
other animal we might find evidence of cress-acclimatization, but 
if 1 understand il correctly, the husk)1 does not show cold acclima- 

tization, is  ii  possible 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 

invoked in thermobalance. I did not measure superficial tempera- 

tures, for example. 1 did find, howc\ or, that training lowers to some 
extent the great increase in temperature that is seen after intense 
exercise. 1 do not know if this will hold up statistically, but I 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 gi\e asteadystatetherraalbalance at high levels 
of exercise. There seems to be an ine\,itable accumulation of heat.* 

MQHJUSON: What was the ambient temperature when you were 
running those huskies? 

o o 
JOHANSEN: From 'M)    C to 40    C below zero. 

MOHKISUN:  We  ran  some similar studies  with  huskies,  and 
in two sets ol experiments ol about an hour each we did not ^ei any 

»Rapid urslow, this heat accumulation is probably related to the whole problem 

ot fatigue. 
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such ine rease in body temperature, These measurements were made 

during a normal regime with the team pulling a loaded sled and with 

three to five minute rest breaks every 15 minutes. 

DiVING: These were trained? 

JOHANSEN: Yes, eventually. They were not trained at the start 

of the season, of course, but they weregradualiy trained during the 

course of the winter. 

EVONXJK: What was your environmental temperature, Dr. 

Morrison? 

MORRISON: It was in February or March; the temperature was 

near 0    C. 

JOHANSEN: I have done similar studies on smaller, 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 
enough to keep them at a normal body temperature. 

ADAMS: There were also some data on beagles* showing that 
voluntary exercise terminates at a particular level which seems to 
be determined by the body temperature. The rate of body heating 
is decreased with training. Untrained dogs will ha\e a more rapid 

rate of increase in body temperature when exercised on a tread- 
mill, whereas trained clogs will show a slower rate and will reach 
a particular rectal temperature in a much longer lime. 

JOHANSKN: ! can tell you that just harnessing up a dog team 
makes them quite excited; it is enough to increase their body tem- 
perature more than one deg ree. 

HANNON: Dr. Dürrer and 1 have done a lot of work related to 
this problem ol insulation and metabolism of well-furred, well- 

msulaied dogs   .ersus those  that  are not  so well insulated. Thus, 

V.Mive I). H.. ''1 al.  lüöü. -J. Appl. Physiol.  iT.hiiO. 
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the daily 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 reports 

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 70% 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,  when  the environmental temperature 

oo 
made a sudden drop from -7   C to-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 

so. As a result ofthese observations on caloric 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 
to increase their capacity to tolerate even lower environmental 

temperatures. 

In the husky it is interestingthat early in the winter, in Novem- 
ber m 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 beagles far enough into the winter to see if there was 

a similar sort of reduction in caloric intake. However, no gross 
changes in fur insulation were apparent. 

►Scholander, P. F., et al. 1950. Biol. Hull. 99:259, 
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HAKT:   Vou   have   an   increase  in  food  intake of 50% to 60%^ 

HANNON:   This    is    average   daily    intake  on   five   huskies. 

HART: I do not think that you can cone lüde that this necessarily 
represents metabolic temperature regulation. How weildid 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 into the laboratory for blood 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 wo ills, in the summer they were eating too much and in the 
winter too little to maintain a constant body weight from season to 
season. 

HAKT: Is not 60% a large increase in food intake for a well- 
insulated animal-? 

HANNON: It would seem so, yes. 

MORRISON: Are they rather limited in their activity in the 

summer? 

HANNON: Grossly, the animals appeared tobe mostaetive in the 
summer and the least active during periods of extreme winter cold. 

Whether llbs produced a significant seasonal difference is unknown. 
It is my guess, however, that they may be more active in summer, 

because there are more people around them. 

DURREH: It is interesting; to note that in temperatures of-35 C 
or -40 C the activity is quite reduced. For example, they are even 
reluctant to gel up and eat and a re not as apt to rise in the presence 

ol people at these extreme winter temperatures as they are in sum- 

mer or m the warmer winter temperatures. 

JOHANSKN:   One   facloi    that   has   not  been   mentioned   is the 
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availability of food to the animal. It is extraordinary 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: That is true, but if we had attempted to control caloric 

intake we would have biased our results by the mere fact that you are 

controlling the amount of food available. 

IRVING: He is thinking that the dog chooses to eat more when 

excess food is available. Why he chooses to eat is a different thing. 

MORRISON: I might add that our appetite in cold weather 

exceeds the thermoregulatory needs of the body. 

HANNON: After the first two or three weeks of over-eating 
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 between the seasons are signifi- 
cant, and there is a significant correlation between temperature 

and food consumption. 

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

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

MORRISON: How about 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 earlier, there was a decline 
in food intake between November and the later portions of the 

winter. This did not seem quite right; so in midwinter we decided 
we had better look at dogs that wert' not so well-insulated as the 

huskies. Beagles seemed to offer a good choice. They were pur- 

chased in California and brought to Alaska, where they were housed 
indoors for four weeks. During this period they were allowed two 

weeks   to   adapt    lo   I lie   same   diet    as   the huskies and two weeks 

li. 
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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? 

HANNÜN: 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 

ol (cces, for example, to see if they were using all this food that 
you were feeding them? 

HANNON; No, we did not. 

KLEIBER: I may have an answer to thai, not for dogs but lor 
baby chicks. There we found a very consistent correlation between 

food intake and temperature; namely, as we decreased the tem- 
perature from 100 F to 95 F to 80° F to 70° F, there was a 
consistent increase in food intake. There was also a decrease in 
digestabilitv. 

WEST: We found the same decline in efficiency with wild birds. 
1 wonder if this is a parlofthe explanation lor Uns increase in foal 
intake. 

KiS 
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KLEIBER: We measured that and found that there is a definite 

increase in caloric output. 

HANNON: Weil, the magnitude of the change in the beagles, at 
least,   between   this   summer  and winter is very similar to what 

o 
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   efficiency  of  food utilization has never been measured. 

IRVING: To get back to 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, Kibier and Brody* recorded rectal tempera- 
o o 

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, since apparently not too many people have heard about it, but 
some of the big kennels have been doing that for several genera- 

tions. Sometimes, 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 quite 
young they do not overeat. Occasionally there is one dog you will 

need to eliminate because it does overeat, but they are rather quick 
to learn to take just enough out of a feeder. 

HANNON; Our dogs in the study wwv two to four years old. 
Thus, the}' were adults. Food was placed in front of them and left 
for a period of one-half hour. Hut, as I mentioned earlier, they 

would eat a little bit too much in the summer time and too little 
in the winter time insofar as the maintenance of a constant bod}1 

weight was concerned. 

MURHISUN; 1 wonder il the specific dynamic aeiion ol the food 

•Kiln'T, II. 11. and S. Bnxiy. lit:,,.. Influence of huniulUv on heat rxclvin^' antl 

r««l-, li-rnpi-rature repilatmn in Jrrhty, Holbli'in, Hrahnnn and HPIVWI Swiss i-attk.'. 

t.nr. . -il Mo .MUM lo-s. Hull. '>22:iA. 
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would produce enough heal lo make them uncomfortable in the sum- 

mer and if this could modify their intake. Such an effect 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: I believe Dr. Irving has made some measurements 
on the amount of heat that huskies dissipate to the snow when they 
are 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: If dogs are lying in the snow dissipating very much 

heat, a melting of the snow should be evident. This does not seem 
to 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 
surface was not above freezing, 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 see any fur frozen in a place 
where a normal animal lias been bedded down in the snow. 

JOHANSKN: If I may switch back tothehigh temperatures now, 

I   think   that   we   reallj   need  a   lot   more measurements. The only 
really   detailed  study  available   is   Asmussen  and   Nielsen's  study 

o 
el   athletes,  which showed ;i  rectal temperature ol -|J    C alter long 
track   running. It may be surprising to you, hul  it is not to nie, that 
the   husky,   with   its  tremendous   insulation, gets  such  a great in- 
e reuse in tempo ratine. 

IK VI.Nil: Have you obi a mod am  e\ idencc thai he really develops 
;i heller faculty lor supporting a high hod)' temperaUu'e'' 
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JOHANSEN: No. 

IRVING: I think this wuuld be a very valuable thing to deter- 
mine, especially when sled-dog running is so well cultivated here; 

you might even use such information to get good teams of 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. 

HAUT: I would like to mention this in connection that even in 
the small mammals such as mice and rats body temperatures up 

to 40 G or 41 G may be obtained during exercise of 20 or 30 

minutes duration. It is commonly possible to do this in a rela- 
tively warm environmental temperature. However, in a cool environ- 

ment, the body temperature may not rise at all. 

JOHANSEN: Their insulation of course is poor. 

HAUT: The insulation is markedly inferior. With the husky 
dog, you apparently never reach the condition where the tempera- 

ture is low enough to cause this effect. 

HANNON: Along similar lines it mightbe worth mentioning that 
the rectal temperatures of cold acclimatized rats are quite readily 

elevated to very high levels whenthey are injected or infused intra- 

venously with norepinephrine. A number of times, for example, we 
o o 

have   observed   body   temperatures   as high as 43    C or 44    C in 

experiments with this hormone. 

JOHANSEN: Of course Uns concept of heterothcrmy and the 
polenlial of insulation somewhal invalidates the things we have 

been lautdil in school about the climatic rules. I was uonderwi"- 
whether Dr. Irving would rare to eomnn ;,' 'Toni how this nii^hl 

invalidate Allen's Rule about the length of extremities. 

IKVIN'G: 1 think those  rules are useless. 

PUUSSKH: There  is  still  a  eorrelalion, just the sam( 
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IHVING:  I am not sure there is among the different caribou; 
the smallest of all is also the most northern. You find many excep- 
tions   to   that; and as Scholander says, if this were a matter 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 

many   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 

that is  interesting and  important with regard to the conservation 
and dissipation of heat. In other words, it is not a matter strictly 

of surfaces. For example, the circulation through the skin of the 

fingers   is   one   hundred   times   what it is  through the skin on the 
forearm or on the rest of the body. The variability in the amount 

of circulation,  the amount of heat exchange, and the temperature 

of blood 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 chooses to 
alter his posture, as he does in sleep. 

PRÜSSEU: But still there is a general correlation between 

size and distribution; it ma}'have no relation to temperature regula- 
tion at all, hut il  remains as a correlation. 

IHVING: Thai may be, but it is not of any great interest or 
i mp.irl ance lu physiology. 

PHÜSSKH: 1 am not willingtosaythat.lt may have some mean- 
ing which w e do not know. 

iMOKH l.S('N: Do you think it is lair to sa_\ thai a laelor has no 

significance simpb hecausc there are other laetors which are 
more sigm I leant'.' 

172 



H ET EK OT HEimy IN HOM EOT H E H MS 

IRVING; Yes, it has less significance, because it 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 diving animal are of no 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 importantlPIs there not 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 suchdivinganimals, 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 tong- 
as   it   is   in   the   right direction? Can we not say that it may have 

selective   significance,   even  if it is only at the 10% or 5% level? 

IRVING: Then you get one of these instances of statistical 

significance. You are talking about imperceptible adaptations 
which gradually accumulate by some statistical process to become 

of visible importance. 

JOHANSEN: If you go back to heterothermy, the point here is 
that these extremities provide insulation, and if they are larger 
they provide more insulation. 

MOUHISON:   11   you   do  not   have extremities,   insulation  (:-J 
conductance) is bette r. 
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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 m a population analysis that would not be of any measurable 

advantage to an individual 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 metabolic 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 different species varying in body weight will be 
considered in this paper. In addition, the total cytochrome oxidase 

activity, which can yield values for metabolism which are theoreti- 
cally maximal indifferent 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. 

Maximal Steady State Metabolism 

For 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 
aerobic effort when there is no progressive accumulation of lactic 
acid in muscles. It is known for man (Wells et al., 1957) rats (Sreter 
and Friedman, 1958), and deer mice (Hart and Heroux, 1954) that a 
certain   Level  of exercise  can  be  attained   wiUiout 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 not usually 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 there is also a 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 it is 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 occur at the same time, (addition theory- Chevillard, 1935; Hart, 
19 50; Hart and Heroux, 19 55; Jansky, 19 59, 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 oxygenconsumptionof white mice which started immedi- 
ately at the beginning of the work in extreme cold (Jansky, 19 59a), 
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 maximal and did not decrease dur- 
ing the test perie 1 (40 minutes). 

Results obtained on various small mammals showed that there 

wert; species differences in the effect of workancl cold on metabol- 

ism. In rabbits and lemmings (Hart and Heroux, 19 55) in white mice 

iTt; 
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Figure 1. The time course of working oxygen consumption of the mouse at 
various temperatures. Ordinate: oxygen consumption in ml0 /hour/animal; Abscis- 
sa: time in minutes. (Jansky, 1959a). 
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(Hart, 19 50; Jansky, 1959 a), and in golden hamsters (Jansky, 19 59c), 

kept at laboratory constant temperatures, the working oxygen con- 

sumption increased with decreasing temperature. Oxygen consump- 
tion duringwork was added directly to the cold thermogenesis, giving 
two parallel curves (Figure 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 two wild rodents, the 
common vole (Microtus arvalis) and the bank vole (Clethrionomys 
glareolus) (Jansky, 19 59b), kept for a short period at naturally fluc- 

tuating temperatures. Both species are closely related and have the 
same average weight (18 gm). In the common vole, the typical addi- 

tion relationship between working and resting heatproductionin the 
cold was observed. In the bankvole, on the 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 slight increase in running speed 
with lowering of temperature from 25 C to 5 C, in both species, 
there was a decrease in the difference between working 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 a greater range for maximal 
work than did the bank vole in both heal and cold. 

These experiments have shown that the metabolic differences 
among various species of mammals do not depend on the weight of 
the animals or on their 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 various temperatures. Bank 

voles live in forests in deep burrows and build well-insulated nests 
and are not, therefore, exposed directly to the effect of low tem- 
peratures. Common voles, on the other hand, live in meadows in 
superficial burrows almost without nesting material and are forced 

more often to endure extreme temperatures. This is reflected in 
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Figure   3.   Maximal   running apeed 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 consumption during 

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 long ago and re- 

cently demonstrated in pigeons during flight (Hart, 1960). On the 
pther hand, in cold-acclimated animals, which can produce heat with- 

out shivering (Sellers et al., 19 54; Heroux et al., 19 56; Gottle and 
Carlson, 19 56), 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 loweringof 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 broken line 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 shivering is replacedby 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 data show that the values of maximal metabolism are 

obtainable not only elfter simultaneous application of work and cold, 
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Figure   -I.  Working and   resting oxygen consumption  at various temperatures 
in cold and uarm adapted rats. (Hart 1962. in press). 
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but also in the resting state after exposure to low temperatures ap- 

proaching the lethal level. Under the latter condition it is necessary 

to measure the oxygen consumption for a very short period after ex- 
posure to cold, because of the substantial drop in 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 1959c 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 be quite 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 Äe maximal steady state level. Species differences 
in posture, insulation, and other factors that affect heat dissipation 

have no apparent effect on this capacity to increase heat production. 

Total Cytochromc-oxidasc Activity 

Since the rapid cooling of small animals at low temperatures 

makes the measurement of maximal stead}' state metabolism quite 
difficult, an additional method was sought for measuring the highest 

metabolic capability of animals and tissues. 

It can be assumed that the total oxidative activity of tissues can- 

not be greater than that of the activity of the only terminal oxidative 
enzyme, cytochromo oxkiase. In other words, it is supposed that the 
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Figure   5.   Relationship   of   maximal  steady state  metaboLism  and total cyto- 
chrome oxidase activity to body weight in various mammals. 
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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 in tissues, 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 in a homo- 

genate of the whole animal for direct comparison with the values of 
maximal steady state metabolism. Before homogenation in distilled 
water, the animals were depilated and after removal of their diges- 

tive tract, they were ground in ameatgrinder. Oxygen consumption 

of the homogenate was measured at 37   C. 

The total cytochrome oxidase activity was determined in seven 
species of rodents (wood mouse - Apodemus sylvaticus, bank vole - 

Glethrionomys glareolus, common vole - Microtus arvalis, white 
mouse, golden hamster, rat, guinea pig) in the range 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- 
bolism (Jansky, 1961). 

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

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

tions m vitro as in living cells, where the concentration and com- 
position of substrate's, pH and various other factors can change dur- 
ing the maximal performance of the organism. In addition there is 
a possibility UKII certain organs such as kidney, brain, ur gonads arc 
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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 "maximalsteady 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 lenowof any other method for assessing maximal perform- 

ance of body organs. The cytochrome oxidase method can provide 
some information on the relative roles of different 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 in the 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- 

crease in heavier animals. 

The most important consideration for our purposes is the ratio 

of cytochrome oxidase activity in whole organs to the total cyto- 
chrome oxidaseactivity of the whole animal. The results on the gold- 
en hamster show very clearly thatthe muscles play the most impor- 

tant role. At body temperature (37    C), they represent about 76% of 

I8ti 



ORGAN THEPMOGENESIS 

the theoretical total metabolic capacity (Figure 6). The role 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 in vivo 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 steady state metabolism is approximately 270 Gal/ 
(hour x body weight ' ). The increase of metabolism from the basal 

level (100 Cal/(hour x body weight ' )) is about 170 Gal/(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 30% 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% (6370 + 10%). 

In cold acclimated rats thequantitative estimation of the role of 
the muscles is more complicated. In addition to shivering, the non- 

shivering thermogenesis is developed (Sellers et al., 19 54; Heroux 

et al., 1956; Cottle and Carlson, 19 56), which increases the maximal 
metabolic rale to about 420 Cal/(hour x body weight) (Figure 4). In 

order to estimate the contribution of muscles under these conditions, 
tlie site of non-shivering tnermogcnesis must first be ascertained. 

The visceral organs have been considered as important sites of 
non-shivering heal production for many years. Much of the evidence 

has come from measurements of temperatures near the liver (Gray- 
son and Mendel 19 56 ; Donhoffer el a 1., 19 57). In coal aec lima led rats, 

the eluvalion of BMH and the elevation O1 >    in vitro give support to 
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Figure 6. Contribution of various organs to the total metabolic capacity in the 
golden hamster as measured by cytochrome oxidase activity. 
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the increased thermogenesis of visceral organs (Weiss, 19 54). 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 (19 59) 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 that in 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 CaL/(hour x body weight " )) is about 295 Cal 
/(hour x body weight ' ), which is 75% of the maximal rate (420 

Gal/hour). If muscle accounts for the entire cold thermogenesis, this 

would be equivalent to 77% of maximal metabolism, when the contri- 
bution   of  muscle   lo   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 in both warm and cold acclimated 
rats. However, it is clear that the absolute increase in nuiximal me- 
tabolism of cold acclimated rats 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 fats. 
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SUMMARY 

The measurement of maximal steady state metabolism is 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 weightwas 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 that the 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 cytochrome oxidase activity 

provides a theoretical upper limit to the metabolic capability and is 
useful for comparative purposes in various species 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- 
prise 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 non- 
shivering thermogenesis together are responsible for maintaining 
body temperature in cold environments. 

♦Contribution from the Division of Applied Biology, National Research Council, 
Ottawa,    Canada,   ami   Department   of   Comparative   Physiology,   Natural   Science 
faculty, Charles   University,  Prague, Czechoslovakia.  Issued as N.R.C. No. 6679. 
Postdoctoral Fellow, National Research Council, 1960-61. 
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DISCUSSION 

HANNON: I was particularly interested in your cytochrorne 
oxidase measurements 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 cytochrorne 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 cytochrorne 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 cytochrorne oxidase reflects the capacity of a 
tissue to produce heat and if we take into account the fractions of 

the total body mass represented by liver and muscle, then the 

theoretical 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 not this theoretical ratio will be verified by future exper- 

iments where organ heat production is directly measured, 

JANSKY: In our own recent experiments concerning the cyto- 
chrorne oxidase activity in various organs of cold acclimated rats we 

have found a livermmscle ratioof 2.5:1 for cytochrorne oxidase acti- 
vity. 'fliese values of organ cytochrorne oxidase correspond to the 
values ot maximal metabolism, which can be measured in working 
animals or animals exposed to extreme cold. At present it is prac- 
tically impossible to measure organ heat production in moving ani- 

mals or on animals in extreme cold. The bod \ lemperaiure of small 
laboratory animals tails very rapidly under these same conditions. 

IlANNuX: in _\our data on mice'and rats 1 noticed a convergence 
ot the curves lor work metabolism with the curves for metabolism 
m the cold. In the golden Iiamslcr, on the other hand, such a conver- 
gence was not appa rent. H \ou had carried the temperature lower, do 
you led the same com rrgence might ha\ eoccui red m the hamster'. 
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JANSKY: Yes, I think this does look like incomplete results 

but 1 have good evidence that the metabolism in the golden hamster 
will fall at lower temperatures. When 1 measured the highest run- 

ning speed the values fell very rapidly at low temperatures; there- 

fore I 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 aperiodof 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. 

HAKT: Yes, but 1 have not published it. I did some measure- 

ments 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 typo of work. 

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

HAKT; The activity depends upon the temperature and on the 
acclimation conditions. In cold acclimated rats it increases with 
fall in temperature to about 5 Ü below which it declines as shown 
m Figure 7. 
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Figure 7. Upper panel: change in coionic temperature from initial resting state 
in rats running at 1-40(7cm/min in a treadmill for 30 minutes at various tempera- 
tures. Symbols are for groups of 8 rats acclimated for 4 to 8 weeks to 6 C, (S) 
and to 30    C (0). The rats were exposed to each temperature for 10 rain before start 
of  run.  Lower panel: me;fn spontaneous wheel activity of 4 rats acclimated to 6    C 

o 
(6)   and 8   rats  acclimated to 30    (0) tested twice at each temperature for one hour 
penods.  Total range of variation  shown by  shaded  areas. Same rats used in both 
tests   show   lowering   of   spontaneous   activity  at both high and low temperatures, 
especially   those   which   cause   hypotherma  during forced axercise.  Presented by 
,;. S. 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 encountered 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 I 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, 

11 was heavy enough to excite 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, but 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 heat. 

HART; I 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 a 

good index of maximum metabolic capacity since most of the 

oxidative processes arc eventually channeled through it. The 

manometric method of assaying it, however, is often open to 

criticism since you arc using ascorbic acid to reduce the cyto- 
chromc c substrate. There is always a possibility that the ascorbic 
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acid itself 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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TEMPERATURE REGULATION AND ADAPTATION * 

TO GOLD 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 
in previous reports byScholander et al. {1950a) and Hart (19 57). 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 distinct adaptive processes are in part dependent on 

differences in body size and also in part on broad differences be- 

tween aquatic and non-aquatic animals. Itwillbethc 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 modification by climate 

m nature while the term adaptation will refer to differences between 
groups brought about through evolution. Other aspects of tempera- 
lure regulation and acclimation to cold under laboratory conditions 
will not be considered in this review since they have been treated 
elsewhere (Carlson, 1954; Burton, 1955; Hart, 1957, 1958, and 1962; 

and recent symposia, 19 55, 19 57, and 1960). 

•CD:'.: nbutioti Irani thi1 Ihvihuin ul Applu'ii Bioh)^>, N;iuon;il Kcdi!;! ix'li Cnunril 
Utt.iwa, C:ina(i.i. Lssm-ci as N.K.C. No. t3;>(). 

20;-; 



"m 

HART 

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 withrespecttometabolic 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 in oxygen 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 -40 G and below. The results for the tropical 
raccoon (Procyon cancrivorus or lotor), the small arctic lemming, 

and the Eskimo dogpup(Canisfamiliaris) (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 to body 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 with differences in body 

insulation, Arctic mammals were found to have greater pelage insu- 
lation (Scholander, et al., 1950c) than tropical mammals (Figure 2). 

Sonic of the northern mammals investigated by Russian work- 

ers, tor example Ol'nyanskaya and Slonim (1947) whose work is 

shown m Figure 3, wore 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 oxxgen consumption at temperatures below 

o 
20     C, differed Crom the Alaskan hare (Lepus amencanus) studied 
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by Irving et al. (1955), in which metabolism did 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 Ki,og(1955)) 

who showed that it depended both 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 been described 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. Such heat exchangers 
have been demonstrated in tropical sloths (Choloepus hoffmanni and 

Bradypus griseus) byScholander (1957) and may occur widely in fur- 
red mammals (Scholander, 19 55). However, the presence of a marked 

temperature drop in a limb or appendage does not necessarily signi- 
fy 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 demonstration 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 fats in various animals is not related to the cli- 

mate in which the animals live. Other adaptations to cooling in peri- 
pheral tissues have been demonstrated by Chatfield et al. (1953) in 

the ability of the leg nerve of the herring gull (Larus argentatus) to 
conduct at lower temperatures in distal than in proximal parts of 
the nerve, and by Heroux (19 59) m a capability of the ears of rats to 

recover from non-freezing cold injury (Ratlus nonvegicus) during 

prolonged  cold  exposure. Ncvirtlielcss. the pronounced retardation 

3)' 



MAMMALIAN COLD ACCLIMATION 

»- 

TGMmQU 
II REINDEER 

70063 

IgPORCUPINE 

O (308Y 

© SUßPACS   OP  DÖ0V 
©SURPACE   OF ESTREKlTJiS 

© 

.40 -20 0 20 
AIR   TEMPERATURES 

Fipjiv   -i.   Coiiiliunil   prcsi'iualion of lemporuturu  niL-asureinents  in 37 indi- 

vuluals ol -1 spccifb nl riKminiMls aiiapled U) arctic life. From Irving and Krog, 1955. 

209 



HABT 

- 40 

20 

10       20       30       40 50       60        70 

Distance   from   sNin   (millirmfers) 

Figure 5. Temperature gradient through fur of a sled dog thoroughly accli- 
malized to the cold. K and S are rectal and subcutaneous temperatures. Each 
point ib the average of readings 10 to 20 minutes after insertion of gradiometer 
from Griffm et al., 1953. 

210 



MAMMALIAN COLD ACCLIMATION 

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, at least for growth processes, has recent- 
ly 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 metabolic 
rate, such may not be true for infant, animals of 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 litter did not show elevation of 

o 
metabolism at temperatures down to -50   C. 

Seasonal changes in some northern mammals have been shown 
by Irving, Krog, and Monson (19 55) for the porcupine (Erethizon 
dorsatum myops) and red fox(Vulpes vuipes 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 (19 57) 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 mammals are in line with the 
seasonal changes in pelage insulation observed by Hart (19 56), who 

demonstrated the obvious fact that smaller mammals with body 

weights below about 100 gm, unlike the larger ones, fail to achieve 

significant protection  through  increased  fur   thickness during  the 
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winter. Consequently they must rely for protection on nest building, 

huddling, and other devices as shown by Sealander (1952), Pearson 

(I960), and Barnett (1956). Microclirnatic observations by Pruitt 
(1957)  in Alaska have shown that the environment of the boreal red 

back voles (Glethrionomys rutilus) 3-9 inches below the moss sur- 
face ranges for the most 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 (I960), 
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, 19 53). Unpub- 

lished observations .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 in rats reviewed by Hart (1962b) 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 food and 
shelter, but spend only a small portion of their total life in the water. 

These mammals are protected from die 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, observations of the author (Hart, 1962a) on muskrats (Ondndra 
zibethicus) in air and in water illustrate some of the problems in 
the temperature regulation of a semi-aquatic mammal. 

Muskrats tested in air at various temperatures for about 1 hour 
showed an increased heal production at temperatures below a critical 

o 
level ol approximatelv 10    C and a gradual Lowering ol body tem- 

o 
peraturc   which became pronounced below -40    C  (Figure 7). No 
appreciable seasonal changes were observed. 
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Oxygen consumption and body temperatures of animals placed 

in a small tank ofwater for about three fourths of an hour increased 
progressively with lowering of water temperature below a critical 

level of about 30 G. Golonic temperatures fell after the animals 
were in water at all temperatures below about 20 C. During both 

summer and winter, it was apparent that the heat production was in- 
adequate to offset hypothermia for prolonged periods at winter tem- 

peratures around 0 C. Skin temperatures measured under the fur 

confirmed the 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 have been carried out by Irving and coworkers 

on swine in Alaska (19 56) and on seals of the Atlantic coast (19 57, 
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 at various air temperatures (Figure 8) and the 
harbor seals (Phoca vitulina) in air and in water (Figure 9) showed 

marked temperature gradients through tlie tissues which were char- 

acteristic of the insulating layers of fat and the different outside 
cooling effects. The distributions of surface temperatures on the 
body surfaces of swine and seals were also rather similar at com- 

parable air temperatures, indicating similarity in physiological in- 
sulation by cooling in these two animals. The critical temperatures 
for increase in metabolic rate (aboutO C) were also comparable in 
Alaska swine and harbor seals during the summer. 

In water, the surface temperatures of harbor seals were, as 
anticipated, only slightly greater than ambient, and the critical tem- 

, , o o 
prratun; was elevated trom approximately 0   C to 20    C (Figure 10). 
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This represents a difference of about twenty-fold in the cooling ef- 
fect of air and water, but the total insulation (body + medium) in 

water was about 50% 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 consequently was unable to maintain a surface temperature low- 
er than 6 C to 8 G 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 maintenance of resting metabolism down to a criti- 
o 

cal level of about 10   C. However, a harp seal (Phoca groenlandica), 

with a still deeper gradient and a lower surface temperature, was 

able to compensate completely without elevation of metabolism even 
in ice water. This represents the greatest cooling load experienced 

by mammals in nature and the harp seal has the greatest physiologi- 
cal insulation known for mammals. 

Harbor seals tested in December 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 (19 55) for the red fox and the porcupine. During the summer 
there was a greater elevation of oxygen consumption in cold water 

than during the winter and thecriticaltemperaturc was raised from 
o o 

about   11     C   to 20    C  in water. There was, therelore, a greater 
physiological insulation in winter than in summer; this was associ- 

ated with changes inperipheral tissues. No anatomical basis for this 
change was noted. The nature of the seasonal alteration was such 
that the differences were observed even al the same body skin tem- 
perature (Figure 11). This puzzling phenomenon suggests thai more 

heat is lost insummer than in winter at the same body skin tempera- 
ture. This could be accounted for by a greater evaporative heat toss 
from the lungs or by a greater heat loss from the appendages, 
neither of 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 heat exchangers, 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 skin temperatui-e. Itis diffi- 

cult to compare the metabolic responses of species which live in 
such differentmelia as air and water. One basis is to make the com- 

parisons relative to the actual body skin temperature of the species 
in question. This has the merit of relating the 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 with oxygen consumption in Figure 

12, as originally shown by Hart(1962b). The sources of the data are 
indicated m the legend. Comparisons of the same species relative to 

air temperature are also shown. 

Clearly, the various species are distributed in a 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 skin temperatures. Next in order is the 
semi-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 seal, especiallyduring the winter. The least sensitive 
species was the harp seal, which showed no increase in metabolism 

even in ice water. The range of responses indicates the very great 
species differences that exist in toleration of peripheral cooling and 

in temperature range of peripheral stimuli requi red to illicit that re- 
sponse,  it  has  also been shown tor the harbor seal and tor 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 skin or with air temperature, 

e. g., swine and muskrat. This is because the fur provides the insu- 
lation for the muskratbutnot 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 arctic conditions canbe withstood without elevation of resting 
heat production (Scholander etal., 1950a). Therefore, arctic and tro- 
pical mammals may be quite similar with regard to the skin cooling 

required for a given metabolic response. 

Metabolic response to cold in relation to body size and insulation 
of the fur. A summary of data published in the fourth Temperature 

Symposium of the Amencanlnstituteof Physics (Hart 1962b)is illus- 
trated in graphic form in Figure 13. The slope of the temperature- 

metabolism curve below the critical level is given as the ratio of the 
temperature drop to the increase in metabolism, which is dimension- 

ally comparable to an insulation rather than a conductivity function. 

This is done to facilitate comparison of slopes with fur insulation 
(open   circles)   for   the few species for which data arc available. 

It may be seen that the slope tends to increase with increase in 

body weight, but that there is an enormous increase in species vari- 
ability with increase in weight. This is because the small mammals 

are all metabolically sensitivetocold while the large mammals may 
be sensitive or insensitive. The least sensitive are Hie arctic mam- 

mals with thick fur which give the tliree highest values for slope, e. 
p-., snow-shoe hare in winter, ret! lux, and white fox. The larp'or 
mammals may also have little fur and lowervalues tor slope, e. g,, 
dug, harbor seal in summer, and Brahaman bull. 

When slope is related to insulation of the 1'ur (broken line), there 
appears to be a much closer correlation. However, it is obvious that 
die same eorndaiion w ould not he applicable for either bare-skinned 
or aquatic mammals with subeulaneous tat and a thin tin1 cover. The 
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correlation may be applicable to most fur bearers, but information 

at present is inadequate. 

SUMMARY AND CONCLUSIONS 

The temperature regulation and adaptation of mammals to cold 

climates follows different patterns in large and small mammals, and 
in fur-bearing compared to bare-skinned or aquatic mammals. The 

large arctic mammals with thickfur 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 environment in 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 to be related to alteration in insulation of the fur 
rather than to changes in body temperature or in metabolic rate. 

However, infant animals of arctic species may be very sensitive to 
temperature. 

In the mammals of small body weight, compensation for cold 

through changes in insulation is not possible, and when protection is 
inadequate, an elevation of heat production is necessary. Evidence 
has been presented that small mammals such as mice and wild rats 

show an 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 for the development of the observed seasonal acclimatiza- 

tion. 

The only lur-bearing semi-aquatic mammal studied (muskrat) 
showed no evidence of seasonal change even though exposure to water 

o 
at ü    C during the winter seems inescapable. The surprising teature 
ol   the study was   the degree of body cooling observed during short 
term exposure to cold water  and  the failure of fiU" insulation 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 there is pronounced cooling of peripheral tissues. In har- 
bor seals exposed to ice water, there is 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 tolerate ice water without lowering 

body temperature or elevating heat production. 

When the body skin temperature of various species are com- 
pared, very large differences are found in the temperatures corres- 
ponding to elevationof heat production. In the fur-bearing land mam- 
mals studied, heat production increased with only 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 metabolic response to cold indifferentnon-aquatic species 
is related both to insulation of the fur and to body 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 
to cold. Temperature regulation in aquatic mammals is effected 
through physical regulation of heat loss in the general body surface 
and particularly in the appendages. 
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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. liyser in this laboratory some years ago. 

These are simply measurements of the body temperature 
against the ambient temperature. Figure 14 compares the two 
common voles taken from the nearby Chena River in February 

and March. Glethrionomys 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 
Glethrionomys 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, Dr. Hart showed a slide from Dr. Scholander 

(Han, Fig. 2) on insulation values in various northern mammals. 
There tiie lemmings were grouped, but the two highest values 
represented Dicrostonyx while the four lower points were for 

Lemmus, which difference correlates with the physiology and 
behavior. 

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 some cases. 

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 from 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 by, or transported by a 

predator. I 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. There was no indica- 

tion of where it was going, but the tracks were in a straight line, 

not as though it was searching or meandering. 

HANNON; With respect to running ability we have observed 
that the hamster, which is about the same size as the lemming, 

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 
even with their hardiness they were expending metabolic energy 
at a very rapid rate for maintenance of body temperature. 

JOHANSEN: 1 may perhaps comment on my work on the 
muskrats. One project was concerned with the [ad that the musk- 
rat has a very dense fur and a naked tail, 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 as it 
was studied by temperature measurements and plelhysmography 
(where Charles Kagan gave expert help) showed that the tail blood 
tlovi    can   chanue   In    a    factor    mere  than   10(1 within a ver\ short 
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time (Fig. ISA). If the muskrat is overheated slightly cither by 
exercise or by being exposed to a high environmental tempera- 

ture, his tail is "flushed" immediately. The skin temperatures 

are practically as high as the body temperature. 

I proceeded by trying 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 
1 nerve-blocked the tail, the animal became hyperthermic in a 
very short time and in one instance an animal succumbed and 
died   of  heal   apoplexia   when   his   tail  was   not intact (Fig L9A).* 

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 fir 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. 1 found that the intact muskrat had a volume 
of about 800 cc, of which about 200 cc was air. In other words, 

almost 25% of the volume of the muskrat is 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; There is one question 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 
animals to be continually cold-acclimatized, summer and winter? 

In the muskrat, tor example, in these northern areas, the water 
is   still quite cold  in the summer.  It  may be that they get a level 

• .tih .n.S'ii. K.  U't:.. HfA\ rxchan^c through the muskrat tin i, Kvuiriu-c for vaao- 

ilil.itor iiiTVfb tu Ihr -,km. .Vta i'hysiolnfru';! Sramiinav. (in prt'ss). 

•'.loh irib'-n,   K.   V.H',2.   Hmnanr)   ami   msulntuin   in   the musknit. J. Mammal, (in 



HART 

40 

35 

30 

25 

20 

15 

RECTAL. 

TEMPERATURE 

COOLING    OF   TAIL 

AMBIENT    TEMP   IS-JO'C 

TAIL      NERVE 

SLOCKED 
BODY    HEATING 

H 
TAIL 

TEMPERATURE 

20 30 40 50 60 

TIME       IN      MINUTES 

70 80 

Fi;;urr IH. First pniimn of the figure demonstrules the course of rectal and 

iiUraculaneoua tail icnipe raturc during body heating and consequent vasodilation 

in .i normal undisturbwl subject. Subsetiuently the tail is cooled down, and nerve 

blocked. Hixl\ heating is reapphed but the tail vasodilation and the consequent heat 

IDS.-, is ptvu'iitcd and a rapid increase in rectal temperature is seen. 

23b 



MAMMALIAN COLD ACCLIMATION 

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

HAKT: I 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 muskrats are rather 
oo 

strikingly high during winter. They are from 5   C to 10    G 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. 

o 
HANNON; You have essentially 0    C water in the winter time, 

o 
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 little more active in the summer time in 
the water, so they get a longer exposure. 

HART: It Is possible. 

IRVING: Dr. Fay has been making some measurements from 

time to time in the New York Zoo on the temperature on the body 
skin and flippers of walrus, both young and old. He has been able 

to gel 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 body in air or water. As Hart 

and I found in harbor seals, the flippers may tie quite different 
from the body and apparently fluctuate as if for fine adjustment 

of temperatures. Fluctuations in the extremities are also subject 
to non-thermal excitation, and in absence of obvious relation to 
heal, are ascribed to plain nervousness. 

LKOSSLH: In your summary slide, comparing the different 
mammals, you suggested thai there might be differences in the 
sensory sensitivity. 

HAKT; Do you mean sensitivily to skin temperature? 

IW 
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PROSSEli; 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 

either 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   be   explored. 

EAQAN: 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 assessing sensory input in animals? 
I do not know of any. 

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

KLEIBER: I 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, I 
wonder if it would not be wise, for internal consistency, to express 

the metabolic rale per unit surface, whatever it might be. I mean 

that you should use weight to the two-thirds power instead of the 
tliroe-fourths, because otherwise you might introduce a side effect 

m Ulis insulation which is actually not present. 

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

KLEIBER: Yes, but the metabolism in this ease is related to 

heat   exchange   and  the  metabolism  related  to  heat  exchanire is a 

■J-l() 
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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 weight is expressed in grams and the con- 
ductance in ccO    (gms x hr x   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. 

VIEHECK: 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 to get an average skin temperature for the surface? 

HALT; It was not an average at all. They were simply repre- 

sentative temperatures taken over the trunk of the bod}'. 

VIERECK: But the fur is very thick in the back and thin in the 

front. Where do you take the temperature? 

HART: This is underneath the fur, and in the caribou I1K\\ 

were averages of several measurements taken on one side >)f the 
fur. In the r:ii measurements wereapproxiinatelyal the same place. 
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VIERECK: Do you look for a place whore the fur is thickest? 

HART: 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 metabolism is 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, I find 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. 

•Knksuii,  H.   1^56. (;hsi:rv:ui(.)tis un Ihc nwUibolisni of ;tn'tic ground squirrels 
(CV'-llua ;i 11 : \ .j   it iliffiT'cnt ITU i riHUiicntHl tfuipcraturcs, Vta. Physm 1. Scundirmv . 
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TEMPERATURE RESPONSES AND ADAPTATIONS 

IN DOMESTIC ANIMALS 

Max KIeibe.r 

The body temperature of 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 dis- 
tribution of the animal. Rat and elephant temperatures are about I 

C cooler than those of man; cow, sheep, and swine, about 1 C hot- 
ter, rabbit and doe; about 2   C* hotter; and the camel lets its body 

o 0 , temperature vary from 34   C to36   C and seems not to mind a tem- 
perature of 40    C if this is necessary for saving water. 

Figure 1, somewhat schematized from data of Johnson, et al, 
(19 58)   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  rises   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 raise 

o 
their body temperatures before the air temperature exceeds 90   F 

(32   C). 

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. For all conditions under wliich homeotherms live and for 
all their sizes, this thermal level 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 lO'/c accuracy by the equation: 

•Hablnt's  IIHITII:I1 tfnipt'raliirc is  ;i9.6    C; its v.inaUon is ^enorally ni>I more 

th HI 1>    C. Kchrrl C. LIT (1939). 
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3/4 
B = 70 x W 

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

Scholander (1955) writes as follows; 

The non-adaptability of the resting rate shows that the 
heat production is notdeterminedby the heat loss as one 
might infer from the surface law of Rubner (1883) but 
vice versa. Whatever the surface area happens tobe, the 

heat loss from it must be so regulated by various means 
thai, 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, and it led to differences in the temperature 
distribution of various animals. 

Figure 2, also schematized from the data of Johnson et al. 

(19 58), shows the skin temperature as a function of the environ- 
mental temperature. From 50 F to 90 F (10 C to 32 C) air 
temperature the rabbit skin maintains an almost constant tem- 

perature, whereas the temperature of the skin of cow and man 
follows the environmental temperature. 

This temperature 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 heal loss and therefore the greatest 

temperature gradient in naked man is located in the subcutaneous 
layer. The cow has a less efficient fur than the rabbit. The difference 

between rectal temperature and skin temperature, which is an index 
for the resistance of the subcutaneous layers to heat flow, is shown 

m Figure 3. 

.\s the environmental temperature rises, the skin temperature 

ol man and ci iw approaches the rectal temperature but does not reach 
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Schematized from H.D.Johnson et ai,   Mo. Res. Bul. 6.48 18,1958 

Figure    2.    Skm   und   environmental   Itmiperatures   of   man,   cow, and rabbit. 
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5       10 20 30 40 
ENVIRONMENTAL TEMPERATURE 0C, 

Schematized from H.D. Johnson etal, Mo. Res. Bui. 648 19 1958 

figure :>.  Differences between  rectal and skin temperatures in man, cow, and 
abbit at various environmental temperatures. 
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o o 
it. When the air temperature rises from 30    C to 40   C, the man 
and cow maintain an almost constant difference between skin and 

body 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 rabbit and 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 

fashion3 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 body 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. (Sec 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 man, and they do not have the benefit of a cup of coffee. 
They may possibly be endowed with a higher basic level of social 

grace than man and do not express their grouchy feelings as strong- 

ly as sonic human beings do. 

Figure 5 shows  the diurnal  temperature change of a Holstein 
cow   subjected to an environment simulating the Imperial  Valley 

o o 
(Kibler and  Brody, 1956). In man, a temperature of 108    F (42   C) 
would he regarded as a 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 air tem- 
perature undei actual conditions in the Imperial Valley shows that 

temperature changes  m  the body  arc a  small part of those in the 

2-\> 
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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  fluctuations   of body  temperature  become   greater. 

One 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 Ions as the maximum temperature of the environment stays 
o 

below 40    C, the change in the cow's body temperature is only about 

one fortiethofthechange in the environmental temperature, but when 

the maximum temperature of the air reaches 44 G, as in July, the 
cow's regulating efficiency drops to one half. Her temperature fluc- 

tuation now becomes 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 are better 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 difference and McDowell and his coworkers (19 53) 
have studied the inheritance of this adaptation. They crossed Jersey 

cattle with Sendhi, a breed of Zebus, and exposed Jerseys and cross- 
o o 

breeds   to   an   environmental temperature of 10 5    F(40    C) for 6 

hours. Figure 8 shows some of their results.The crossbreeds main- 
lam a body temperature close to 102    F (39    C), whereas the body 

o o 
Lemperature ol  the Jersey cows rises to over 103    !•' (39    C), The 
reaction ol the Jerseys -lepends on the season. Durinp'tiie winter 

o 
months they are least able to cope with a 6 hour exposure to 105    F 

o 
(40    C), whereas during the summer months this exposure raises 
their body temperatures to a level nol much higher than that of the 
crossbreeds. 
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DOMESTIC MAMMAL ADAPTATIONS 

Month 

Environment 1    Cow 
(rect.) 

Effectiveness 

A Envir. 
A Rect. Min. 

0G. 

Max. 
0G. 

A Envir. 
0C. 

A Rect. 
0G. 

MAY 14 2-9 15 0,4 38 

1  JUNE 23 40 17 0.4 42 

JULY 27 44 17 0.9 19 

AUGUST 28 42 14 0.9 16 

Note: Total variation of rectal temperature 38.2 to 40 0C. 
Based on observations by Ittner, Imperial Valley, Calif., 1946. 

t'iguru 
he;'!;ujsUit. 

Daily   temperature   fluctuations   and   the   effectiveness   of a cow's 
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DOMESTIC MAMMAL ADAPTATIONS 

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 shouldbedirectly proportional to the difference 
between environmental temperature and body temperature. To test 
this deduction, Hoesslin raised one dog 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 Chad a metabolic rate only 12% 

above that of his brother raised at 32 C. The difference between 
body temperature and environmental temperature ofthe cold dog was 

about six times as great as the corresponding difference for the hot 
dog. 

Hoesslin concluded that heat requirement could notbe the deter- 
mining factor in the control of metabolic rate or the explanation for 

the surface law. He observed that the cold dog's pell weighed 3.6 
limes as much as that of the hotdog, indicating an adaptation of in- 

sulation to environment. II 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 rateof his hot 
dog was not determined by heat requirement, but we would maintain 

that the metabolic rate ol the cold dog presumably reflected a ther- 

mostatic heat requirement. This assumption is justified by the rela- 
tion ol  metabolic  rales  to Daly temperatures  ol  various animals 

2M 
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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 heat requirement proportional 
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; then presumably the two dogs would have 

the same metabolic rates. The rise in metabolic rate is known as 
"chemical,"   or metabolic temperature regulation. By that term, 

Rubner simply meant an increasein the rate of chemical processes, 
whether or not 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 useful complication. 

The change in the insulation, in contrast to the change in metabolic 
rate,  is  known  as "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 acclimatized to the arctic 
o 

regions  have a critical temperature as low as -40    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 

2r)t. 
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Figure 9.   Fasting kutabolism   in  the hairless mouse, the rat, the dog, and the 
rabbil at various unvironniental temperatures. 
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effect  of  civilization   and   becoming fit to follow "the call of the 

wild," as Jack London would say. 

Between the immediate response of shivering and the long 
term acclimatization of growing a thicker fur, there is 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. 

1 remember Nansen'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 a fall of body 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 of their social instinct and were forced to burn up more 
fuel to keep warm, while involuntarily practicing rugged individ- 

ualism   (Fig. II). 

RKGULATIÜN AGAINST OVERHEATING 

An old  method to gel relief from Loo much heat is the use of; 
;in<  i  uni told that ladies used this instrument not only to increas( 

or.n 
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cooling  but  also   to   hide  blushing and even to hide non-blushing. 
Steers  do  not  worry  about  blushing but  they  get relief against 
overheating  from  fans,   as   shown on Figure 12, which was con- 
structed   from   a  table  giving  observations  by Ittner, 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  cattle  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 unpleasant disturbances in the operation of the breathing 
reflexes.   The   answer   to   this   clanger   is   shallow  breathing, in- 

creasing   the   ventilation   rate   in the upper parts of the respira- 
tor)' system only, this provides the desirable increase in evapora- 
tion,   with    little   change   of   the   CO     washout   from the alveoli, B 2 

Figure 13 shows the type of breathing in heal exposed cows 
compared with that at a low (for the cow's laste comfortable) 
temperature. A threefold increase in respiratory frequency pro- 
duces a twofold increase in ventilation rate because the volume 

for each breath is reduced. Cows do not start panting at a certain 
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Figure 12.   The effect of a fan on a steer's body temperature. 
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Environmental 

70C. 
Temperature i 

320C. 

Breaths per minute 

Respired air per minute, liters 

Respired air per breath, liters 

15.5+0.3 

52+ 3 

3.4+0.2 

46.013.8 

105 ± 5 

2.2 + 0.04 
(Proceed. Soc. Exp. Biol. Med. 35,10-14,1935). 

Figure 13. Physical temperature regulation in cows. The adaptation of breathing 

at various environmental temperatures. 
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environmental temperature. As they get warmer, their breath rate 
increases rather gradually, so that the relationbetween respiratory 

frequency and the environmental temperature can well be 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 greater 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 kcal/(m x hr) in Jerseys 

and Holsteins. 

The Method of the Camel 

The  most ingenious system of keeping cool has been develop- 

ed   b}   the camel, also  known  as  the ship of the desert. The U. S. 
Navy   has  a perfectly good reason, therefore, for supporting re- 
search   on    this   animal   by   Knut   and   Bodil   Schmidt-Nielsen, a 

team of extraordinarily keen observers. 

The camel apparently realizes the advantage of inside cooling as 
opposed lu surface cooling. It also is very much interested in the 
most economic use of water andean hardly afford to have sweat drop 
lo   the   ground   unevaporated, as   it does  in human athletes and in 
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DOMESTIC MAMMAL ADAPTATION 

horses. Yet the camelapparentlydoesnotthinkmuch of panting and, 

having observed panting cows and dogs, I cannot blame 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 (19 57) 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 in Schmidt-Nielsen's paper. Under given conditions, the furry cam- 
el uses 2 liters of water per day per 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 a good Democrat I am bothered by this wastefulness of the 
donkey and 1 think the accusation is unjustified. 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 demonstrate 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 

more economical with water than even the furry camel. 1 must warn 
my Republican colleagues not to get too excited about this result. It 
is just a matter of body size, and the fact that elephants are bulkier 
than donkeys has no political significance. I hasten to mention that 

in fact my calculation is based on the strictly bipartisan assumption 
that the evaporation rale per unit surface area is the same lor don- 

key and elephant. 

Figure    17    shows    the   calculations    which    show   the   same 
water   loss   tor   the   camel  and  the donkey per unit surface area. 

•Some  u;ilrr nu) lie used for the excretion of trn'tabohc ppxlurls in urine, but 
under  the eirruniätanees,  eviiporation  presumably  accounts   for most of the water 
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Gomel     [ Donkey 

Body weight 206 Kg_|_8l Kg 

Surface area Wi'i 34.9 Kg2^-18.7 Kg2/3 

Daily water used per lüO Kg (schmidi-Nieisen 1957*) 3.5 lit. _|__7.3 lit. 

•*•      " animal 7.2 "_._L_5.9 " 

 Kg2/3 0.20611 _0.206" 

       " Kg3/4 0.133^-0.218" 

*Amer. J Physiol, 188, PQ HO Fig.7, 1957 

Figure 17.    Hate of water 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 that the donkey had a higher rate of wa- 
ter loss than the clipped camel. 

The comparison of 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 conclusion based 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 maybeof interest to know the water loss 

per animal--?.2 liters per camel, 5.9 liters per donkey. For a com- 
parison of mechanisms of heattransfer it is noteworthy to know that 

both camel and donkey lose daily 2.1 liters H 0 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 animal has an advantage over the smaller one be- 
cause heat load is proportional to body surface and heat capacity 
proportional tobody weight. The-rise in body temperature for a given 

period of excessive temperature during the day is therefore inverse- 
ly proportional to the cube root of body 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 
2 

hot period 2.5 kcal of heat arc stored in the animal per dm   of its 
2 

body surface. This would be a rate of influx ol 250 kcal per m    in 6 
hours and would equal the basal metabolic rale which, according to 
Hubner, is 1000 kcal per day per m".'1'What is the rise in body tem- 

perature at the end of the 6 hour period resulting from this storage'.' 

•This   is approximaifh  correct   for ;in ;inim;il of 100 kg body weight, whereas 
sniallt-r animals [ircxiuce less, larger ones more heat per m    per day. 
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Body Weight 
|      Surface 
I      Heotcap: 

\    Change 
in Body Temp. [ 

W = 12.5 x vrs 
.„ c Surface \ 

'  Heaf cap. 

Kg. 
dm* 

"C. 

1 12.5 31.4 
10 5.81 14.5 

100 2.70 6.7 
1000 1.25 3.1 

10000 
i                             iL 

0.58   1 1.4 

Figure 18. Periodic heat bad, body size, and body temperature for a periodic 
heat storage of 2.5 kcal per dm . Fora 6-hour period the rate of this storage would 
be equal to the daily metabolic rate of one megacal per m    (Kubner). 
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The.suri'ace area in square decimeters may be estimated to be 10 x 
W , where W is the body 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 kcal/ C per 
kg body weight. The rauo of surface area to heat capacity then would 
amount to 

2/3 , 
10 x W „-1/3 

0     —   or 12.5 W (second column in Figure 18) 

/     2 
The increase in body temperature from the storage of 2.5 kcal/dm 

-1/3 o 
then amounts to 2.5 x 12.5 W        . This rise would be 31.4   C for 

o 
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 advantage of cool nights by letting its 
body temperature decrease to 34 C (see Schmidt-Nielsen). A 

human being could hardly stand this, nor could he let his body 

temperature   rise   to   41    C when water is short and the day hot. 

Schmidt-Nielsen feels that this relatively large change in 

body temperature should not be regarded as a failure regulation, 
but rather as an adaptation which conserves water. It may be 

more cautious to say that in this ease the water economy at the 

oust of an accurate temperature regulation proves advantageous 

for survival. 

The difference between controlled and run away increase 
in body temperature, the latter resulting from positive feedback, 

is clearly shown in a plot of pigs' body temperature against time 
of exposure to various environmental temperatures, observed by 

Robinson and Lee (19-12). 
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TEMPERATURE AND FOOD 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,beingdeterminedby 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 for thermostatic control is now less because 
the minimum heat production of the fed animal is higher than that of 

the fasting animal, and thecalorigeniceffectof 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. Rubner called the description of this effect 

his  compensation theory. The calorigenic effect compensates for 
the   thermostatic   rise   in   heal   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 excess heat of the fed animal is greater 

than that of the fasting animal. This means an extra burden in 

the light against overheating. If this burden becomes significant, 
it   affects   the   food   intake.   At   a   sufficiently  high environmental 
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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 animal production. As the environmentaltempera- 

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, To , 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 
mm , 

enough heat 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 üie 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 Loses 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 a 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 

o 0 0 
kept  alternately   tor  weekly   periods   at   7    G, 18   C, and 30    C 
(Kleiber,  1961).Total carbon and nitrogen balance was determined 
over a three day period during each week. 

The results arc shown in Figure 22. The decline in food 

intake at a high environmental temperature is most conspicuous. 
The milk production was little affected, but the loss of body sub- 
stance was greater at the low and at the high temperature, than 
at IS    C where the net energy was at a nuiximum. 
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Figure 21. Scheme of influenceof environmentaltemperalureon food utilization. 
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Figure 22. Food utilization of dairy cows at various environmental temperatures. 
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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 production 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 (19 53). 

ENERGY    IN: 

FECES 

.REGULATOR   OF    APPETITE 

BATING     CAPACITY 

ABSORPTION    CAPACITY 

STORAGE    CAPACITY 

HEAT 

STIMULUS    FOR    GROWTH 

»- MILK    ENERGY 

STIMULUS   FOR    MILK    PRODUCTION 

FASTING    KATABOLISM     REGUl ATOR 

FASTING       KATABOLISM 

HEAT     INCREMENT 

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 man and 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 

luss in a hot environment to a rate per unit area similar to 
that of a donkey. 

Excessive but time-limited daily heat loads producing heat 
storage in the body can be endured better the larger the animal 
because heat load is proportional to body surface area and heat 

capacity is proportional to body weight. Increase in body tempera- 
ture for given loads, therefore, is proportional to the reciprocal 

of the cube root of body weitrht. 
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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. 
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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 G. There is no change in rectal 
temperature in mature animals exposed at-25 Cfor several hours 
(Eagan, 1961), :';*- 

Secondly, Burton pi-esented 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 (Burton and Edholm, 

1955)*** to support the suggestion that the level of body tempera- 

ture adopted by the homeotherms has something to do with the 

stability of temperature regulation. It is a matter of choosing a 
temperature which favors economy in physiological function over 

the widest range of environments. 

KLEIBER: What is that theory? 

EAQAN; I would refer the listeners to the original work cited 

above. Briefly, the regulated body temperature is that one from 
which a deviation will cause the change in heat production (Arrhen- 
ius' law)  to be balanced by the change in heat loss (Newton's law 

o 
of cooling), at the 25   C annual isotherm where homeothermic ani- 
mals are believed tu have originated. 

♦Carlson, L. I). J955. Interrelationship of circulatory and metabolic factors, 
pp 13-51 m Ferrer, M. Irene, Bd., Cold injury (Trans. Third Conf.). Josiah Macy, 
Jr. Foundation. New York. 

••Eagan,  C.  J.   1961. Reactive error in the measurement of rectal temperature 
in  the cold.   AAL  TN 59-20, USAF Arctic Aeromed. Lab., APÜ 731, Seattle, Wash, 

♦••Burton,   A.  C.   and  O.  G.   Edholm.   1955.   Man in a cold environment. Kdwani 
.Arnold (Publishers) Ltd., London. 
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The tin ixl point  is thai heat loss in the rabbit exposed to high 
temperatures is certainly accomplished through panting. Ididsome 

experiments wherein rabbits were exposed at 50   C (Eagun, 1961).* 
In   spite   of vigorous panting by each animal,   rectal temperature 
rose steadily (after a transient slight decrease) and ear tempera- 

o o      L 

ture   ran between 1    C and 2    C higher than rectal temperature. 

FOLK: Is there a histological difference in the skin of the 
Brahman cattle and the American domestic breeds? Are there 
sweat glands in any of the cattle? 

KLEIBEU; Apparently the histologists agree that there are 
sweat glands in both breeds. 

WEST: I was Interested in the caloric intake of the cows; you 

have quite a nice curve of caloric intake as temperature falls. Is 

this something that they just do without any forcing or do they just 
eat this much so they can produce milk or something? 

KLBIBkK: This was a theoretical, not an empirical curve. I 
was attempting to figure out what we have to look [or. 

WEST: 1 see, because 1 was wondering how you were able to 
got cows to do this. We are trying to do this with birds. 

KLEIBER: It was just an arbiträr)' expression, thatlhere must 
be some limit where the temperature is too high for food intake, 

and there must be some low temperature limit where the food intake 
must be  increased. I drew a  curve against  these two limits. 

WEST: In other words, you think of it as a curve, not as a 
straight   line more or loss  paralleling the  resting metabolism or 

heat  requi reinenl? 

KLEIBER: Well, it could be a straight line, perhaps, but I do 

not see how. 

•K.i^.ia,   C.   .1.   I'.'f'i.   1' 

2t>. N". 1 ,    I'll-!    1:210. 

ipiral   .iii:ipl:il.on to  c-oki   m Uli   r.iMutcar. FIHI, Priv, 

2 hü 



DOMESTIC MAMMAL ADAPTATIONS 

WEST: It seems as though it were the same as maximal activity. 

KLEIBER; The only reason I am not particularly happy with the 

straight line is that usually these things do not stop all at once. 

WEST; 1 was thinking of the work that Dr. Jansky showed, where 
all the maximal rates were nearly parallel; this would be a similar 

situation. 

KLEIBER; It may be that within a certain range it might be 
parallel with the other curve for resting metabolism, and then 

smooth out. 

JÜHANSEN; I found it very peculiar that you could apply 
"Arrhenius" so beautifully on the breathing rate of your cows. This 

is very much different from what I found in the armadillo. They 

increase their breathing rate suddenly; some marsupials do, too. 

PROSSER: 1 would also question that Arrhenius plot, because 
you are plotting the breathing rate against external temperature. 

What does this meair^One would think if you are going to extrapolate 
to a chemically determined rhythm, you should do this against body 

temperature instead of environmental temperature. 

KLEIBER; Well, the body temperature remains essentially con- 
stant; that is, within a small range. 

PROSSER; In that ease 1 am wondering what is the meaning of 
the A rrhenius coefficient. 

KLE1BKR: Here you embarrass me, because the meaning is 
completely unknown to me. II just happens to be so and the only 

Ihing which 1 can deduee is that the breathing rate of the cow is not 
tlie same function of envi ronmcnlal (emperature as thai el the 
a rmadi Ho. 

HANNON; i'lus brings up a question dial we ha\e wondered 
about lor a Ion.; lime. Thai is, why do small animals lose weight 

w hen   von   I irs!   nut I hem i n the eold V Is it due |o ;i  fiek ul appetite, 



KLEIBER 

to a lack of capacity in their G. I. tract for the extra food that is 
needed, or is it due to some other factor? I would like to hear 

Dr. Hart's opinion on this eventually, but from the data that Dr. 

Vaughan and I have accumulated withdietsofa high caloric density, 
it would seem that the capacity of the G. I. tract is not the limiting 

factor. You can give them plenty of calories but they will still not 
eat enough to gain weight at the same rate as their controls. Even- 
tually, however, they will be able to increase their food consump- 
tion, so that they can gain weight. It has been my feeling that the 

reason it takes a while for the cold-exposed animal to acquire the 
capacity to utilize more food and thus to gain weight is that he is 
not initially able to metabolize food material at a fast enough rate 

to supply all of his energy needs. Untilhe builds up an enzyme capa- 
city to do this, his growth is going to lag behind the control animal. 

HAKT: I would be very surprised if you could, by overfeeding 

an animal, increase its capacity to oxidize the material. In other 
woids, the appetite would be regulated by internal mechanisms 

adjusted to the oxidative capacity of the animal, and by pushing food 

in you are not going to change this. 

HANNON; In our studies we compared the food consumption and 
growth of rats that were maintained on a high carbohydrate diet 
with rats that were maintained on a high fat diet. It was found that 

the group subsisting on carbohydrate consumed much greater bulk 

of food but the same number of calories as the group subsisting on 
fat. 

Apparently their ability to utilize the calories was the limiting 

facto!', not the ability to get calories into the digestive system. 

HART: Did the carbohydrate or the fat diethave an}' particular 

advantage? 

HANNON; Not as far as we could see. 

KLEIBER: Yes, 1 think the Limiting capacity is not the capacity 

of the volume. Adolph showed this when he diluted diets with clay 

and other kinds of inert   matter.  His   rats  took in and digested as 
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much energy with the bulky diet as with the other. This is in line 

with Jean Mayer's* idea of the regulation of the food intake, which 
is a hemostatic principle. It may have been slightly premature to 
suggest in my scheme of .1926** that these two regulators of food 

intake, namely the hemostatic principle (which is affected by con- 
centrations of material in the blood stream) and the thermostatic 

principle, proposed by Brobeck according to which food intake is 
affected by the possibility of getting rid of heat.*** 

EAGAN: Limitation in oxidative capacity is not the only factor, 
for in rabbits which are moved to a cold (5 C) environment, food 

intake will oftenbeless than normal for the first week or so, where- 
as a 50% to 100% increase would be required if body weight were to 
be maintained. It can hardly be thought that oxidative capacity is 
reduced when the animal is moved into the cold. An explanation 
must be sought for its change in behavior—a failure to eat suffi- 
ciently even though food is continuously available. This must repre- 

sent an effect of cold stress upon the organism as a whole. 

HANNON; I think this is possible in some animals, anyway. I 
do not think it appears in rats. 

VAUGHAN: Hats will increase their food intake within a couple 
of days after you put them in the cold—the delay is probably par- 

tially due to the shock of putting them into the cold environment, 
but it is also probably due to just moving them into different sur- 
roundings. If they are accustomed to a certain diet, we have found, 

especially with synthetic diets, that they will increase their food 
intake very rapidly in the cold within a few days, c. g., up to 50% 
over their normal rate of intake 

♦MuytT, J.   1953. Genetic traumatic  and environmental factors in the etiology 
of obesity. Physiol. Kev. 33:472-508. 

♦♦Kleiber,  M. 1926. Problems involved in breeding for efficiency of food utiliza- 
tion. Anier. Soc. Animal Prod. Proceed, pp 249. 

♦♦♦Kleiber, M. 1961. The Fire of Life. An Introduction to Animal Energetics. New 
Viirk, Wile) and Sons, Inc. pp 2tS2 ff. 

•♦♦Brobeck,   J.  H.   1946.  Regulation of Energy Exchange. Howell's Textbook of 
Physiology. (J. !■'. Fulton, ed.) Philadelphia, Saunders. 
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RESPONSES AND ADAPTATIONS OF WILD BIRDS 
TO ENVIRONMENTAL TEMPERATURE 

George C. West 

Birds maintain relatively constant body temperatures, in gen- 
eral   several  degrees higher than those of mammals, in spite of & e 0 

external temperatures that range for some species to above 40 C 
and for others as low as -60 C. The ability to maintain a constant 

temperature in the face of such thermal extremes is dependent 
upon the proper coordination and regulation of the mechanisms for 

heat production and heat loss. A complete understanding of these 
mechanisms would enable one to obtain a more thorough picture of 
how  birds   adapt  to their ever changing environments in nature. 

The basic principles of thermal exchange inhomeothermshave 
been well reviewed by Hart (19 57) and more recently by King and 
Earner (1961), who have shown that birds behave essentially as 

heat machines, varying heat gain and heat loss to maintain a con- 
stant temperature under all thermal conditions in which they are 

capable of surviving. 

This review will attempt to summarize some of tlae recent work 
on the responses of wild birds to temperature, with particular em- 
phasis on the effect of environmental temperature below body tem- 
perature and the bioenergetic adaptations of birds to temperature 
under natural conditions. 

Body Temperature 

A large number of deep body temperatures havebecn recorded 
for adult birds in almost every order (Baldwin and Kendeigh, 1932; 
Bartholomew and Dawson, 1954; Bartholomew and Cade, 1957 ; Daw- 

son, 1954; Earner, 1956; Earner etal., 1956;Irving and Krog, 1954, 

*Conlnbution, m [Kirt, from thr Division ol Applu^i Biology , National lU-soaivh 
Council. Ottawa, Canada. Issiii'd :is N.H.C. No. 662'J. 
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1955, 1956; Steen and Enger, 1957; Udvardy, 195.3, 1955; Wetmore, 

1921; and others). The variety of methods used, however, prohibits 
legitimate comparison in most cases, e.g.; (1) use of a thermo- 
couple or mercury thermometer inserted into the cloaca or proven- 

triculus of a bird held in the hand, (2) use of a thermometer in the 

cloaca or proventriculus immediately after shooting, (3) use of 

thermocouples inserted temporarily in the cloaca, (4) use of indwel- 

ling thermocouples implanted with the junction under the skin or in 
the pectoral muscles. The last method will give the most satisfac- 
tory results for comparative purposes, especially when tempera- 

tures are recorded continuously in the dark at night (for diurnal 
species) while the bird is at athermoneutral temperature (near 30 

G) and in a post-absorptive condition (Kingand Earner, 1961). Deep 
body temperatures obtained under these conditions average about 
40.3   C for passerines and 39.5   C for non-passerines. 

The core temperatures of birds are relatively constant,, and 

fluctuations in temperature are minimized. The shell, consistingof 
the skin, feathers, scales, subcutaneous fat, and tissue, including 
some skeletal muscle, acts as an insulating layer whose rate of 

thermal conductance can be increased when deep body temperatures 
rise and decreased when deep body temperatures fall. The distal 

unfeathered portions of the leg and foot are most important for 
rapid dissipation of heat (Bartholomew and Dawson, 19 58), while the 
subcutaneous fat and feathers are important for the prevention of 
heat loss. 

Gore temperatures of adult diurnal birds increase with gross 

activity during the day and drop when the bird is at rest during the 
night. At high and constant ambient temperatures, diurnal fluctua- 

tions in body temperature are less pronounced, being about 1 G to 
o 

3     C  (Bartholomew and Dawson, 1954; Dawson, 1954), while at low 
0 0 

ambient temperatures, body temperatures  may drop 3   C to 4    G 
at night below the normal daytime value (Fig, I). 

Temporary hypothermia has been recorded for adult birds in 

the Gapnmulgi formes , Apodiformcs and Gobi formes (Bartholomew, 
Howell, and Gade, 1957) and possibly in two families of the Passeri- 
formes,  the Hirundinidae (McAtco,  1947)  and  the Paridae (Steen, 
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P'igure 1. Body temperatures of eight Evening Grosbeaks recorded by indwelling 
thermocouples at a constant temperature of 30   C (0), a constant temperature of 

o o 
-15   C (@ ), and outdoors during January at-6.8   C(©). 
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1958). It has been observed that nocturnal hypothermia in the cold, 
such as that recorded by Steen, in small passerines is often due to 
the birds' inability to adapt to caging and experimental conditions 
on the first night of capture. Most birds whose body temperatures 
dropped more than 4 C the first night of capture lost weight or 
ultimately did not survive (Fig. 2). 

Temporary hypothermia is common among the young of most 
altricial species since they are essentially poikilothermic when 
hutched and develop homeothermy during the nestling perial (Bald- 
win and Kendeigh, 1932). Body temperatures of these young, there- 
fore, are subject to considerable variation independent of activity 
or time of day since they are dependent for warmth on the brooding 
of their parents. 

Heat Regulation 

Physical Mechanisms. Physical thermoregulation involves al- 
teration in the physical aspects of the shell, increased use of the 
respiratory surfaces as an avenue of heat loss, and changes in be- 
havior pattern. As the temperature falls below thermoneutrality, 
birds gradually increase their total insulation until it reaches a 
maximum level, which is then maintained. According to classical 
theory, this increase in insulation occurs before an increase in 
heat production is required (Fig. 3)(Scholander et al., 1950a; Hart, 
19 57; King and Farner, 1961). Insulation in the cold involves vaso- 
constriction of peripheral vessels, increase in the insulating ability 
of the plumage, and behavioral adaptations such as huddling, sitting 
on legs and feet, "balling up" by putting the head under the wing, 
burrowing, or   roosting in cavities (Kendeigh, 196la). It is evident 
that the plumage is the ma jor insulator, since temperatures recorded 

o o 
under the skin are within 0.5   C to 1.0    C of the core temperature 
(Steen and  linger,  1957; West and Hart, unpublished), and thermo- 
couples placed on the skin under the feathers are also within 1    C 

ü 
to 2    C of the core temperature (Dawson and Tordoff, 19 59). 

Direct measurements of the  insulating abilitj'of the plumage 
are difficult to make (Scholander ct al., 1950b), but calculations of 
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Figure 3. Classical picture of partition of chemical and physical thermo regula- 

tion, showing the thermoneuLral zone (ABB'), tlie critical temperature (B, B'), and 
metabolism slopes (BCD, B'C'D') that extrapolate to body temperature (T). (Hart, 
1957). 
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insulating ability have been made for several species of birds at 

thermoneutrality and at a few lower temperatures (Hart, 1957; 

Misch, 1960; Wallgren, 1954; West, unpublished). Investigations on 

the Evening Grosbeak (Hesperiphona vespertina) and calculations 
based on data in the literature indicate that the total insulation 
(Bcdy T - Air T/{kcal x bird x hour)) increases gradually as tem- 

perature falls (Fig. 4). It can be readily observed that the insulation 
increase is almost linear for some species (Tree Sparrow, Spizella 

arborea), but a curve for most. The highest temperature at which 

insulation reaches its maximum is 0 C inboth the Cardinal (Rich- 
mondena cardinalis) and the Evening Grosbeaks studied by Dawson 

and Tordoff (1959), while many species continue increasing their 
insulation to the lowest test temperature (House Sparrow, Passer 
domesticus, and Variable Seedeater, Sporophila aurita). 

Conservation of heat at cold temperatures by peripheral blood 

flow control and vascular heat exchange in non-insulated portions of 

the body has been demonstrated in the Glaucous-winged Gull (Larus 
glaucescens)(Irving and Krog, 1955) and in many other species 
^Bartholomew and Dawson, 19 54; Bartholomew and Cade, 19 57; 

Scholander, 19 55). 

At air temperatures approaching body temperature, insulation 
is decreased to its minimum, and mechanisms for dissipation of 
heat are invoked. These include increase in peripheral blood flow 
to the legs and feet, increased ventilation, evaporation from the 

respiratory surfaces, and panting. Some birds are able to increase 

the temperatures of their legs and feet and still maintain a favorable 
gradient for heat loss even attemperatures above body temperature 

(Bartholomew and Dawson, 1958). Birds living in hot regions have 
evolved behavior patterns enabling them to avoid die heal of day. 

Metabolic mechanisms. Thermogenesis in reponse to cold 
occurs chiefly by increased physical activity such as exercise, in- 
creased muscle tone, and shivering. The heat produced by the spec- 
ific dynamic action of digestion and assimilation mayhelp to main- 
tain body temperature, but evidence for this is lacking in wild birds 

(King   and   D'arner,  1961),  Non-shivering thermogenesis Ins been 
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Sparrow (Kendeigh, 1949); BJ-Blue Ja\ (Misch, 1960); GB=Kveniiigürüsbeak (I)awson 
and Tonloff,  1959). 

■>') - 



HIHI) ADAPTATIONS 

described for the white rat (Cottle and Carlson, 1956), but the few 

experiments done by Hart (in press) indicate thatcurarized pigeons 
(Golumba Ima) are not able to increase their metabolism in the 
cold. 

Recent work by Steen and Enger (19 57) on pigeons and by West 
(unpublished) on Evening Grosbeaks and Common Redpolls indicate 
that shivering is the major source of heat production by birds in the 
cold. Experiments on the Evening Grosbeak show that these birds 

shiver all night out-of-doors at all temperatures below tliermoneut- 
rality in both summer and winter. The intensity of shivering in- 

creases as the ambient temperature falls (Fig. 5). 

Since shivering in particular and metabolic thermoregulation 
in general are achieved by an increase in energy expenditure, it 

is pertinent to review some of the recent work on energy exchange 

in wild birds. 

Indirect calorimetric measurements of heat production can be 

made either by recording the respiratory exchange of oxygen and 
carbon dioxide or by recording food consumption and excrement 
production. Although the first method-has been widely used by most 

workers, it is limited in that metabolic rates are sampled over rel- 
atively short periods of time. Both "open circuit" and "closed 

circuit" apparati have been employed, the latter being further re- 
stricted because the ambient temperature must remain constant. 

Energy balance studies such as those used by Kendeigh (1949), 
Seibert (1949), Davis (1955), King and Earner (1956), West (1960), 

and Cox (1961) for wild birds yield an average metabolic level over 
a period of several days. However, Ulis method is not able to dis- 

tinguish between metabolic levels at different times of the day. 

Automatic recording oxygen and carbon dioxide analyzers have 
been successfully used to record oxygon consumption and carbon 
dioxide production simultaneously for 2 to 3 days at a time on wild 
birds. The birds Live in small cages and are supplied with food and 

drink ad libitum. Daytime and nighttime values can easily be obtained 
ijy examining selected portions of the record (Eig. 6). Another ad- 
vantain' of this  system is that the birds are not disturbed once the 
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experiment is under way. We have observed that metabolic rates 
remain elevated for about 1 hour after the birds have been placed 
in a darkened metabolism chamber (West and Hart, unpublished). 

Previous thermal history affects the metabolism of an animal at 
any given test temperature. In order to test the effect of ambient 
temperature on motaoolism, it has been customary to follow one of 

two methods; (1) Birds are acclimated to a single constant tempera- 
ture of season and then metabolism values are obtained at a series of 

test temperatures (Scholander et al., 19 50a; Wallgren, 19 54; Irving 

et al., 1955; Steen, 1957; Dawson, 1958; Dawson and Tordoff, 1959; 
Misch, I960; Hart, in press; West and Hart, unpublished; and others). 

(2) Birds are acclimated and their metabolism measured at a single 

temperature; the temperature is changed and the birds are accli- 
mated and run again, etc. (Kendeigh, 1949, Seibert, 1949; Davis, 

19 55; Rautenberg,  19 57; West, 1960; Cox, 1961; and others). 

Many workers have assumed that a linear regression line fitted 

to the metabolism values at a series of temperatures must extra- 
polate to body temperature according to Newton's law of cooling 
(Scholander et al., 1950a; Steen, 19 57; and others). This interpret- 
ation results in a distinct thermoneutral zone and a critical tempera- 

ture which divides physical from chemical thermoregulation. Most 

of the results on small birds obtained by these workers can be equal- 
ly well interpreted as either a straightlinedrawn through all points, 
thus eliminating the critical temperature and thermoneutral zone 

completely (Fig. 7) or as a curve, which also eliminates the defini- 
tion of a single critical temperature. The latter interpretation has 
been suggested by Dawson (19 58) for his data on the Cardinal (Fig. 

ö),   and  by  Dawson  and  Tordoff (1959)  for  the Evening Grosbeak. 

The slopes obtained by workers measuring metabolism over 
24 hour periods are in general much flatter than those obtained in 

short-term tests on non-acclimated birds. They show no thermo- 
neutrul zone, nocritical temperature; and the temperature vs. meta- 

bolism slope does not extrapolate to body temperature (Fig. 9). 
Studies in progress on the livening Grosbeak indicate that the flat 
slopes may be explained by marked differences in diurnal and noc- 
turnal   metabolism   and levels of motor activity that change with 
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ambient temperature (West and Hart, unpublished). 

It seems reasonable from the available data that most small 
wild birds have a curvilinear relationship of metabolism to tem- 

perature (Fig. 10). The data in Figure 4 indicate thai most birds 
increase their insulation gradually from high to low temperatures, 
rapidly at first, then leveling off as maximum insulation is achieved. 

Heat production, however, increases slowly at first, but then pro- 

ceeds faster as metabolic mechanisms become the only method of 
maintaining homeothermy at the lower temperatures. The slope of 
the curve at the lower temperatures extrapolates to body tempera- 
ture according to Newton's law of cooling. However, the upper por- 
tion of the temperature-metabolism curve extrapolates beyond body 

temperature since both insulative and metabolic mechanisms are 
operating simultaneously. Therefore, a prolonged thermcneutral 

zone and a definite critical temperature probably do not exist for 

wild birds. 

Acclimation and Acclimatization 

Gelineo (1955) acclimated birds to three constant tempera- 

tures and then obtained metabolism values at a series of test 

temperatures for each acclimation group. In most cases the cold 
acclimated birds had a higher metabolism slope and thermo- 

neutral metabolism than the warm acclimated birds (Fig. 11). Sim- 
ilar results have been obtained by Miller (1939) for House Spar- 

rows, Dontcheff and Kayser (1934) and Steen (1957) for the Pigeon, 

and Wallgren (1954) for the Ortolan (Emberiza hortulana) and 
Yellow Bunting (Emberiza citrinella). 

Contrary to the results obtained with temperature conditioned 

birds, most species acclimatized to summer and winter seasons do 
not show differences m their standard metabolisms or in their 

temperature metabolism slopes (Kendeigh, 1949, and Davis, 1955, 
for the House Sparrow (Fig. 12); Wallgren, 1954, for the Yellow 
Bunting; Irving et al., 1955, for the BlackBrant (Branta nigrleans); 
Rautenberg, 1957, for the House Sparrow and Brambling (FringiHa 
niontifringilla); Dawson, 195S, tor the Cardinal; Harl, in press, 

for   the   Pigeon,  House Sparrow,  Kvcning Grosbeak, and Starling 

lot; 
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TEMPERATURE 

Figure   10.   Overlap   of   insulative   (dashed   line)   and   metabolic (solid line) 

adjustments   for   thermoregulation   in   small ■.vild birds. After insulation reaches 
its maximum, increases in metabolism carry the bird to its lower limit of tolerance 
(Li)- This   slope   extrapolates   to   body   temperature   (BT)  according to Newton's 

law   of  cooling.   Above  body   temperature,   metabolism increases, and insulation 
reaches its minimum as the upper limit of tolerance is readied (L  ). 
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(Sturnus vulgaris). The reason for the difference in metabolic 
response between laboratory acclimated and seasonal acclimatized 

birds may be that the temperature conditioning process is sup- 

pressed by variable ambient temperatures (King and Farner, 1961). 

The ability of birds to tolerate low temperature extremes is one 

of the best indications of seasonal metabolic acclimatization. Ihe 
work of Kendeigh (1949), Seibert (1949), and Davis (19 55) clearly 

shows that the House Sparrow   can extend its low temperature tol- 
0 o 

erance limit from 0    C in the summer to -31   C in the winter (Fig. 

12). In contrast, the Tree Sparrow does not change its lower limit 
of tolerance and survives to -28 C in both summer and winter 

(West, 1960). The ability to tolerate low temperatures depends pri- 

marily on the length of time that the birds can maintain their max- 
imum metabolic rates. By subjecting seasonally acclimatized birds 

to a single low temperature, Hart (in press) shows that winter ac- 
climatized Evening Grosbeaks, Starlings, and Pigeons can maintain 
their maximum metabolic rates for longer periods of time than 
summer acclimatized birds. 

In addition to increased metabolic capacity during the winter, 

there may be a seasonal shift in insulation since Kendeigh (1934) 

showed a 29% increase in plumage weights of winter over summer 

House Sparrows, and West (1960) an increaseof 25% of winter over 
summer plumage weights of Tree Sparrows. 

Many species of birds exhibit annual cyclic thyroid activity 

while others do not (Wilson and Farner, 1960). Wilson and Farner 

show a direct correlation between thyroid activity and ambient tem- 

perature m the Gambol's While-crowned Sparrow (Zonotriehia leu- 
cophrys gambelii). These birds experienced an annual temperature 

o o o 
cycle of at least 20 C (0 C to 20 C) in eastern Washington. Sim- 

ultaneously, Oakeson and Lille}' (1960) studied the same race of 
While-crowned Sparrow both on its wintering ground in California 
and on its breeding ground in Alaska and in contrast, found no annual 
change; in thyroid activity. Wilson and Earner explain this difference 

by showing that the amplitude of the cycleof temperature that Oak- 
o o 

cson and Lilley s birds experienced was probably about 5    C, 15    C 
less annual variation than their own birds received. 

310 
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This brings out an interesting correlation between thyroid 
activity and metabolic acclimatization in migrant and non-migrant 
species. From the data cited above and from those of Miller (1939), 

it may be observed thatpermanent resident species have pronounced 
thyroid cycles and therefore greater degrees of metabolic acclim- 

atization because they experience pronounced annual fluctuations in 
temperature, while migrants, such as the Tree Sparrow or the 
White-crowned Sparrow studied by Oakeson and Lilley do not have 
cyclic changes in thyroid activity and therefore little change in meta- 

bolic acclimatization because they experience similar temperature 
conditions in both winter and summer. 

Ecological Implications 

The physical and metabolic thermoreguiatory mechanisms 
possessed by a species enables it to adapt to a specific set of en- 
vironmental conditions, i.e., its distribution is limited by these 

mechanisms. The habitation of any area is determined in part by 

the ability of a species to acquire not only enough existence energy, 
but also sufficient productive energy (Kendeigh, 1949) for carrying 
on energy demanding activities such as molting, reproduction, and 
migration. In addition to these physiological limits, morphological 
and behavioral adaptations impose further restrictions on the actual 

distribution of a species. Although thermoreguiatory adaptations to 
specific environments are covered elsewhere in this symposium, 
it is important to discuss some of the energy requirements for exis- 
tence and other activities under natural conditions. 

The energy intake of all small wild birds yet studied increases 

in the winter. The added energy intake is used for existence, which 
includes maintenance of homeothermy and body weight, acquiring 

food and drink, the SDA of digestion and assimilation (Kendeigh, 
1949), and the deposition of body fat. The added fat may be an emer- 
gency measure against severe winter weather or an aid in total 

insulation. Permanent resident species of temperate regions, such as 
the House Sparrow, maintain favorable energy conditions throughout 

the year by increasing their ability to metabolize energy in the cold 

(see above).  Permanent residents of tropical regions, such as the 

:■-1 1 
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Variable Seedeater, Yellow-bellied Seedeater (Sporophila nisricol- 

lis), Blue-black Grassquit, (Volatinia jacarina), and Green-backed 
Sparrow (Arremonops conirostrisjj, need vary their energy intake 
for existence only slightly, with minor changes in temperature and 
photoperiod throughout the year (Cox, 1960). 

Migrant species, however, must adjust to the climatic conditions 

of two localities. Arctic and temperate breeding birds attain more 
nearly uniform environmental temperatures by migrating to southern 

latitudes in the winter. Therefore, the lack of metabolic acclimat- 
ization in the Tree Sparrow (see above) maybe a result of spending 
the whole year in a relatively constant climate. 

In contrast to permanent resident species, migrant birds must 

increase their energy intake for migratory flights in the spring and 

fall (Farner, 1955; Rautenberg, 1957; Kendeigh et al., 1960). The 
added energy intake is used for the deposition of migratory fat, and 
in caged birds, for motor activity at night (Zugunruhe). When fat 
stores are completed and weather conditions are satisfactory, actual 
flight, utilizing the stored fat, occurs. The pattern of added energy 

intake for fatdeposition alternated with migratory flights is repeated 
until the final destination is reached (Wolfson, 19 54). The added cost 
of fat deposition and spring nocturnal unrest increases the daily 

energy intake of White-crowned Sparrows by 30% to 50% (King and 

Farner, 1956) and the intake of Tree Sparrows by 21% to 22% (West, 
1960; Kendeigh et al., I960). 

Following migration, reproductive activities are initiated. The 

amount of energy required to produce a clutch of eggs is undoubtedly 
considerable although it has not been experimentally determined for 

wild birds (Kendeigh, 1941). The added cost of incubation of eggs In 
the female Tree Sparrow has been calculated to add about 22% to its 

existence energy requirementper day (West, 1960). Kendeigh (1961b) 
shows that incubating House Wrens (IT'oglodytes aedon) also require 
23% more energy while incubating. 

Most small passerines have a complete post nuptial moll in 
the fall. The growth of neu feathrrs i'tquiivs energy. Metabolic 

rail's of the Chaffinch  (Fringilla coelebs)(Koch and deHont, 1944) 

;•■ 12 
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Yellow Buntings and Ortolans (Wallgren, 1954) increased 10% to 
26% during molting. The increases, however, are variable, and it 
appears that the greatest energy cost occurs during growth of 

the large flight feathers of the wing and tail (Koch and deBont, 
1944). It is doubtful that' the gradual loss and replacement of fea- 

thers causes a measureable lowering of body insulation in most 
passerines, and any metabolic increase, therefore, is due to the pro- 
duction of new feathers (King and Famer, 1961). 

Davis (19 55) did not find an increase in metabolized energy of 
House Sparrows during molting, although his data exhibited greater 
variability at this time. King and Famer (1961) have pointed out that 

the added daily cost of producing new feachers is so small that it 
might not be detected in food consumption experiments. West (1960), 
however, found a 27% increase in metabolized energy of molting 

Tree Sparrows for over one week. This may have been during the 
time of flightfeather regeneration and an average value over several 
weeks might be lower. 

When the values for fatdeposition, migration, reproduction, and 

molting are added to the daily existence level, the total energy ex- 
penditure of a single species can be traced throughout the year (Fig. 
13). The added cost of living a free existence as opposed to a caged 
existence may be greater in the winter than in the summer due to 
the difficulty of finding food. The uniform spacing of energy demand- 

ing activities is such that the average daily intake of energy is 

about the same throughout the year. 

A species must be confined to localities where it can secure 
enough energy not only for existence, but also for all its essential 
activities. Therefore, climate, and particularly temperature, plays 
a major roh; m controlling distribution by excluding species from 

regions which impose energy requirements exceeding metabolic 
capabi lit.ies. 
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SUMM AH Y 

Birds maintain relatively constant body temperatures by reg- 

ulating mechanisms for heat production and heat loss over a wide 

range of environmental temperatures. 

The variable insulative ability of the plumage is the chief 
mechanism for prevention of heat loss. As temperature falls, in- 
sulation gradually increases until it reaches a maximum. At the 
same time, peripheral circulation decreases and heat is retained 

in the core of thebody.Simultaneous with the increase in insulation, 

shivering increases as the ambient temperature drops. After the 
insulation reaches its maximum, metabolic mechanisms alone main- 

tain horaeothermy until the lower limit of temperature tolerance is 
reached. In most small passerines, the total effect of combined in- 
sulation and shivering responses to temperature results in a curvi- 

linear relationship of metabolism to temperature, with no prolonged 
thermoneutral zone indicated. 

Birds acclimated to low constant temperatui^es in the laboratory 

generally have higher metabolic rates at any temperature than those 
acclimated to warm temperatures. Birds acclimatized to different 
seasons, however, show little change in metabolic response at ther- 
moneutral temperatures. Seasonal changes in thermoregulatory 

mechanisms involve an increased ability to produce heatby increas- 
ing the metabolic rate in the cold of winter for extended periods of 

time and possibly an increase in the amount of plumage insulation. 

Existence energy requirements of small wild birds living in 
temperate regions are increased in the winter. Permanent residents 
ma}1 have a more pronounced seasonal difference in their ability 
to tolerate low temperatures than migrant species since they en- 
counter greater extremes of temperature. 

The added daily cost of nocturnal unrest and of depositing mi- 

grator}' fat differs slightly among migrant birds according to the 

length of time spent in premigratory preparation and in the average 

:•; 15 
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length of each migratory flight. The average daily intake of small 

birds probably remains relatively constant throughout the year, 

since energy demanding activities such as existence in winter cold, 
deposition of fat, migration, reproduction, and molting are uni- 
formly spaced. The distribution of a species is therefore limited 

to locations where the climate permits fulfillment of all essential 
energy demanding activities. 
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DISCUSSION 

JOHANSEN; I am very impressed with all the facts that are 

available on birds now. 1 think this surpasses what we know about 
mammals, particularly with regard to ecological factors involved 

in temperature regulation. I was particularly pleased to hear your 
doubts as to whether we really can consider the critical tempera- 

ture as a fixed point, and also whether insulation is gradually 
mobilized during the period of active increase in metabolism. As 

I pointed out in my paper, I think this applies also to the more 

primitive mammals. 

WEST; And 1 think also to the small mammals. 

JOHANSEN; Definitely, I had another question, and that is, 
how does this ten-fold difference in electrical activity correspond 

with the actual metabolic difference between the two? Could you 

comment on that? 

WEST; We do not have the metabolism of the rats worked out 
in calories. Also no simultaneous measurements of metabolism 

and shivering have been done at a series of temperatures for 
mammals. 

JOHANSEN; I was wondering whether you could correspond 

metabolism with electrical activity. 

WEST: I have dour it for birds but not for mammals, in birds 

there is a linear relationship between electrical activity and meta- 
bolism. The slope varies with the size of the bird. So far we have 
[dotted data for three species and the smallest, the common red- 
poll,   increases   its   electrical   activity   much   taster than   it does 

its  metabolism. The  larger birds do  not increase their shivering 
o 

as last and there is about a 45   slope lor birds ol about 100 grams, 

HAKT;   It   is   much  hitdier for bi nis  than  it is for mammals. 
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HAIiT: No. not ten times. For example, the pigeon has about 

the same weight as the rat, and it has about five times the electrical 

activity. We do not know enough about different species of birds, 
but this is  the trend. It seems there is a much greater electrical 

activity in birds. 

WEST; I think this will work out better when we put it on a power 
spectrum basis rather than a simple muscle potential. 

HANNON; It would seem, if youhad agood measure of shivering 

activity, you should be able to have a 45 relationship between meta- 
bolic change and shivering change or muscle activity change. 

WEST; Yes, muscle is the source of total heat production and 
I believe that if the results are standardized on a body surface basis 

the lines would be close together. 

HANNON; Because your peak microvolts went up considerably 

faster than your metabolism did. 

HART: Yes, that went up about ten times. 

HANNON: For 100% increase in metabolism, there is a con- 

siderably greater increase in peak microvolts as a measure of 

your shivering. 

WEST; I agree, for the smaller species. 

PROSSEH; After all, what you are concerned with is the energy 

produced by the chemical reactions in the muscle. Might not a deli- 
cate vibration detector or something for measuring movement he 

as effective'? Have you tried any of these spring gadgets'/ 

IRVING: Ballistic cardiograph? 

Pi;  tSSER: Yes, like a ha II is tie cardiograph. 

WEST: We have not t ru 'd am , no. 
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ADAMS; I would suggest that there must be a constant differ- 

ence in the relationship between the shivering index as you have it 

and the oxygen consumption, since you do have a straight line 

relationship. And if this is true, then perhaps we have a frequency 
recording artifact all the way along the scale, not just at one peak. 

WEST: The frequency of shivering is very low at the higher 

temperatures and we do record that faithfully, because it only goes 
up to around 200 cycles per second or so, but our recent analysis 
shows that intense shivering goes as high as 700 c.p.s. 

PROSSER; Of course you have to sacrifice the bird, but just 
as a check it might be useful to do phosphocreatine breakdown. I 
would like to ask one question about the fact that you find no differ- 

ence in the slope or in the shivering response with the seasons, 
but do find that the winter birds can maintain their metabolism 

longer under cold stress. Now, this suggests that acclimatization 

may be an endocrine phenomenon. Have you any information about 
the state of the adrenal cortex? 

WEST: Not about the adrenal cortex, but a little on the thyroid. 
But Wilson and Earner, and Oakscn and Liliie have found that the 

thyroids of permanent resident birds that were held in one spot 
increased in the winter time because the temperature fluctuated 
greatly, which corresponds to the permanent resident metabolic 

acclimatization. But birds studied on their wintering ground in 
California and on their summer ground in Alaska, showed no differ- 
ence in thyroid, "because" they experienced a temporalurefluctua- 

o 
lion   both summer and  winter oi  5    C, whereas those maintained 

o 
in Washington had a temperature fluctuation of 20    C. This ma}- be 

a tie-up there, although this is very tenuous, and there are results 
in thyroid activity going in the other direction for some species. 
1 do not know anything about the adrenal. 

IRVING; I look at migratory birds trom the wrong end. 1 mean 
from the unconventional end of being on thi' arctic ground where 

the hi ids arrive alter migration, instead ol in the temperate places 
from    which    iliey   art;    preparing    to   Marl,   ii   lias always been 
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interesting for me to see this migratory fat still preserved by birds 

at the time oftheir arrival on the nesting ground, and then diminish- 

ing markedly during the period of courtship of the male and some- 

where along during the incubating period of the female. So 1 am not 
sure that it is strictly and seasonally a migratory fat, although it 

may beusefulfortlie bird to pack his California fat up to Alaska. But 
certainly the moment when migratory fat is utilized is, like the fat 

of the bull fur seal, during the actual breeding period. 

WEST; Are you speaking of shore birds primarily? 

IRVING; It is pretty general among the birds arriving in arctic 
Alaska breeding grounds. There arc some 40 species for which I 

have sufficient records to be indicative including all families and 
sizes. 

WEST; Do you think possibly a sandpiper or plover who may 

fly non-stop over a great distance could retain a large proportion 

of his fat when he reaches the breeding ground? 

IRVING; They do have considerable fat when they arrive so far 
as I can compare weights with those of similar birds when they were 

ready to depart from the wintering grounds. They may be a little 

less fat, but they are still very fat birds. 

WEST: The question then arises how they get enough energy to 

fly thai distance unless they stop enroute to keep augmenting their 
fat stores, which we know to be the case in passerines. 

IRVING; 1 realize these are net results, but the situation of the 
observer can change one's point of view. You mentioned the energy 

requisite for reproduction. The other day I was looking at the eggs 

of Least Sandpipers, which, like all sandpipers, arequite large. We 

weighed these and the lour eggs weighed 25 grams. Thc\' were laid 
on lour successive days and the female bird which produced them 

weighed 21 grams; I suggest that you might start introduction of 
Least Sandpiper blood into white leghorns because the sandpiper 
equals her weight in egg production in lour days, instead of the two 

months necessary for the good white leghorn to equal her weight of 
egfj; production, 

:i25 
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FOLK; I have two points to make; one is, we are equally sur- 

prised to find a large quantity of fat in hibernating ground squirrels 
after 4 months of hibernation. Not all animals, but some are very 

conspicuously fat in spite of the fact that they awaken periodically. 

This matches Dr. living's observations on birds. The second ques- 
tion is a technical one. In measuring the oxygen consumption of the 
evening grosbeaks you described a 3-day run with a hood on the 
cage. Do you continue a photo-period during this period? 

WEST; Yes. 

FOLK; And what is the photo-period? 

WEST; Ten hours of light. We use a Incite cover with a loose 

polyvinyl plastic cylinder taped to it that slides down over the 
cylindrical cage and is sealed to the sides of the cage with electrical 

tape. An outlet is provided at the top where air is pumped out into 

the oxygen analyzer. An inlet is provided at the base of the cage. 

These cages are identical with the cages we use for acclimation or 

for housing the birds, and so we just have to drop the hood over 
them. I think there is a lot to this psychological business. They do 
not have to adjust to a new cage. 

IRVING; I have seen calculations on fat and tried to make some 

myself to indicate that a gram of fat will transport a 20 gram bird 
quite a long distance; the several grams that they have is adequate 

for quite a considerable extra expenditure of metabolic energy, but 
how about the requirement for water?! have not seen reference to 

an}' visible reserve for water. 

WES']'; You mean birds migrating over the ocean? 

IRVING; Yes. I wonder how the}' hold out. 

WEST;   You do  not  think  they get  enough  metabolic water? 

IRVING;  I do not  know. Can you calculate the water require- 
ments and  relate them to stores? 

WEST; 1 have not done so. 
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IRVING: Rough calculations which I have tried to make and 
which I do not trust suggest that water may be much more criti- 
cal than the fat. 

WEST: You are thinking, of course, of birds that are flying 
over the ocean. 

IRVING: Yes. 

WEST: And I am always thinking of sparrows that hop, skip, 

and jump 100 miles a flight and then come down. 

IRVING: This flight is nothing to them; it takes an hour or two. 

WEST; Yes, they do about 30 miles an hour, roughly. How long 

does it take for an Arctic Tern or Golden Plover to go its distance 

non-stop? Do they not go very fast? 

IRVING: The travel of the plover from Alaska to Hawaii and 

from New Foundland or Nova Scotia to South America is a couple 

thousand miles non-stop. 

WEST: How many hours, forty-eight hours? 

IRVING: It is in the order of a couple of days rather than so 
many hours. 

WEST; I think they could probably make it,all right with respect 

to water requirements. 

PRÜSSER; Are you sure the} never put down? 

IRVING: li has not been observed and it is inconceivable that 
the}' could derive :\ny benefit from it except to sit out the time. 
They are not swimming birds. They could not feed there. 

HART;  Could   the\  drink   the  sea  water  and  exe rete the salt? 
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MORKISÜN; 1 would like lo return to the matter of the applica- 
bility of these simple relations between metabolism and ambient 

temperature, which was first raised by Dr. Johansen's talk. 1 do 
not think that we should speak as though this relation is discredited 

and not applicable in these animals. We must remember that these 

represent limits which any animal will follow moreor less closely. 
They are limits of minimum metabolism and of minimum thermal 

conductance and as such are excellent descriptive terms. Now, the 

great deviation of your birds from the limiting curve is very inter- 
esting as representing a physiological inefficiency since this extra 
metabolism need not be expended if the bird were using the maxi- 
mum potential of its insulation. It would be useful to describe the 

bird both in terms of its limiting conductance, and also in terms of 
its deviation from that limit. Perhaps this might be in terms of the 
temperature range over which it deviates and the ratio of the meas- 
ured   and   the basal metabolism at the critical temperature. 

WEST; I agree to that, but with these birds there is such great 
deviation we should not force our data to fit the classical theory, 
just because it is a classical theory. 

JÜHANÖEN: Critical temperature as a term is only meaning- 

ful when we know that the core temperature stays constant up to 
Ulis point. 

MÜ1ÜÜSÜN; 1 am not sure that the critical temperature has 

been strictly defined m terms of these refinements. 

I'RUSSER; Why does a bird molt? Il seems to me a most 

wasteful thing. What is the advantage: of getting rid of an old set 
of leathers to grow a new set? 

WEST; They wea r out. 

PHUSSEH; Are new feathers  really better insulalors? 

WEST; They probably are. 1 do not know, but they wear out. 
From tile behavioral standpoint, lhe\ have lo grow their new colors 
aoain lor Ihr tall and spnni;'. We know tiiat the total weight chaives 
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but we do not see any evidence in any of our curves that there is 

any effective increased insulation. 

HANNON: This goes on in most animals, does it not? We grow 

more skin continuously. 

IRVING; If you look at the plumage of birds from tropic or 
arctic locations, you have a hard time convincing yourself by that 

examination that one is arctic and one is tropic. Among the jays 
you might think that there is a little thinner body plumage on the 
tropical than on the arctic form, but the quantity of feathers does 

not seem to vary very much with the climate where the specimen 

originated. Of course feathers are not for insulation alone; they 
serve an aerodynamic function in which the dimensions of a bird 

that would be affected by increasing its feathers would quite des- 
U'oy its aerodynamic qualities, although a mammal can carry fur 

ten times as long if he does not trip over it. 

PITELKA: Your question. Dr. Prosser, is aggravated by a 

circumstance which is not yet well documented in the literature, 
which is that some tropical species, if they are not breeding, are 
molting. Dr. Irving a moment ago mentioned tropical jays; I have 

some data shortly to be published for a 50-gram species of tropical 

jay. The breeding season is March through June or July and other- 

wise the population as a whole is molting, starting its molt in late 

Way and continuing into February, so that in effect the birds are 

either breeding or molting. And when we get situations like this, 
contrasting with tree sparrows or longspurs which molt in a very 

short time, then the whole business of budgeting of energy and 
the advantage of the moll is so delicately adjusted as it is, becomes 

more i nie res tin"' and inl rip'uiny.'. 

I would like to comment on a couple of other things about plum- 
age which are relevant to Dr. West's remarks about insulative 

problems and also relevant to something Dr. Ining said a moment 
ago. There is one kind ofdifferencobeUveen high latitude and tron'- 

■al turds which, to the best of my knowledge, has gone unnoticed in 
tlii' lii> ratui'e, and which as you will see, must obviously bear a 

M aa '   'eal on the eapaei ties of In rds thai deal with low  tempi ralu res 
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and also bear a great deal on the rates at which they can or do 

adjust to lowering temperatures. We talk about feather tracts, 
and apteria, but 1 invite you to trap a Snow Bunting in late May 

and rip all its contour feathers off. In other words, rip the feathers 
off the pteryiae, that is, the feather tracts. What will you have 

left? You will have a body which is covered with a dense down 

which covers the apteria. 

I have prepared finches from high latitudes and low latitudes, 

and there is a striking trend. The lower latitude finches are 
genuinely naked on their apteria, but the high latitude ones which 

1 have examined, the Golden Crowned Sparrow, the Lapland Long- 

spur, and the Snow Burning, are not. This must be a relevant con- 

sideration to those interspecific differences on Dr. West's graphs 
which seem puzzling. 

Another little detail which is perhaps a little more esoteric 

is this: in larger passerines like the Steller's Jay, there is a 
highly modified, stiff, hair-like feather, which is distributed 

over the bod}-. What is this for?lam not sure that I have an answer 
to what it is for, and I have not said anything about this in print 

because there is such a depressingly large European literature 
on plumage that I have not gone through it yet to see if somebody 

has said sonu'Uiing on the matter.But these stiff, hair-like feathers, 

distributed over the body on a large passerine which has a very lax 

and dense plumage, could increase the efficiency of spacing of the 
plumage when the bird expands it and contracts it; and the presence 

or absence of these hair-like feathers must be another little detail 
thai has to be plugged into these considerations of why Dr. West's 
curves deviate as the}- do. 

WKST: What is the distribution of those?.\re these 1'iloplumes? 

IMTKLK.A;   Yes,   tiloplumes.    fhey   are   regularly distributed 
a mong the eontou r leathers. 

W KST ; Hew  a IK mt en the smaller bi nls, spa i nnvs? 

,;,.() 
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PITELKA: 1 do not think they are present. I am not sure about 
thai. I have not looked for them, actually. If they are there at all, 

they are certainly not easily noticed. 

HUDSON: 1 would like to add toDr. Johansen's, Dr. Morrison's, 
and Dr. West's remarks with respect to the lower critical tempera- 

ture. In our laboratory we have had a number of cases in which we 

have been unable to get nice extrapolations of the metabolic rate to 
the appropriate body temperature, and in some cases we get extra- 

polated body temperatures as high as 44 C and 45 C. At the same 
time, using the same techniques and animals from similar areas, we 

are also able to successfully extrapolate, so that we are reasonably 

certain that it is not our technique, but have the feeling that possibly 

there was some change in conductance goingon even below the lower 
critical temperature. 

PROSSER; May I ask just one more question about the computed 

insulation curve? If similar curves are constmcted for mammals, 

what would be the shape and the value of the index that Dr. West 
presented? 

HART; In lemmings, during activity there is a large variation, 

but during rest in miceatleast, thevariation of insulation with tem- 
perature was similar to the hypothetical insulation curve for birds 

except that it conforms more closely to the critical temperature. 

In other words, the curve becomes flat at higher temperatures. If 

body temperature is constant and the correlation between metabolism 
and temperature extrapolates to zero at a value higher than body 

temperature, then insulation would increase with fall in temperature 
in a manner comparable to thai seen in birds. 

HUDSON; And these are also animals which have, from general 
appearance,   reasonably good  coals,  have metabolic rales that are 

approximately what you would expect from their body size, but also 

have  lower critical  temperatures that  are extremely high, that is 
o 

above   30     C So  that  on  the  basis  ol general judgment you would 

expect tile animal to have the capacity to continue his regulation In 
physical   means  through  much lower temperatures than he does. 
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IRVING: It is so hard to figure on some of these things in 

examining the metabolism of the Brant in summer and winter. 
The Brant is a big bird weighing a kilogram and a half, and with 

feathers so thick that when you grasp hold of him you cannot feel 
through the underlying bird or meat, and yet its metabolic rate 

begins to increase at just about freezing temperature. It is a bird 
with the thickest insulating feather cover that you can find, and yet 

he does not use it for insulation. Of course the Brant, like the 
other water fowl, follow the open water throughout the year and 

perhaps they do not need any more insulation, but that does not 
give any physical explanation. In fact, the explanation is probably 
physiological rather than  a matter of simple feather thickness. 

MORRISON; As far as changing body temperature goes, of 

course this relation is related to difference between body tempera- 

ture and ambient temperature. 

IRVING: Are you not working in a limited range of animal size 
where the measurements are difficult? Perhaps life itself is diffi- 

cult for animals of these very small dimensions and they have to 

resort to metabolic subterfuges which are legitimate for them but 
illegitimate from our point of view. They are difficult to examine 

because you are looking at the 10 to 100 gram or so size range. 
Perhaps some clarification would come if you went to larger birds; 

I think your only representative above 100 grams was the pigeon, 

was it not? 

WEST; Yes, I was concerned with the small wild birds, most 

of the passerine group. 

PROSSER; Are you saying that this temperature-metabolism 
curve rises continuously as you go to lower temperatures, and 

that you have no thermo-neutral zone or critical temperature for 
smaller bi rds, whi le in a la rger bi rd there is a cri lical Lemperatun '.' 

WEST; Yes. 
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IRVING; I du not say that these deviations from what we expect 
to be the rule, or what we would like to hope would be a rule, are 

incorrect. I am sure they are correct, but they may represent the 

deviations of birds on account of size, as small mammals deviate. 

WSJ 



RACIAL VAIUATIÜNÖ IN HUMAN RESPONSE TO 

LOW TEMPERATURE 

Frederick A. Milan 

The investigations of racial variations in thermoregulation have 
been based on the premise that races of mankind inhabiting regions 

characterized by seasonal or diurnalperiods of low temperature are 

biologically adapted* to life in these environments. It has been 

assumed that thermoregulation in a race living in regions of low 

temperature may function differently from that of a race in a warmer 

climate. These studies of racial variation in physiologic function are 

attempting to accomplish the task recommended for biologists by 

Prosser (1959). This task is to assess critically the functional adap- 
tive features (includingbehavior) that can describe the unique fitness 

of a species to its environment. 

.According to the inferential evidence of archaeology and paleon- 
tology, Homo sapiens evolved in tropical Africa and Eurasia, and his 

original geographical distribution resembled that of the present day 

Old World non-human primates. Early hominids presumably lived in 
a thermally neutral environment. It has also been clearly shown by 

finds in Tanganyika that prehominids had already acquired tools and 

fire before Homo sapiens evolved as a species (Washburn, 1959). 

It is obvious that man erects a cultural screen of dwellings, 
clothing, living techniques, and behavioral adjustments between him- 
self and his environment. Except at high altitudes (as on the Bolivian 

altiplano, for example) where little can be done about low oxygen 

tension by preliterate peoples, man's cultural screen effectively 
ameliorates environmental stress and is an essential part, el his 

external temperature regulation. This cultural carapace must be 

considered in enumerating human groups chronically exposed to low 

temperatures. 

•A biological adaptation is "...an aspect of the or^anibm that imitiuites its ^ni- 
rial welfare, or the welfare of the bpecies tn which il belongs in the cm irünincnl 
it usualh  inhabits" (Simpson et al., 1957), 
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Experimental data are available which describe some aspect of 
thermoregulation in peoples as various as Eskimos, Arctic Athapas- 

cans, South American Indians (the Alacaluf), Norwegian Lapps, Aus- 

tralian aborigines, African Bushmen, American Negroes, European 
Norwegians, and a host of North American White controls. In this 

paper these data will be reviewed and the results of my own experi- 
ment which was designed to further investigate thermoregulation 

and to compare tissue insulation in Anaktuvuk Eskimos, Athapascans, 
and Caucasian soldiers will be presented. 

A HISTORICAL REVIEW AND LITERATURE SURVEY 

The Eskimo 

Possibly because of their geographical location, the earliest 

studies were undertaken on the Eskimos. The Eskimos are a geneti- 
cally, linguistically, and culturally homogeneous population living 
along the coasts of Greenland, Northern North America, and a small 

area of Siberia. It is apparent that they have been in the Arctic for a 

considerable length of time. The Denbigh Flint Complex of Norton 
Sound, presently the oldest cultural assemblage on the Alaskan side 
of the Bering Strait, has been dated at between 2500 and :i000 B. C. 
Eskimo type cultures have succeeded one another in this area from 

about 500 B. C. to the present (Giddings, I960). Material from the 
bottom layers of a midden at Xikolski, Umnak Island, in the Aleu- 

tians has been dated ataboutliOOO B.C. (Laughlin and Marsh, 1951). 

A   folk migration of expert  arctic travelers, carriers of the 
Thule culture, wandered from the Bering Strait 0,000 miles to 
Greenland about 1,000 years ago and caused the present linguistic, 

racial, und cultural homogeneity over this vast area (Collins, 1954). 
The Thule people replaced the earlier arrivals, the Dorset people, 

who had been in the eastern Canadian Arctic and Greenland since 
about G75 B.C. (Larsen and Meldgaani, !;).>).The lust  Kuropean- 

,-,:■;( 
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Eskimo contact occurred in988 A. D. when Eric the Red encountered 

the Green landers. 

The main characteristics of the climate of the high Arctic are 
year-round aridity, low temperatures and high winds with drifting 

snow in winter and cool temperatures and a high incidence of fog in 

summer. It has been clearly recognized by physiologists that the 

success of the Eskimo in exploiting his environment is due to the 
fact that he carries his private microclimate about with him. Never- 

theless, it is difficult to understand how one could live in the Arctic 

and not suffer occasional cold exposure, and therefore many phys- 

iological investigations have been designed to elucidate the more 

subtle differences in thermoregulation. 

Basal metabolism. August and Marie Krogh (1913) reported that 

the Greenland Eskimos were utilizing more than 300 gm of protein 

in their diets per clay and later suggested to Hygaard (1941) that the 

elevated heat production (+13% of the DuBois Standard) of 22 Ang- 
magssalik Eskimos of East Greenland may havebeendue to dietary 

factors. An elevated basal metabolic rale has been reported by al- 

most all investigators of the Eskimo. Uodahl (19 52), who has re- 
viewed the early literature, measured surface areas, and measured 

the BMR's of 73 healthy Eskimos, concludes that apprehension and 

the high protein diet are the reasons for the high BMR. MacHattie 
et al. (1960), however, on the basis oilhe 24 hour metabolic studies 

of the night fuel energy fractions in Anaktuvuk Pass Eskimos, con- 
sider factors (unknown at present) other than the SDA of protein to 
be involved. 

It is puzzlingto many that theSDA ul protein has such long last- 
ing post prandial effects on Eskimo metabolism. Keeton el al. (1946), 

however, fed experimental diets high in eiüier protein or carbohy- 

drate in r2 male conscientious objectors tor 5.5 months and report cd 
an Ih,,' to 19 „ inci'easo in metabolism (6 hours alter the last meal) 
due in the SUA ol protein. And Hicks d al. (1934) reported the SDA 

ol raw meat ingested \i) Australian aboriginals to he 80 , after live 
hours. 
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Brown et al. (J95i5) measured BMH's in nine males and seven 
femalcü at Soutliam|)i,üii Island and reported them to be between 124% 

and 130% of normal. They described their subjects as clinically 
hypermetabolic but nut hyperthyroid in the sense ofthyrotoxic. The 

suggestions of others that the elevated BMR might be due to anemia, 
polycythemia, racial characteristics, unidentified disease, or the 

high protein diet were discussed. They have concluded that the high 
metabolic rate was not entirely the resultol'a high protein diet, but 

that the diet is merely another manifestation of the effects of the 

environment and the food available. 

Thyroid metabolism. Gottschalk et al. (1952) measured the pro- 

tein bound Iodine in seven U. S. soldiers attending an arctic mdoc- 

trination course at Fort. Churchill, seven male Eskimos from South- 

ampton Island, and seven Kakimos from Chesterfield Inlet in winter. 

There was no change in the soldiers' basal metabolic rate or FBI 
due to their arctic sojourn. The Eskimos had significantly higher 

values in FBI (4.2 to9.0 microgram percent) than enthyroid patients 

in ü. S. hospitals. 

l'] i 
Hodalil el al, (1956, 1957) administered tracer doses of I '    to 

84 Alaskan coastal and inland Kskimos, 17 Athapascan Indians of Ft. 

Yukon and Arctic Village, and 19 white controls to assess the role of 

thyroid in man during cold exposure. Except for the inland natives, 
there   was   no siirmlicani  difference  in thyroid  uptake or urinary 

elimination ol I        or in FBI        and no seasonal diticrence in FBI. 

There was no significant  difference between natives and whites in 

FBI. The Anaktuvuk bskimos and the Arctic Village Indians had high 
and   rapid  uptakes ol  1 which  were  related io the low iodine in 
their diets and to the hiirh incidenee ol endemic sroiier. A rediiclion 

1 w 1 
in the  rateol uptakeol 1        oecurred lolhjwing supplementation daily 

lor ii months ol ().() niLi, [)Ostassiuin io<lide. 

Blood volumes. Brown el al. (lldTi) measured hUxxi volumes b} 

dilution  ol 1'Aans Blue dye and hemaioerit.-^ ii' 22 :ii"\'   Eskimos a| 

Sou t ha m pi on Island. The)   reported blmxl \ olunies to be 124 .,   Io 142,? 
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above normal (normal is 100%). The increase was noted in both the 
plasma and in the total red blood cell volume. 

Response   to   extremity   cooling.   Pecora   (1948)   studied   the 
"pressor response" in 23  male Eskimos of Nome and Fairbanks 
using a sphygmomanometer and compared the results with those of 

similar  experiments conducted on 44 Caucasian soldier controls. 
An arm was immersed in unstirred water with a temperature of 4   C 

o 
to 5    C. The Eskimo group had a higher basal blood pressure, but 
the increase due to the cold immersion was less than in the control 

group. In addition, the Eskimos  reported less subjective pain. 

Brown   et   al.   (1952),   by venous occlusion plethysmography, 
measured hand blood flow in 22 male Southampton Island Eskimos 
and 37 Queens University medical students in room air and in water 

o o 
baths   rangine between 5    C  and 45   C. The hand blood flow of the 

Eskimos was nearly twice as great as that of the Caucasians in room 
o 

air of 20    C. Values were; Eskimos, 8.6 cc/iOO cc tissue/min; con- 
trols, 4.7 cc/l00 cc tissue/nun. The Eskimo hand flow was greater 

at any given water bath temperature. 

Brown   et  al.   (1953),   by venous occlusion plethysmography, 

determined forearm blood flow and measured the temperatures of 
forearm skin, subcutaneous Ussue, muscle, and rectumsof29 male 
Southampton Island  Eskimos who were not all racially pure and 37 

male Kingston Ontario medical students. In a 45   C water bath, the 
blood   flow   was similar in both groups. Below 45   C the Eskimo 

o 
group   had   a   greater   blood  How.  In water baths below 38    C the 
Eskimo  forearm  muscle  temperature  was  lower as  a   result of a 

greater   venous   return and consequent  cooling of arterial blood. 
o 

In  the 5    C bath,  the Eskimo lorearm How was 3.8 ec/100 cc tis- 
sue/   nun  in contrast  lo  J .5 cc/lOO  cc tissue    nun in the medical 

students. 

Page ei al, (1953) investigated hand bloixl How, subcutaneous 
temperatures, muscle temperatures, and rectal temperatures in 

Southampton Island Eskimos and a cont rol group of medical students 
during heating and cooling ol the legs in uatcr baihs. Duruu; heal- 

_ o ' 
itig   at   42.5     C   lorearm   muscle  h mpcraiure  and  blood ; low was 
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o 
greater in the control group. During cooling of the legs at 10   C the 

Eskimos showed little change in blood flow in contrast to the con- 
trols who showed a pronounced fall. 

Eisner (I960) measured limb blood flow in six Anaktuvuk 
Eskimo males and athletic and non-athletic Caucasians. Limb blood 

flow was somewhat elevated at rest in the Eskimos. 

Meehan (1955) measured the temperature at the base of the nail 
of the right index fingers of hands immersed for 30 minutes in stir- 

red ice water in 52 Alaskan natives (14 from Barter Island, 24 from 

Fort Yukon, and 14 from Gambell), 38 American Negroes, and 168 

Caucasians. During the last 25 minutes, the Alaskan natives main- 
tained the highest mean finger temperatures. Only 5%of the Alaskan 

natives, in contrastto 21% of the Caucasians and 62% of the Negroes, 

had  mean finger temperatures of 0    C during the last 25 minutes. 

Pain sensation. Meehan et al. (1954) investigated the "warm" 

pain threshold in 26 Athapascan Indians, 37 AnaktuvukPass Eskimos, 
and 28 white controls. A 3-second thermalstimuiationon the back of 

o o 
the hand was used. The threshold was about 43.1   C to 43.7   C, and 

there was no significant difference between the groups. 

Differential sweat rates. Kodahl et al. (1957) investigated the 

comparative sweat rates of six male Anaktuvuk Pass Eskimos and 
five  male Caucasian controls exposed nude for 3 hours to several 

ambient temperatures during exercise (15  minutes  at 3.5 mph on 

an  8.6% grade) and during a 3 hour walk wearing standard clothing 

at  -23    C. They found that at all ambient temperatures the resting 
metabolic rate for the Eskimos exceeded that of the Caucasian group 
1)}- over 30%. The average skin temperature of the Eskimo tended to 

o 
be   higher   at   all   environmental   temperatures  below   35    C. The 
Eskimo skin, particularly of the forehead and back, had a greater 

o 
concentration  ol  active sweat  glands at 33    C environmental tem- 

perature. During the treadmill exercise the gi cup differences were 
not significant, although the Eskimogrouphad todissipate 21% more 
heat   to   maintain  tile samt' huh   temperature.  According to nude 

340 
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weight loss, the Eskimos' sweat rate was twice as great during 

the o hour walk at -23 C. The elevated metabolism of the Eskimo 

required that they increase total body heat loss to maintain thermal 
equilibrium, and the sweating mechanism accounted for the dissipa- 

tion of 91% of the excess heat. Respiratory heat loss (Eskimo 5.1 
Gal/m /hr; White 3.4 Cal/rn /hr) was constantly greater in the 

Eskimos because of a higher minute volume. 

Kawahata et al. (1961) counted active sweat glands during maxi- 
mal sweating at an ambient temperature of about 41 G in Cauca- 
sians, Negroes, and eight female and two male Eskimos of Anaktuvuk 

Pass, Alaska. The rank order in total number of sweat glands be- 

ginning with the lowest number was Caucasian females, Caucasian 

males, Eskimo females, Negro males, Eskimo males. The rank 
order in number of sweat glands per cm of body surface area was 
Caucasian females, Eskimo females, Caucasian males, Eskimo 

males, Negro males. 

Response to whole body cooling. Adams et al. (19 58) exposed 6 
Anaktuvuk Eskimo males, seven American Negroes and seven 

Caucasian soldier controls nude for 120 minutes to an air tempera- 
ture of 17 C. The Eskimos had a higher metabolic rate in the con- 

trol period (Eskimo 50, White 40, Negro 38 Cal/m /hr). The average 

rise in metabolism due to shiveringwas similar in the Eskimos and 
2 

soldier controls (22 Gal/m /hr). The Eskimo group had higher core 
and shell temperatures during cooling and shivered, as did white 

controls,  when  the  average skin temperature reached 29.5    C. 

Tissue conductance. Covino (I960, 1961) studied thermal regula- 

tion  in five Pi. Barrow Eskimos and  five controls (including one 
oo 

.American Negro) immersed in a bath calorimeter at 35   C and 33 
C. The Eskimos produced more heal and lost more bod}- heat dur- 

ing the immersion periods and their rectal temperatures fell to 
lower levels. There was no difference in digital blood flow. The 
greater tissue conductance was related to the significantlj smaller 

percentage of body tat in these Eskimos. 
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Adipose tissue. Covino (1960, 1961)  and Eisner (1960) report 
that the body fat content of all Eskimos is characteristically low. 

Eskimo summary. Possibly owing to dietary factors (Rodahl, 

1952), Eskimos have a 20% to 30% higher basal metabolism than 

Caucasians when S. A. (Brown et al., 1953; MacHattie et al., 1960) 

or lean body mass (Govino, 1960) is used as a reference standard; 

and this difference is maintained during shivering (Adams et al., 
19 58) and exercise (Rodahl et al., 19 57). At high ambient tempera- 

tures or during a hard walk in the cold, sweating accounts for most 

of the dissipation of the excess heat (Rodahl et al., 1957). In addi- 
tion, a higher minute volume results in a greater respiratory heat 

loss (Rodahl et al., 1957). During a whole body cold stress, the 
"critical temperature," which causes a rise in metabolism by 

shivering, is the same in Eskimos and Caucasians (Adams et al., 

19 58). When either legs or hands are cooled in water, blood flow 
is greater in the hands and forearms of Eskimos (Brown et al., 

1952; Brown et al., 1953; Page et al., 1953; Meehan, 19 55). The 
threshold for "heat" pain is the same (Meehan, 1954) but there are 

suggestions of a difference for "cold" pain. Tissue conductance in 

cold water immersions is greaterbecauseof a significantly smaller 

percentage of body fat and a higher heat production (Govino, 1960, 
1961; Eisner, 1960). The Eskimo has a higher metabolic heat pro- 

duction which requires a greater potency of heatdissipation mechan- 

isms. According to Hardy (1961) it is bod}' temperature which is 

regulated  by   the  hypothalamus,   not   the energy flux through the 
organism, 

Athapascan Indians 

The antiquity of the northern Athapascan tribes is presently 
unknown. The exigencies of a nomadic existence in a subarctic 

environment imposed certain arbitrary population controls; few 

permanent camps were established, and artifactual remains are 
sparse. The}' presently inhabit interior .Alaska and Canada, where 

a continental type climate results in seasonal extremes in tempera- 
lure.   Acconling to Sapir (1936),   Newman  (I954j,and Kraus et al. 
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(19 56) language affinities between the Apaches and the Northern 
Athapascans indicate that the former migrated southward 400 to 
600 years ago. 

Response to whole body cooling. Meehan (1955) measured 
metabolic rates, and surface and rectal temperatures of nine male 
Fort Yukon natives and Caucasian contixds clad in a light under- 

wear suit and exposed for 90 minutes to an air temperature of 
oo 

6 G to 7 C. Initial resting metabolic rates and respiratory quo- 

tients were close to basal values and were the same in both groups. 

In the cold room, the natives shivered more and had a significantly 

higher metabolic rate increase (142±22%) after 90 minutes than 
did the Caucasian controls (77±11%). The hands and feet of the 

natives were significantly warmer and the Caucasians incurred a 
greater total heat debt. 

Irving et al. (1960) measured the sleeping metabolism, rectal 

temperatures,   and  skin  temperatures  of eleven male Old Crow 

Indians   and   seven   Caucasian   controls.   These parameters were 
o 

measured during 7 hours of warm sleep and 7 hours at 0    C with 
about 1 clo insulation. Initially, the Indian basal metabolism was 

approximately 14% higher than Benedicts' standards. By using 

"lean weight" as a reference, the two groups did not differ in meta- 

bolism. During the cold exposure Lhe average elevation of meta- 

bolism in the Indian subjects was 29% and in the Caucasians 32%. 
During the warm nights the Indians and controls were awake 12% 

and 13% of the time respectively. During the cold nights the 
Indians were awake 49% and the Caucasians 69% of the time. Dur- 
ing both warm and cold nights the Indians lost more heat from 
body storage. However, the skin temperatures of the Indians and 

Caucasians did not differ significantly, and no evidence was found 
of adaptation in metabolic rate of thermal reactions. 

Eisner et al. (1960), in order to invest igate seasonal differences 

in   the   Old   Crow   population,   restudied eight  male  Indians in the 
spring.  Metabolism, skin temperatures, and   rectal  temperatures 

o o 
were  measured during sleep at 0    C to   ;■;    C with 1 clo insulation. 

Basal oxygen consumption of four names was approximate!} 10% 
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above DuBois standards. Metabolism increased 30%during the night; 
and skin and rectal temperatures declined as in the previous study. 
It was concluded that meager evidence for general metabolic and 

thermal adaptation was found by methods which revealed important 
differences   in naked Australians and warmly dressed Lapps. 

Response of extremities to cooling. Eisner etal.(1960) studied 
the transfer of heat via the circulation of blood to the hands of Old 
Crow Indian males. In the first experiment nine Indians and eight 
Caucasian controls immersed their right hands in 5 C water for 30 
minutes after a control period of 30 minutes in 30 C water. These 
experiments were done with the subjects clothed in a warm room and 
unclothed in a warm room. The Indian hands transferred a signifi- 
cantly greater amount of heat to the water in both the warm and cold 
environments. In a second experiment, six Indians and five controls 
immersed the right hands in ice water.The Indian group had a more 
rapid rewarming and suffered less pain. 

Meehan (1955), quoted earlier, reported warmer finger tem- 

peratures in ice water in Fort Yukon natives as compared to those 

of Caucasian controls. 

Physical fitness. Anderson et al. (I960) investigated the physi- 
cal fitness of eleven male Indians from Old Crow. Respiratory gas 
exchange and heart rate during steady state exercise were meas- 
ured. The response of extra, ventilation to a standard exercise load 
was also determined. The results showed that the Indians occupied 

an intermediate position between young sedentary Norwegians and 
Norwep'ian athletes in their fitness for work. 

Athapascan Indian summary. Basal metabolic rates are the 
same in Athapascans as in Caucasians when compared to "lean 
weight" (Irving et al., 1960), but 14% higher than Benedict's standard, 
and    10%    above    DuBois   standard   values   (Eisner   et   al., I960). 

Indians showed no difference in metabolic and thermal reactions 
when   compared   to   Caucasian controls  that  were exposed  to low 
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temperatures during sleep in the fall (Irving et al., 1960) and the 
spring (Eisner et al., 1960). 

Indians, even when in negative heatbalance, have warmer hands 

in cold water than Caucasian controls (Eisner et al.,1960) and 

warmer fingers in ice water (Meehan, 1955). 

Physically the Indians are lean (Irving et al., I960) and occupy 
an intermediate position between young sedentary Norwegians and 

Norwegian Olympic athletes in their fitness for work (Anderson et 
al., i960). 

The Lapps 

Lappland, which lias no political existence, consists of the for- 

ested highlands of northern Sweden, tundra-cove red areas of north- 
ern Finland, Norway's coastal province of Troms and Finnmark, and 

much of the Russian Kola Peninsula. The Lapps presently number 
about 35,000. They have national allegiance to thecountry where they 
are domiciled and share this country, with a larger population of 

Finns, Norwegians, Swedes, and Russians with whom they have been 
interbreeding for centuries. Historical accounts seem to indicate that 

the Lapps were originally hunters who in about 1500 A. D. became 

reindeer domesticators, having learned this art from the Samoyedie 
peoples to the east. According to a number of blood surveys, the 
Lapps have apparently reached their present genetical constitution 

through long isolation as a relatively small population. Norwegian 
Lapps have in recent centuries received a larger genetical contri- 

bution from the outside than have the Swedish Lapps. 

Russian Lappland, Finnish Lappland, and the part of Swedish 
Lappland situated above the Arctic Circle enjoy aboutlhe same tem- 

peratures as the southern hall ol Lhe Labrador peninsula because of 
the ameliorating effect of the warm water of the Cu If Stream upon the 
climate (Milan, J(,)6(), from published sources). 

rile information on the physio log} of the Lapps is restricted to 

that obtained Irom sludies of reindeer nomads and villagers from 

Kautokemo in iiorlheni  Norw a \ . 

.■; 15 
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Critical temperature. Schoiander et at. (1957) determined the 
"critical temperature," i. e. the lowesttemperature at which a rest- 

ing metabolic rale maintained a constant body temperature, in nine 
male migratory Lapps from Kautokeino and three male Norwegian 

controls. The nude subjects bicycle on an ergometer wheel in a 
temperature regulated room. Rectal temperatures and oxygen con- 

sumption were monitored. The intersect of resting values of oxyg'en 

consumption and values in the cold occurred at approximately 27 C, 
and this was taken as the critical temperature. The subjects per- 
ceived a fall in rectaltemperature as small as 0.2 C. Critical tem- 

peratures were the same in both groups. 

By measuring skin temperatureundertheciothingofLapps out- 
of-doors, il was determined that they live within a warm micro- 

climate. 

Response to whole body cooling. Lange Andersen et al, (1960) 
measured skin and rectal temperatures and metabolism in 14 male 

Lapps  from  Kautokeino and five male Norwegian controls during 8 
o 

hour exposure to 0 C while sleeping nude with about 1 clo insula- 

tion. The Lappish subjects consisted of five settled villagers and nine 
reindeer nomads. During the cold exposure, most of the reindeer 
nomads slept well with no obvious shivering. The controls slept 

poorly and suffered from surface cooling, especially in the legs and 
feet. The nomads and controls had similar skin temperatures, but 
the nomads lost more heat from the body core because of a lower 

metabolic heat production. The Lapp villagers were intermediate 
between the controls and nomads in their responses. 

Response  to  extremity eooling.   Krog el   al.  (I960)   measured 
hand  blood   How   in  a  \ enous  occlusion  plethvsmograph at various 

o 
temperatures  and  hand  heat   loss  and linger temperatures in 0    C 
stirred   ice  water.  The subjects   were  Ri   male Kautokeino Lapps, 

10-12 Lofoten Island lishermen, (i-U Gothenburg medical students, 
and   ■]   nulhurs.   Max: mum  hand   I Rood   llou ;i|   In    L u.is similar in 

ill  siib]eetb.   Hand   bloixl   Mow   :i|   Jii    C and 20    L was the same in 

.  ir 
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all subjects. The blood flow values reported in this study are con- 

siderably higher than those reported by Brown et al. (1952); these 
authors suggest that Brown kept his subjects cooler, and their hand 
flows were influenced by vasoconstrictor fiber activity. During im- 

mersion in 0 G water the temperatures of the cold habituated sub- 

jects (Lapps and fishermen) were similar to those of the controls. 
There was, however, an earlier onset of vasodilation in the Lapps 

and fishermen. Although the cold habituated subjects experienced 
less pain and discomfort, two Lapps and three fishermen fainted 

during the experiment. The results of the study did not support the 

hypothesis that cold habituated individuals possess a purely local 
vascular adaptation resulting in a greater blood flow through the 

hands. 

Lapp summary. Kautokeino Lapps, when compared with Nor- 

wegian controls, slept well with no obvious shiveringduring a night 
exposed to an air temperature of 0 C and lost more heat from the 

core because of a lower metabolic heat production (Lange Andersen 

et al., I960). Paradoxically, the critical temperature is the same for 
Lapps and Norwegian controls (Scholander et al., 1957). Hand blood 

flows at various temperatures and linger temperatures inO C water 
are the samefor cold habituated nomadic Lapps, Lofoten Island fish- 

ermen, and controls, but the former two groups vasodilated earlier 
and reported less pain when vasoconstrieted. 

The Indians of Southern Chile 

The aboriginal inhabitants of the islands in and around the 
Straits of Magellan in southern Chile and .Argentina became famous 

for their cold haidiness through the writings of Charles Darwin, who 
visited this region in the H. M. S. Beagle. The Fuegian tribes con- 

sisted of the Chono, Haush, Una, Vaghan, and Alacaluf. Only the 
physiology of the Alacalufs has been investigated. 

The Alacaluls lormerh inhabited the islands from the Gulf of 

Penas as tar south as the northwest pan of Isla Grande on Tierra 
del   Kueti'o. This habitat   is an isolated and denselv vegetated  retiion 
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with 120 inches of precipitation, which falls as snow in winter. It 
has been estimated that the Alacalufs numbered between 3500 and 

4000 in 1850. Presently there are about 50 Alacalufs who are settled 
on Wellington Island (Bird, 1946; Cooper, 1946). 

Response to whole body exposure. Hammel et al. (1960) studied 
nine male Alacalufs exposed for 8 hours during the night to an air 
temperature of 2 G to 4 C and six male Alacalufs during sleep 

while comfortably warm. Oxygen consumption and skin and rectal 
temperatures were measured. No controls were used. Atthe begin- 

ning of the night the metabolic rate was about 60% above the basal 
values for a standard white European of thesame weight, height, and 

age. In similar circumstances a white would be no more than 20% 
above basal values (Hammel et al., 1959). The average metabolism 

during the cold nights was indistinguishable from that during the 

warm nights, except for occasional bursts of shivering, and meta- 
bolism gradually decreased over the 8 hour period. The Alacalufs 

resembled the Indians of Old Grow in their metabolic responses, 

which were nearly twice as great as those measured in the Aus- 
tralian aborigines during a similar exposure. Rectal temperatures 

were about the same as those measured in European controls, while 
o o 

skin temperatures were about 1   C lower.Thefeet were about 2   C 
o 

to 3    G warmer. Measurements of tissue conductance in the Alaca- 

lufs showed complete vasodilation in these subjects when sleeping 
warm. During the cold nights, tissue conductance was halved, but it 
was still 30% higher than in the Australian aborigines. 

Responses to cxj.rejnij-l'txjoling, Eisner in Hammel el al. (1960) 

measured the heat output of the feet and hands of Alacaluf Indians 
and three white controls in cold water. The hands and feet, after an 

o o o 
initial   immersion  in 30    G water, were placed in 5   C and 10    G 

water, respectively. The range of heatoutput in these subjects over- 
lapped that of white controls. Whereas the Alacaluf men and women 
reported  no  pain,   the controls experienced intense pain in the feet 

during the immersion. 

3 is 
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Alacaluf summary. The Aiacalufs studied in the field have an 
elevated basal metabolism, and during an 8 hour moderate cold 

exposure their metabolism is virtually indistinguishable from that 

measured while warm (Hammel et al., 1960). During cooling of the 
feet and hands, heat loss was similar to that of white controls but 

pain sensation, reported as intense in the controls, was absent. 

The Australian Aborigines 

The land connection between Australia and the mainland of Asia 
was submerged during the late Pleistocene. Australia thenbecame a 

refuge area for archaic forms of plants, animals, and men. It has 
been estimated that the continent has been inhabited for about 15,000 

to 20,000 years, and its human population has been described as tri- 

hybrid in origin, representing an amalgamation of archaic Cauca- 

soids, Veddoids, and Australoids (Birdsell.^SO).This human popu- 

lation lived in virtual isolation until the first European settlement 

was established in Botany Bay in 1787. Atthe time of first European 

contact, the aborigines numbered about 250,000 in some 500 tribes, 
and they were naked (Elkin, 1954). In 19 56 there were an estimated 

60,000  aborigines  in the population at large (Smythe et al., 19 56). 

Winter night temperatures in Central Australia fall to freezing 
or below, and the night sky radiation temperature is about 20 C 
lower. The aborigines who formerly slept naked on the ground be- 
tween small fires were chronically exposed to cold. 

Sir Stanton Hicks et al., (1931, 1933, 1934, 1938a, 1938b) and 

Goldby et al. (1938) initiated the pioneer studies of temperature 

regulation in the aborigines. Morrison (1957), while studyingmarsu- 
pials in Central Australia, measured aboriginalbody temperatures. 
Scholander et al. (1958) and Hammel et al. (1959) have used more 
precise  methods  in extending and confirming the early data. 

Observations during sleep in the natural stale. Hicks et al. 

(1934) measured oxygen consumption and skin temperatures in 
sleeping male natives in Central Australia.They found that the meta- 
bolism of the natives was not elevated by die eold of early morninu 
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and thai skin temperatures wore low. They postulated a more effec- 
tive vasomotor control than that of civilized individuals. After the 
ingestion of raw meat, the SDA of protein resulted in an 80% rise in 
metabolism after 5 hours. The RQ was measured as 0.7 in fasting 

subjects and moved toward unity after a meal. 

Morrison (1957) used a Stoll-Haixly radiometer to measure skin 

temperatures in sleeping aborigines at Haast's Bluff in Central 
Australia. He concluded that the aborigines had a lower sensitivity 
to cold, which allowed them to sleepdespite low body temperatures. 

Scholander et al. (19 58) studied the Pitjandjara tribe which in- 

habits the deserts of Central Australia. Two natives and two Euro- 
pean controls slept naked "proper bush style," lying on the ground 

between two fires in winter. Neither Australians no ] Europeans ele- 
vated their oxygen consumption, although the Europeans were uncom- 

fortable and did not sleep well. The natives stoked their fires three 

to ten times while the Europeans stoked eleven to fourteen times. 
The natives tolerated a lower average skin temperature. 

In a second experiment four Europeans and six natives slept 
naked   in   a bap- of 1.9 clo insulation on a canvas cot under a thin 

o o 
radiation shield.  Night temperatures were between 5    C and 0    C. 
The metabolism of the natives fell below basal values during the 

night, whereas the Europeans elevated their metabolism by bursts 

of shivering. The natives slept, while the European controls were 
kept awake by cold feet, although the natives had lower skin tempera- 

tures. It was concluded that the natives had adapted both their tech- 
nology and physiology to withstand chronic cold exposure. 

Hammel et al. (1959) returned to stud}' the Central Australian 

natives in summer to see if the differences reported by Scholander 
et al. (1958) were seasonal. In addition, natives from the tropical 

north coast with a history of little cold exposure were studied. Eight 
male Pitjandjara, nine male tropical natives, and seven male Euro- 
pean controls were exposed during sleep in a J.7 clo ban in a refi'ig- 

o 
erated    meat van for 8 hours at 5   C. The metabolism oi the Pitjand- 

jaras  was   lower than  that of the  European controls. The tropical 
natives were internuxiiate in metabolic response. The Pitjandjaras 

■,50 
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allowed greater cooling of the core and shell, their thermal conduc- 

tance was significantly less, and their average skin temperatures 
were considerably lower. The low tissue conductance in the tropical 

natives resulted in skin temperatures which were intermediate be- 
tween those of the Europeans and Pitjandjaras. The rectal tempera- 

tures were the same in the tropical natives and European controls. 
It was concluded thatthe Australian aboriginals had an inborn ability 

to tolerate greater body cooling without recourse to metabolic com- 
pensation and that this tolerance could be increased by prolonged 

exposure to cold. 

Australian summary. Australian aborigines lying naked on the 
ground find low skin and rectal temperatures compatible with sleep 

(Hicks et al., 1934 and Morrison, 1957). Central Australian abori- 
gines, when contrasted with European controls in a moderately cold 

sleeping environment, do not elevate their heat production despite 
low skin and rectal temperatures either in winter (Scholander et al., 

19 58) or summer (Hammel et al., 1959). 

The American Negroes 

American Negroes were transported as slaves from the old 

empires of Ghana, Meile, and Songhay in West Africa. The Negro- 
American population is by no means pure, and it is considered a 

race in the process of formation by several recent authors (Goon 
et al., 19 50). 

Responses to whole body cooling. Kennie et al. (1957) exposed 

eight male Caucasian soldiers and eight male American Negro 

soldiers for 90 minutes to -12 C in summer and winter. Subjects 
were clothed except for hands and fingers. The Caucasians had a 
higher heat production, and the increase in metabolism was delayed 

in the Negroes. Alter 70 minutes the Negro rectal temperature was 
significantly lower. Although the average skin temperature was the 
same, the Negro hands and feet were colder. 

3 51 
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Adams et ai. (19 58) contrasted the metabolic and thermal res- 

ponses of six male Eskimos, seven male Negro soldiers, and seven 

male Caucasian soldier controls exposed nude for 120 minutes to 

17    G. While the Eskimos and Caucasians shivered at a mean skin 

temperature of 29.5   C, the Negroes did not shiver until their skin 
o 

temperatures reached  28    C. Skin temperatures were the same in 
the   Negro   and   control   groups,   but  the   metabolic  response was 
greater in the latter. 

lampietro et al. (1959) matched 16 male American Negro sol- 

diers with 17 male Caucasian soldiers for percentage fat, height, 
weight, etc. and exposed them nude for 2 hours to 10 C. Metabolic 

responses were the same. Although the difference between groups 
in average skin temperatures approached significance after 100 

minutes (Negroes were 0.8 C lower), other temperatures were the 
same. 

Response to extremity cooling. Meehan (1955) measured tem- 
peratures of index fingers immersed for 30 minutes in stirred ice 

ater in 52 Alaska natives, 38 American Negroes, and 168 Cauca- 
sians and reported that Negroes maintained the lowesttemperatures. 

lampietro et al. (19-59) measured temperatures of fingers in ice 

water in 16 male Negro soldiers and 17 male Caucasian soldiers. 
The while subjects had higher finger temperatures, and the "hurting" 
reaction was more pronounced. 

v\ 

Negro   summary.   The   metabolic   and   thermal    responses  of 

.American Negroes were reported tobedifferent from those of white 
controls during a standardized cold stress of -12   C while clothed 

o 
(Henme  et al., 1957) and 17    C while nude (Adams el al., 1958) but 
the same when nude  at 10    C (lampietro et al., 1959). The fingers 

of Negroes  immersed  in  ice water are cooler than those of white 
controls (Meehan. 1955; lampietro et al., 1959). 

The Bushmen 

Presenih    the   Bushmen  number approximately  55,000.  The\ 
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occupy a small fraction of their former territory and are found in 
South West Africa, Bechuanaland Protectorate, Angola, Rhodesia, 

and the Republic of South Africa. They are hunters and gatherers, 

lighter in color than their Bantu neighbors, and speak a Click lan- 
guage. In physical appearance they are short of stature (4 feet 9 
inches to 5 feet 4 inches) and have a number of anatomical infantile 

features (Tobias, 1961). 

The Bushmen were formerlydistributedover much of southwest 
Africa but are presently confined to the high plateau of the Kalahari 

Desert at altitudes between 3000 and 5000 feet. Here the winter night 
climate is sufficiently cold to be stressful for a habitually naked 

people. 

Response to whole body cooling. Wyndham etal. (19 58) measured 

the skin and oral temperatures of two male Bushmen and two white 

South Africans sitting nude for two and one half hours. Ambient tem- 
0 o 

peratures ranged between 10    G and 15   C, The oral temperatures 

of the Bushmen were lower. The skin temperature of one bushmen 
sleeping naked under his cloak next to a fire was measured for 8 

oo 
hours. Ambient temperatures ranged between 12   C and 13   C. Air 

temperatures under the cloak were about 26    G, and temperatures 
o 

on  the trunk were about 35   C. It was concluded that the Bushmen 
have  mack;  an intellectual rather than a physiological adaptation to 
diurnal temperature changes. 

Ward el al. (1960) measured the metabolism and skin and rectal 
temperatures in eight male Bushmen and five male European con- 

trols exposed naked to the Ka lahari Desert night environment. Night 
o o 

temperatures   ranged between 22   C and 2.7    C. A radiation shield 

was interposed between the subjects and the night sky. A Ihermo- 
ecuiple on a plastic holder manipulated by an observer was utilized 

to obtain skm temperatures. Face masks and a Douglas Bag were 
used to sample metabolism intermittently. The metabolic response 

in tiie Bushmen was higher' than in the controls, but tin; percentage 

increase related to skm temperature was the same for tin; controls, 
Bushmen,and Norwegians ( Wa rcl t t al , I'^ol). Rectal temperatures 

wv re si mi la r. The Bushmen's ski nlemperalu res were lower because 
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of less body fat. it was concluded that the; Bushmen had not adjusted 

physiologically to the climate, but that they created a local climate 
around them, using the meager available materials. 

Bushmen summary. While sleeping on the desert in his native 
environment, the Bushman utilizes an artificial microclimate to 
avoid cold exposure. Limited tests of skin and oral temperature 

decline in response to cold stress revealed no difference between 

Bushmen and controls (Wyndham et al., 1960). Bushmen subjected 
to moderate cold stress while sleeping nude for short periods have 

similar metabolic and thermal responses to those of controls (Ward 

et al., I960). 

ARTIFICIAL ACCLIMATIZATION OF MAN TO COLD 

The results of experiments undertaken to artificially acclima- 

tize man to cold or to study the effects of chronic cold exposure 

upon soldiers 01 arctic: and antarctic sojourners, whichcomplement 
the findings ot cold adaptation in chronically cold exposed natives, 

will be briefly reviewed. Extensive and recent rcviewsof the litera- 
ture on the effects of cold on man are those of Burton et al. (1955), 

Carlson (1954), Carlson et al. (1959) and Hard) (I960). 

Seholander et  al. (1958)  exposed eight inadequately clad male 

Norwegian students to Low ambient temperatures in the mountains of 
Norway  tor six  weeks   in September and October. Metabolism and 

skin and rectal lemperatures were measured al night while the sub- 
o 

jects  slept  with  2 do ol   insulation at an air temperature oi ;5    C. 
Their   responses  to the cold stress while sleeping were contrasted 
with those' of 12 male controls. The acclimatized men had higher skin 

temperatures,  especiall)   in  (he  feet,  and the) were able to sleep. 

The}   shivered in thei r sleep, whereas the eont rnls did not sleep at 

all.    \   bliihii   hut transient elevation ol basal metabolie  rales and   i 
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o o , .    ,. 
2    G to 3    C  lowering of the critical temperature occurred m the 

acclimatized. 

Le Blanc (1956) found a significantly decreased oxygen consump- 

tion in cold acclimatized soldiers as compared with that of nonaccli- 

matized controls when both were exposed to a series of standard 
acute cold stresses. He suggested that acclimatization is associated 

with a lowering of the body thermostat to more economical levels. 

Milan et al. (1961) studied antarctic sojourners who spent a 
year at Little America V. The metabolic rates and the thermal res- 

ponses of eight subjects (who served as their own controls), exposed 

nude to 17 G air temperature were measured over the year. Mean 
body and average skin and foot temperatures increased significantly 

over the year, while there was a decrease in heat production to meet 
the same thermal demands since shivering diminished. 

Davis et al. (1961) exposed six male white subjects nude to 

13.5 G air temperature in a cold room 8 hours each day for 31 days 
(excepi. Sunday) in September and October. At the end of this period, 

metabolism remained between 35% and 75% above basal values, but 
shivering decreased. Skin temperatures were unchanged. 

In a similar experiment, Davis et al. (1961) exposed ten male 
o 

white subjects  to  11.8    G lor 31 days in March. At the end of this 
o o 

penal, rectal temperatures had decreased (37.2  Cto36.7   C), skin 
temperatures were unchanged, and although metabolism was un- 
changed, shivering decreased. These authors suggest thattheseare 
indications of non-shivering thermogenesis. 

Adams et al. (1958) and Heberling et al. (1961) have demon- 
strated that elevated skin temperature during cold stress maybe a 

result of an increase in physical fitness. 

Trends 

Although it isdifficull al first glance to generalize about these 

experiments investigating acclimatization and adaplalion, thereare 
certain 1 rends w hich a re appa rent; 
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(1) An   increased   ability   to   draw  upon   body heat stores. 

(2) Vascular changes in the hands and feet in order to maintain 
warmer extremities. 

(3) A diminution of shivering, a moderate cold stress possibly 

related to what Eisner (1960) has termed "habituation." 

(4) A transient elevation of the BMR, resulting from an ability 

to shiver while sleeping. 

Native peoples investigated are either naked or thinly clad 

exposed to moderatecold—the Australians, Bushmen, and Alacalufs, 
or heavily clothed exposed to extreme cold—Lapps, Eskimos, and 

Arctic Athapascans. 

These cold adapted peoples show; 

(1) A form of insulative cooling with a decreased tissue con- 
ductance. 

(2) A metabolic sparing with the ability to draw upon body heat 
stores. 

(3) An elevated basal metabolic rale. 

(4) A decreased perception of cold sensation. 

(5) An increased peripheral blood flow. 

This then brings us to a recent stud}' done in collaboration 
with Drs. Hannen and Evonuk. 

:■;.% 
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A COMPARATIVE STUDY OF THERMOREGULATION 

IN ESKIMOS, INDIANS, AND U. S. SOLDIERS 

Subjects 

The subjects for these experiments were six American white 
soldiers, six Alaskan Eskimos, and six Athapascan Indians. Their 

physical characteristics are presented in Table I. 

C oId_ Exposure 

The soldiers had been in Alaska less than ten days, had arrived 

from training camps in the southern states and, except subject 1, 
were all born in the Southern U. S. Their previous cold exposure 

was very negligible. 

The Eskimos came from the isolated village of Anaktuvuk Pass 

in the Brooks Range and earned their livelihood by hunting and trap- 

ping land animals. They pursue a relatively vigorous existence in a 
cold climate. 

The Indians came from the village of Tetlin, Alaska, on the 

Upper Tanana River. Tins is a region of climatic extremes and the 

lowest winter temperature in North America has been reported 
from this general area. Aboriginally these people were nomadic 

hunters; presently they are engaged in trapping and wood cutting, 
receive guvernmenlal subsidies, and are not as active in the cold 
as formerly. 

Methcxb 

These experiments v*. ere conducted in \o\ ember, December, :md 

Januaiy. Kour and five days alterthey had a rrived :i| the laboniiors 

and had been subsist mg on a hospita 1 eafete na diet, duplicate nieas- 

uienienlt,  nl   li;ia;il   inctaliolic  rail'.-, were made on 'he Kskimoi, :ind 
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Total 

Wt. Ht. S.A.        Sklnfold 

m                mm 
% % Loan Body Wt 

SubJ Age kg cm Adiposity Fat kg 

Soldlers 

G. 24 65.8 177.8 1.82               58 23 14 50.7 

K. 24 75.4 179.0 1.93               51 22 14 58.9 

F. 21 77.3 183.0 2.00              49 22 14 60.3 

R. 24 64.3 176.0 1.79               43 21 13 50.8 

L. 24 78.4 178.8 1.96               50 22 14 61.2 

B. 26 93.2 180.4 2.15             172 41 25 55.0 

Indians 

A. 18 52.7 169.4 1.59 17 13 8 45.9 

M. IS 55.1 168.3 1.62 37 19 12 44.7 

J. 19 65.0 174.0 1.79 24 15 9 55.3 

T. 19 70.0 171.4 1.82 35 19 12 56.8 

D. 36 70.9 175.2 IM 53 23 14 54.6 

J. 28 79.3 171.5 1.92 

Eskimos 

90 30 19 55.5 

K. 25 55.9 159.0 1.56 19 13 7.5 48.7 

A. 29 62.1 166.5 1.68 27 16 9.9 52.2 

P. 23 61.9 161.0 1.65 13 11 6.8 53.9 

M. 19 64.1 164.9 1.70 6 5 3.1 60.9 

K. 29 68.7 172.6 1.82 9 9 5.5 62.5 

A. 23 64.3 175.2 1.78 12 11 6.8 57.2 

Table I. Physical CharactrrisUcs of Subjects. 

;>> 
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Indiana. The subjects were in a basal state, and the measurements 

were made on the subjects in their own beds immediately after they 

had been awakened. 

The subjects exhaled through a rubber mouth piece, a one way 

plastic valve, and a short length of rubber hose into the portable 

Muller-Franz respirometer described by Lehman (1953), and 

Montoge et al. (1958). Aliquot samples of expired air, which were 
about 0.3% of the total volume, were passed through Alcoa Alumina 

desiccant in a 50 cc glass syringe into a Model C Beckman Oxygen 
Analyzer. Expired air volumes at BTPS were reduced to STPD. 

Heat production was calculated from the following expression by the 

method proposed by Weir (1949): 

V^ X  (1.046 - 0.05% O E)    X 60 
2         E                                        2 

kcal/hr/m    =  ,  
S. A. 

where; 

V     = minute volume of expired air 
E 

%0 E = % oxygen in expired air 

b. A. = surface area in m 

Bath calorimeter. The thermoregulated recirculating water bath 
calorimeter constructed and previously described by Carlson (1961) 
was utilized. It was similar to that used by Burton (1936). The bath 

contained 396 Liters of water, and its temperature could be regulated 
o 

within ±0.1    C. The bath was installed in a room where the room air 
o 

temperature could be controlled withinil.O   C. Water temperatures 
o o o 

selected  were 35    C,  33     C  and  30.5    C, and room temperatures 
o 

were maintained about 14    C lower to insure a constant rate of heat 

loss. Water and room temperatures were allowed to stabilize for 12 
hours. The average amount of electrical energy required to main- 

tain  the water temperature   in  the calorimeter was measured at ti 

359 



MILAN 

minute  intervals.  The  factor  0.86  was used to convert watts to 

kcal/hr (Handbook of Chemistry and Physics). 

The subject reclined in the bath with all except his face im- 

mersed in water. The subject's total heat loss was determined with 
a correction applied equal to the caloric equivalent of the water 

displaced by the subject. Total immersion time was one hour. Al- 

though heat production did not equal heat loss during this hour and 
true steady state conditions were not achieved, rates of change were 

constant during the last 30 minutes, and thesedata were used. This 
period is what Burton (1939) has termed a "dynamic steady state." 

Heat production. Heat production was continuously monitored by 
the respirometer-oxygen analyzer combination utilized to measure 
basal metabolic rates. 

Rectal temperature. An indwellingcatheter type thermistor was 
inserted 10 cm into the rectum and secured to the buttock by water- 

proof tape. Temperatures were measured on a Yellow Springs 

Instrument Co. Telethermometer and recorded on the strip chart 
of an Esterline Angus Recorder. 

Calculation. The Laws of Heat Transfer by Thermal Conduction 
have been summarized by Hardy (1949) and are analogous to Ohm's 
Law f >]■ electrical circuits. The fundamental equation forheat con- 
duction in the steady state is; 

H KA(T    - T )  X t, gm cal 
I) 2 I b 

wnere; 

11.    - quantity of heal cunductod 

K      =  the rmal conductivity, a n instant 

-   a i r:i . i| cnnductiIU', su rl nces 
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T    and T    = temperatures of the warm and cool surfaces 
2 1 

1, = time 

d = thickness of the conductor 

It follows that tissue insulation may be determined from the 

equation; 

K   - 
i 

('W 
H 

where; 

o    , /   2 / 
K,  = tissue Insulation   C/kcal/m /hr 

T    = average rectal temperature 

T     = water temperature 
w 

2 
H    = heat loss (kcal/m /hr) measured over 30 minutes 

For these calculations it is assumed that skin temperature is 

equal to water temperature and that regional gradients over the 

body have been obliterated. Although this assumption disregards 
the temperature of the boundary layer between the skin-water inter- 
face, the assumption has precedents (Carlson et al., 1958; Covino, 

1960). 

Determination of Body Fat 

The skm fold calipers described by Best (1953) were used to 

nu;asure the thickness of ten double folds of skin and subcutaneous 
tat at the sites recommended by Allen et al. (1956). Percentage of 

adiposity was determined from the totalskinfold thickness minus 40 

nun (the thickness of ten double folds of skm) accoixling to Allen's 
formula. Peiventage of adiposity was multiplied by 0.62 which 
eorreeted  toi' water  m  adipose  tissue  (Hrozek et al., 1954). 

■■a.. 
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Statistical Treatment 

These data were analyzed in a single classification analysis of 

variance. 

s 

RESULTS 

Basal metabolic rates. Average basal metabolic rates and 

standard deviations were 47.6 ± 4.41 and 45.4 ± 4.91 kcal/m /hr 

for the Eskimos and 42.7 ± 1.70 and 42.2 ± 3.92 kcal/m /hr for 
the Indians. The basal metabolic rates of the soldiers were not 

measured. Lewis et al. (1961) have reported a mean value of 
37.4 ± 3.66 kcal/m'/hr for 349 measurements on 29 British men 

with an average age of 29 years. This figure is close to the average 

metabolism of the soldiers in the 35 Cbath. Each hour the Eskimos 
produced about 8 to 10 kcal and the Indians about 5 kcal more than 

the soldiers when surface area was used as the metabolic reference 
standa rd. 

Galorimetric studies. A sumnuiry of the data showing the 
manner in which the three groups are similar or differ, and the 

level of significances attached to these differences is shown in 

Table 2. It is of more than passing interest that although there 
were no differences in the tail of rectal temperatures, the Eskimo 
group, m general, produced and lost the greatest amount of heat 
m the water baths at all temperatures. 

Tlie relation between an index of "effective thermal eonduct- 
ivity" and the physiological temperature gradient across which the 

energy is transferred is shown graphically for all subjects in 
Figure 1. i'he relation between Irssue insulation, aetua ll\ the recip- 
rocal oi eonduetn ity, and the lemperalure gradient is shown m 
Ki.-ure 2. 

m' 
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35    C  BATH 

SOLDIERS INDIANS ESKIMOS E vs I        I vs S        E vs S 

M 36.9 42.8 50.3 <.02 <.05 <.001 

I, 51 47 73 <.O01 >.10 <.001 

AT 
r 

-0.21 -0.38 -0.32 >.05 >.05 >^5 

K. 
i 

.029 .032 .021 <.001 <.05 <.001 

33° C BATH 

M 39.4 50.9 54.7 >.10 <.01 <.01 

L 66 62 86 <.001 >.50 <.01 

AT 
r 

-0.46 -0.67 -0.56 >.05 >.05 ^.0 5 

K, 
i 

.052 .053 .038 <.001 >.50 <.001 

30.5    C  BATH 

M 48.1 52.8 62.8 

L 86 75 94 

AT 
r 

-0.7 -0.9 -1.1 

K. .071 .0 68 .057 
.___ .   ..   ._....__..  

>.10 

<.001 

^.0 5 

<.001 

>.50 

<.05 

>.05 

<^5 

>.0 5 

>.05 >.05 

<.001 

Table  II.  Average  values  of  metabolisni  (M) and heat loss (L) in kcal, m    hr, 
o ' o    . a,, 

fall  m   rectal  temperature (AT ) in    C and tissue insulation (K) in    C  kcal, m  /hr 
for   the   three   groups   at   the  three  bath   temperatures.  I1  \a lues show the levels of 
sit;iiilioanre which can be attached to the between ^roup differences. 

libii 
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In Figure 3 is shown the relation between tissue insulation 
and the three bath temperatures. At all temperatures the Eskimos 
have significantly lower tissue insulations than the other groups. 
The Indians and soldiers are similar to each other and indistinguish- 

able at 33 G. The three extrapolated curves intercept at about 

36.5 G and at this bath temperature, under the conditions of this 
study, tissue insulation would presumably equal zero. 

Percent body fat. The mean values for percent fat in the 

Eskimos, soldiers, and Indians were 6.6, 15.6 and 12.3. Although 

the Indians and soldiers were not significantly different from each 
other, the Eskimos were considerably leaner in body build. Coeffi- 
cients of the regression line of tissue insulation versus percent 

body fat were 0.847, 0.309 and 0.657 at 35° C, 33° C and 30.5° C 
respectively. An analysis of covariance was then undertaken in 
which tissue insulations were adjusted for their regressions on per- O 5 1 
cent body fat. At 35 C there were no differences between groups. 
At 33 G the differences were significant at the .0 5 level. At 30.5 G 

the differences were significant at the .01 level. 

DISCUSSION 

These experiments show that there are differences in total 

body heat loss and heat production between a sample of Eskimos, 
Indians, and soldiers immersed in temperature regulated baths. 

Although rates of heal loss and production were unchanging: durine 
the 30 minute period of measurement, the most serious criticism 
of the results of this experiment concerns non-steady state condi- 
tions, for rectal temperatures were falling. 

It should  be noted  that  there were no inter-group differences 
m  ihr fall of rectal temperatures despite considerable differences 

o 
m   heat   joss  and  production.  In  the 33    G hath the differences in 

36 6 
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total heut loss and production between the soldiers and the Eskimos 

were highly significant. The first law of thermodynamics allows us 
to say that M ± D = H where M = metabolism, D = heat debt, and H = 
the combined losses of heat through conduction, connection, radia- 

tion, and evaporation (Carlson, 1954). We can assume that about 8% 
o 

of M is evaporative heat loss. In the 33    G bath, then, Eskimo and 
soldier average metabolisms are 54.7 and 39.4 kcal/m /hr. By 

subtracting 8% of these values we see that the Eskimos have 50 kcal/ 
m /hr and the soldiers 36 kcal/m /hr available to lose to the 

colder bath water without incurring a heat debt. They lost 86 and 

66 kcal/m /hr, a difference of 20 kcal, and incurred body heat 
debts at the same rates. The differences between heat produced and 

total heat loss is then 36 kcal for the Eskimos and 30 kcal for the 

soldiers. The Eskimos are characterized by a greater energy flux 
through the system (a system which can be described as an iso- 
thermal energy converter). In addition a greater mass of the Eskimo 

peripheral tissue participates in this cooling, it is tempting to con- 

clude that  the Eskimos have smaller "cores" and larger "shells." 

Others (Carlson et al., 1958; Pugh et al., 1960; Cannon et al., 
1960) have shown that subcutaneous fat is of considerable impor- 

tance in reducing heat loss in cold water. Hatfield et al. (19 51) 
have  reoorted that the thermal insulation of 1 cm of fat is 
kcal/cmVsec. The   experiments   of  Cannon   et   al.  (1960)  showed 
that  fat  men  achieved  a  higher maximum tissue insulation in cold 
water   than   thin   men.  Carlson  et al.  (1958)  have reported tissue 

o      , /   2 , 0     / 
insulations  that   range between 0.10    C/kcal/m  /hr and 0.40    C/ 
kcal/ in  , hr. Carlson's values a re considerably higher than the tissue 
insulations reported here and are probably more nearly correct for 
stead}' slate conditions above the critical temperature. 



^m^^^moMmeaamm^a^ 

HUMAN RACIAL ]iESPONSES 

LlTERATUIiE CITED 

1. Adams, T. and B. Covino. 1958. Racial variations to a standard 

cold stress. J. Appl. Physioi. 12:9. 

2. Allen, T.  H., M. T.   Peng,  K. P. Chen, T. F. Haung, C. Chang 
and H. S. Fang. 1956. Predictionof total adiposity from skin- 
folds and the curvilinear relationship between external and 

internal adiposity. Metabolism. 5:346. 

3. Andersen, K, L., Y. Loyning, J. D.Nelms, O. Wilson, R. H. Fox 
and A. Bolstad. 1960. Metabolic and thermal responses to 

moderate cold exposure in nomadic Lapps. J. Appl. Physioi. 

15:649. 

4. Andersen,  K. L., A. Bolstad, Y. Loyning and L. Irving. 1960. 
Physical fitness of arctic Indians. J. Appl. Physioi. 15:654. 

5. Best,   W.   H.  1954. An  improved caliper for measurement of 
skinfold thickness. J. Lab. and Glin. Med. 43:967. 

6. Brown, G. M. and J. Page. 1952. The effect of chronic exposure 

to cold on temperature and blood flow of the hand. J. Appl. 
Physioi. 5:221. 

7. Brown, G.  M.,  J.  D.  Hatcher and J. Page. 1953. Temperature 
and blood flow in the forearm of the Kskimo, J. Appl. Physioi. 
5:410. 

H. Brown, G. M., G. S. Bird, L. M. Boag, 1). J. Delahaye, J. E. 

Green, J. 1). Hatcher, and J. Page. 1954. Blood volume and 

basal   metabolic   rate   of   Kskmios.   Metabolism.  3:247. 

9. Brozek, J., J. V. Brock, F. Fidaya and A. Keys. 1954. A skin- 
fold caliper estimation oj luxh fat and nutritional status, 
bed. Proc.  i:;;J9. 

:iti9 



^■BW^B^^^HMHMi 

MILAN 

10. Burton, A. C. and H. C. Bazett.  1936. A study of the average 
temperature of the tissues of the exchanges of heat and 

vasomotor responses in man by means of a bath calori- 

meter. Am. J. Physiol, 117:36. 

11. Burton, A. C. 1939. The properties of the steady state com- 
pared to those of equilibrium as shown in characteristic 

biological behavior. Cell, and Comp. Physiol. 117:36. 

12. Burton, A. C. and 0. G. Edholm. 1955. Man in a cold environ- 
ment. Arnold, London. 

13. Carlson, L. Ü. 1954. Maninacold environment. AAL, APO 731, 

Seattle. 

14. Carlson, L. D., A. C. L. Hsieh.F. Fullington and R. W. Eisner. 

1958. Immersion in cold water and body tissue insulation. 
J. Aviation Med. 29:145. 

15. Carlson,   L,   D.,   A.   Kawahata,   K.   Miller and R. W. Eisner. 

19 59. Internal heat of the body. Fed. Proc. 18:23. 

16. Carlson,  L.  D.  and  H.  L.  Thursh.  I960. Human acclimatiza- 

tion to cold. AAL TR 59-18, APO 731, Seattle. 

17. Cannon,  P. and  W. R.  Keatmge. I960. The metabolic rate and 

heat loss of fat and thin men in heat balance in cold and 
warm water. J. Physiol. 154:329. 

18. Coffey, M. F. 1954. A comparative study of young Eskimo and 
Indian males with acclimatized while males. Transactions 
Third Conference on Cold Injury, Jos. Mac}' Foundation, 
N. Y. 

19. Collins,  11.  H. 1954.  rune depth of American linguistic group- 
ings. American Anthropologist. 

20. Covino,   B.   C.   1961.    remperalure   regulation  in  the Alaskan 
Kskimo. Bed. Proc. 20:209. 

370 



HUMAN RACIAL RESPONSES 

21. Davis, T. R. A., D. R. Johnston and F. C. Bell. 1960. Seasonal, 
acclimatization to cold in man. U.S.A. Med. Res. Lab. Rep. 

No. 386, Ft. Knox. 

22. Davis, T. R. A. 1961. Experimentalcokl acclimatization in man. 

U.S.A. Med. Res. Lab. Rep. No. 457, Ft. Knox. 

23. Downie, N. M. and R.W. Heath. 1959. Basic Statistical Methods. 

Harper, N. Y. 

24. Eisner,   R.   W.   1960. Changes in peripheral circulation with 

exercise training. AAL TR-59-16, APO 731, Seattle. 

25. Eisner,    R.   W.,   K.   L.   Andersen   and   L. Hermansen. 1960. 
Thermaland metabolic responses of arctic Indians to moder- 

ate cold. J. Appl. Phvsiol. 15:659. 

26. Eisner, R. W., J. D. Nelms and L. Irving. I960. Circulation of 

heat to the hands of arctic Indians. J. Appl. Physiol. 15:662. 

27. Giddings, J. L. 1960. The archaeology of Bering Strait. Current 

Anthropology. 1:2. 

28. Glaser, E. M., M. S. Hall and G. C. Whittow. 1959. Habituation 

to heating and cooling of the same hand. J. Physiol. 146:152. 

29. Goldby,   F.,   C S. Hicks, W. J. O'Connor and D. A. Sinclair. 
1938. A comparison of skin temperatures and skin circulation 

of naked whites and Australian aboriginals exposed to similai' 

environmental temperatures, .Australian J. lixp. Biol. and 

Med. Sei. 16:29. 

30. Gottschalk, G. W. and D.S. Riggs. 1952. Protein-bound iodine 

m the serum ol soldiers and of Eskimos in the Arctic. J. 
Clin. Kndocrin. and Metal). 2:235. 

11. Hammel, H. T., R. W. LHsner, I). H. LeMessurier, H. T. 
Andersen and F, A, Milan. 1959. Thermal ;ind metahulu: 

responses of the Australian aborigine exposed in moder:'li! 
cold in summer. J. -Appl. Physiol. 14:605. 



MILAN 

32. Hammel, A. T.  i960. Thermal and metabolic responses of the 

Alacaluf  Indians   to   moderate cold exposure. W. A. D. D. 

Rep. 60-633, Wright Patterson AFB. 

33. Hardy, J. D. 1949. Heat transfer. In Newburgh, L. H. Physio- 

logy of Heat Regulation and the Science of Clothing. Saunders, 
Philadelphia. 

34. Hardy, J. D.  1961. The physiology of temperature regulation. 

Physiol. Rev. 41:521. 

35. Hatfield, H. S. and L. G. C. Pugh. 1951. Thermal conductivity 

of human fat and muscle. Nature. 168:133. 

36. Hicks,   C.   S.   1931,   33,   34, 38a. In Carlson, L. D. and H. L. 

Thursh. 1960. Human acclimatization to cold. A selected, 

annotated bibliography of the concepts of adaptation and 

acclimatization as studied in man. AAL TR 59-18, APO 731, 
Seattle. 

37. Hygaard, A. 1941. Studies on the nutrition and physio-pathology 

of Eskimos. Det Norske Videnskaps Akademi, Sk. No. 9, 
Oslo. 

38. lampietro,   P.   F.,   R.   F.   Goldman,   E. R. Buskirk and D. E. 

Bass. 1959. Responses of negro and white males to cold. 
J. Appl. Physiol. 14:798. 

39. Irving,   L.,   K. L. Andersen, A. Bolstad, R. W. Eisner, J. A. 

Hildes, Y. Loyning, J. D. Nelms, L. J. Peyton, and R. 0. 
Whaley. 1960. Metabolism and temperature of arctic Indian 

men during a cold night. J. Appl. Physiol. 15:635. 

40. Kawahata, A. and T.  Adams.  1961. Racial variations in sweat 

gland distribution. Proc. Soc. Exper. Bioi. and Mcd. 106:862. 

41.   Keeton,   R. W.,  E. H. Lambert, N. Glickman, H. H. Mitchell, 
J.   H.   Labt   and M.  K.  Fahnestock.  1946.  The tolerance of 

man   to   cold  as  affected  by dietary  modifications; protein 



HUMAN RACIAL HESPONSES 

vei'sus carbohydrates, as the effects of variable [jrotoctm; 

clothing. Am. J. Physiol. 146:66. 

42. Krogh, A. and M. Krogh. 1913. A Study of the Diet and Meta- 

bolism of Eskimos. Bianco Luno, Copenhagen. 

43. Larsen,   H.   and J. Meldgaard. 1958. Paleo-Eskimo cultures 
in  Disko  Bugt,   West Greenland.   Medd.   om  Gron. 161:2, 

Copenhagen. 

44. Laughlin,   W,   S,   and   G.   H,   Marsh.   1951. A new view of the 

history of the Aleutians. Arctic. 3:175. 

45. LeBlanc,   J.   19 56.   Evidence and meaning of acclimatization 
to cold in man. J, Appl. Physiol. 9:395. 

46. Lehman,   G.   Praktische   Arbeitsphysiologie.   Georg Thieme 
Verlag. 

47. Lewis, H. E., J. P. Masterton and S. Rosenbaum. 1961. Sta- 

bility of basal metabolic rate on a polar expedition. J. 

Appl. Physiol. 16:397. 

48. MacHattie,   L.,   P.    Raab   and   D.   W.   Renme. 1960. Eskimo 
metabolism as measured by the technique of 24-hour in- 

direct calorimetry and graphic analysis. AAL TR 60-43, 
APO 731, Seattle. 

49. Meehan,   J. P.,   A. Stoll and J. Hardy. 1954. Cutaneous pain 
threshold in the Alaskan Indian and Eskimo. J. Appl. Physiol, 

6:397. 

50. Meehan, J. P. 1955. Body heal production and surface tempera- 

tures in response to a cold stimulus. AAL Proj. 7-7951. 
Hep. No. 2, APO 731, Seattle. 

31. Meehan, J. P. 1955. Individual and racial variations in a vascu- 

lar   response   to   a   cold   stimulus.   Military  Mod.   116:330. 



MILAN 

52. Milan,   F. A, I960. Swedish Lappland: A brief description of 
the  dwellings   and winter living techniques of the Swedish 

Mountain Lapps. AAL TR 60-7, APO 731, Seattle. 

53. Milan, F. A., R. W. Eisner and K. Kodahl. 1961. Thermal and 

metabolic responses of men in the Antarctic to a standard 
cold stress. J. Appl. Physiol. 16:401. 

54. Montoya,  H. J., W. D. vanHuss, E, P. Reineke and J. Cockreii. 
1958.   An   investigation   of  the   Mi Her-Franz   calorimeter. 

Arbeite physiol. 17:28. 

55. Morrison, P. R. 1957. Body temperatures in aboriginals. Fed. 
Proc. 16:90. 

56. Page,   J. and G. M. Brown.  1953. Effect of heating and cool- 

ing the legs on hand and forearm blood flow in the Eskimo. 
J. Appl. Physiol. 5:753. 

57. Pecora, J. S. 1948. Cold pressor test in the study of acclima- 

tization   to  cold.   AAL   Rep. 21-01-005, APO 731, Seattle. 

58. Prosser, C. L.  1959. The  "origin" after a century: prospects 
for the future. American Scientist. 47:536. 

59. Pugh,   L. G. C, Ü. G.  Edholm,  R. H. Fox, H. S. Wolff, G. R. 

Hervey, W. H. Hammond, J. M. Tanner and R. H. Whitehouse. 
I960. A physiological study of channel swimming. Clin. Sei. 

19:257. 

GO. Hemm,', I), and T. Adams. 1957. Comparative the r mo regulatory 
responses of negros and white persons to acute cold stress. 
J. Appl. Physiol. 11:201. 

61. Rodahl, K. J. 1952. Basal metabolism of the Eskimo. Nutrition. 

48:359. 

62. Rodahl,   K.  and  G. Bang. 1956. Endemic goiter in .Alaska. AAL 
TN 56-9, ARO 731, Seattle. 

374 



HUMAN RACIAL RESPONSES 

63. Rodahl, K. and G. Bang. 1957. Thyroid activity in men exposed 

to cold. AAL TR 57-36, APO 731, Seattle. 

64. Rodahl, K. and D. Rennie.  1957. Comparative sweat rates of 

Eskimos and Caucasians under controlled conditions. AAL 

TR Proj. 8-7951, No. 7, APO 731, Seattle. 

65. Scholander, P. F.,  K. L. Andersen, J. Krog, F. V. Lorentzen 
and J. Steen. 1957. Critical temperature in Lapps. J. Appl. 

Physiol. 10:231. 

66. Scholander,   P.   F.,   H.   T.   Hammel,   K.   L. Andersen and Y. 
Loyning.   1958.   Metabolic   acclimation   to   cold in man. J. 

Appl. Physiol. 12;1. 

67. Scholander, P. F., H. T. Hammel, J.S. Hart, D. H. LeMessurier 

and J. Steen. 1958. Gold adaptation in Australian aborigines. 

J. Appl. Physiol. 13:219. 

68. Simpson,   G.   G.,   C.   Pittendrigh   and   L. Tiffany. 1957. Life. 

N. Y., Harcourt Brace. 

69. Tobias,   P.   V. 1961. Physique of a desert folk. Natural Hist. 
LXX:17. 

70. Ward,  J. S., G. A. Bredeil and H. G. Wenzel. 1960. Responses 
of   Bushmen   and   Europeans   on   exposure   to   winter night 

temperatures   In   the   Kalahari.   J.   Appl.   Physiol.   15:667. 

71. Washburn, S. L.  I960. Tools  and human evolution. Scientific 
American. 3:63. 

72. Weir, J. B. V. 1949. New methods for calculating metabolic 
rate with special reference to protein metabolism. J. 
Physiol. 109:1. 



MILAN 

DISCUSSION 

ADAMS; Would your metabolic rates measured in the bath 
calorimeter compare with those measured under basal conditions? 

MILAN: I would say they would be about the same. 

HANNON: Were your basal metabolic rates measured under bed 

rest conditions? 

MILAN; Yes, and I think, as pointed out by Henderson in 1926, 
that there is a relationship between basal metabolic activity and 
the circulation. Thus, if youhave a slightly higher basal metabolism, 

the energy flux is somewhat different, since if you subscribe to the 
view of Hardy (1961) the hypothalamus regulates for temperature, 
not energy flux. 

KLEIBER: I notice that there is a discrepancy from data pub- 
lished by Swift,* who reported that his college students began shiver- 

ing when their skin temperatures went down to 90 F. But now the 
newer data seem to indicate that practically all human beings have 
much higher skin temperatures at a critical Level than the level at 

which the metabolic temperature regulation starts. Is there an ans- 
wer to this discrepancy? 

MILAN; I do not know. 

ADAMS; I might offer one suggestion; the method of taking the 

average skin temperature makes quite a difference, if this measure- 

ment was calculated in such a way as to give proportionalities to 
each site different from conventional standards. 

'.VAil', K. U,     ].i:.2.   I'll.-  i-ll'vt  of  low cm. inmnirnlal U.'mprr.iturc upon mcl.i- 

'.-oiii.   !,',  Tin-   .•.;,I.-;II ■■  o!  hh:vrnii^,  MiljcuUim-oub   l^t, :imi skin trmprrUuiv m 
h.  it pi »l'i- •.:'i!l. ,J. Viir. .,;.?. 
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KLEIBER: I was tempted to conclude that these college students 

had a non-shivering metabolic increase, but this is a dangerous 

conclusion. 

JOHANSEN; I was thinking of the rather profound seasonal 

changes in BMR that Yoshimura has reported for his Japanese sub- 
jects. Is this not out of proportion with what has been found in other 

populations? 

MILAN; Yes. Professor Yoshimura said, when he was here, 

that he tried to do his studies under strict basal conditions, and 
I think the Japanese spend more time and efforts on their measure- 

ments of basal metabolism than we do. 

PROSSER; Would you conclude that these higher BMRs in the 

Eskimos are not related to specific dynamic action' '? 

MILAN: I should hesitate to conclude anything. I know only that 
the experiments of Rodahl (1952) indicated that the high Eskimo 

BMR was related to the high protein diet and possibly the specific 

dynamic action of this diet. However, the recent experiments of 
MacHattie et al. (1960) which investigated the 24 hour metabolism 
of the Anaktuvuk Eskimos seem to indicate otherwise. Heat produc- 
tion and the energy fraction contributed by catabolism of carbohy- 

drate, fat and protein were determined by indirect calorimetry and 

measurements of urinary nitrogen. They reported no correlation 
between the rate of night metabolism and the amount of protein or 

fat fuel energy fraction and suggested that other factors than specific 
dynamic action were involved as the cause of the elevated resting 
metabolism of these people. 

HANNÜN: In your particular experiments the BMRs a re meas- 
ured after 5 days on a hospitaldiet.Therefore if ihv elevated meta- 
bolic rate is due to a specific dynamic aetion il would seem to have 
lasted over a period ol 5 days. 

HART: 1 wanted to ask about this, too, because we had some 

occasion from our Kskimo studies at Pangnirtung to sec long Last- 
ing effects even on some people who are living on a while man's did 
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lor 4 or 5 days. They still had a 25% elevation in heat production. 
Is there any explanation for this? I do not understand how dynamic 

action can last so long. 

EAGAN: Yoshimura, lida and Koishi (1952)* have shown that 
when the protein fraction in thediet is inci'eased there is an increase 

in BMR which persists for several days after the protein intake is 
reduced to normal. This result was obtained by merely doubling the 

protein  intake from a normal 75 grams to 150 grams per day. 

MORRISON: What is the implication of this? Are the amino acids 
stored away and then use*! gradually? Would the high protein diet 

encourage their storage? 

HANNON: There is a very confusing picture with respect to the 
mechanism of specific dynamic action. We attempted to get at this 
one time by infusing an animal intravenously with amino acids to 

sec: how they affected his metabolism. Nothing happened, so we dis- 
continued the experiments. 

MORRISON: Nothing happened? Are there not reports in litera- 
ture showing that infused amino acids give a normal specific dyna- 
mic action',' 

HANNON: This was intravenous infusion where two different 

amino acids--glycine and glutamate--were tested. Neither caused 
:|iiy increase in the metabolic rate It is interesting that you do 

gel the specific dynamic action when the animal eats protein. This 
migiu suggest thai the mechanism of SI)A ma}'have something to 
do with gut absorption: I do not  really know. 

AD VMS; Tins incline on the SI).A effect ofglycinc is really con- 
lused.   Dr.   Carlson   tried   [ceding glycine  and   noted   a subsequent 

' 'i ■ 'oil. nm : ;,   II.,   f.   |;ib    mil   H. Kui^hi. l'J52. Studies on the rcik'tinly of skin 

..-   '■    ■ M :■ :ii.    i-util. Pu-I  III. Kllect.-. ot ilirt.s on the nMctiv;t> of skin vrsscla 
ii    .1 ili   .1. l'tr.....i;. j:. in ... if,. 
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increase in metabolic rate, if I remember correctly. In similar 

experiments we did not see anything in Caucasian soldiers. In a 
racial study of Eskimos from Anaktuvuk Pass a few years ago we 

observed a maintenance of the raised metabolic rate even after 
living for 2 weeks on Ladd Air Force Base and eating in the hospi- 

tal. The problem of course is they were on an ad libitum diet and 
we had no idea of the proportions of the various foods that they 
selected for their meals or the supplemental foods they may have 

eaten in town. However there was no apparent change in metabolic 
rate   from   when   they  first brought them down to when they left. 

HANNÜN: It has been my observation, from watching them in 

the hospital cafeteria line, that they avoid salads and green vege- 
tables. They like potatoes and meat, so they may not be changing 

the nature of their diet as much as you might anticipate. 

HART: Dr. J. A. Hildes (University of Manitoba) and I meas- 

ured the metabolic rate of Coppermine Eskimos who had been 
hospitalized at Edmonton, Alta., for several months. We meas- 

ured the metabolic rate of Coppermine Eskimos who had been 
hospitalized at Edmonton, Alta., for several months. We meas- 

ured metabolism all night in the sleeping situation and found that 
it was identical to that specified by the DuBois standards corres- 

ponding to the weight and height of these men. There did not seem 
to be any long term elevation of BMR after they had been living 
under white man's conditions. 

HANNÜN:   Are  these  ambulatory  patients or bed  patients? 

HAUT: They were hospitalized, but there were no active 
tuberculosis among Lhe test subjects. They had been suffering 

various    ailments,    but    nothing   of   a   severe   metabolic   nature. 

ADAMS: How long had they been down'/ 

HART:  This varied a great deal. 

IRVING:   Some    ul   them   were   chronic,   almost   permanent? 

HAUT: Ves. Ulherb were there tor sev eral moiilhs. 
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ADAMS: It might be important to notice the proportional 
adjustment of their diet. 

HART:  These   men  were  eating a normal white man's diet. 

HANNON: Your controls were in the same place? 

HART: There were no controls in this case. It was just the 
Eskimo compared to DuBois standards. 

ADAMS: I do not feel, as Dr. Rodahl pointed out in the recent 

reviews, that anxiety plays too much of a role in these basal meta- 

bolic rates. In repeated examinations you would expect the effects 
of anxiety to be reflected by a successive reduction in the meta- 

bolic rate. Thus it may have an effect in one or two measurements, 
but not after a series. 

HART: That is my impression. 

MILAN: Dr. Hannon, there has been considerable interest in 
the vascular responses of people who have been acclimatized or 

habituated to a cold bath, and Dr. Eagan has some information that 
was obtained on the subjects we had here last winter. I wonder, since 

we have some time left, if he might present some of the data he 

obtained. 

HANNON: All right. 
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LOCAL COLD ADAPTATION AND HABITUATION 

C. J. Eagan 

When experiments are done on any animal that is conscious of 

its environment, the role of the higher nervous centers in modifying 
physiological responses cannot be ignored.Bernard (1865)* in "An 

introduction tothestudyof experimentalmedicine"(1927) has stated: 

no animal is ever absolutely comparable with another— 
neither is the same animal comparable with himself at 
different times when we examine him, whether because 

he is in different conditions, or because his organism 
has grown less sensitive, by getting used to the substance 
given him or to the operation to which he is subjected. 

Davis (1934)** described modifications in tne galvanic reflex as 

a result of daily repetition of a stimulus. Other examples could be 

cited. A progressive reduction in response to a repeated stimulus 
has been termed "habituation" by Glaser and Whitlow (19 53)***. 
"Habituation" is defined as "the process of forming into a habit or 

accustoming" and it is implied that "it depends on the mind, that it 
is reversible, and that it may involve the diminution of normal 

responses or sensations" (Glaser, Hall, and Whittow, 1959****). 

This is a typeof adaptation. Where the habituation is character- 
ized by a reduction in response to a cold stimulus, then it is a "cold 
adaptation." In man it may be the most common type of cold adapta- 
tion which occurs. 

I propose that there are two types of habituation, specific and 
general.  "Specific habituation" is specific to the repeated stimulus 

♦Bernard, C. 1865. An introduction to the study of experimental medicine. 
Henry Sehuman, Inc. 19 27. 226 pp. 

♦♦Davis,   H.   C.   1934.   Modifications  of the galvanic   reflex by daily repetition 
of a stimulus. J. Exp. Psychol. 17:50 4-535. 

♦♦♦Glaser,  I-:. M. and G. C. Whittow. 1953. Evidence for a non-specific mechan- 
ism of habituation. J. Physiol. 122:43P. 

'♦•Glaser,   K.   M.,   M. S.  Hall,  and G. C. Whittow. 1959. Habituation to heating 
uind cooling of the same hand. J. Physiol, 146:152- 164. 
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and specific to the part of the body which is repeatedly stimulated. 

"General habituation" might be explained as a change in the psycho- 
logical "set" of the subject relevant to the conditions of experimen- 
tation so that he is no longer apprehensive, either consciously or 

unconsciously, at the time of the test. 

These two types of habituation can develop simultaneously. 

Both depend upon a change in the manner in which the central ner- 

vous system interprets its afferent impulses. Both involve a pro- 
gressive diminution in response to a repeated stimulus. Where the 

stimulus is the application of severe cold, specific and general 
habituation are manifested by reduced pain sensation and by 

reduced vasoconstrictor activity, respectively. 

Both types of habituation as well as a local vascular adapta- 
tion were demonstrated in experiments done at the Arctic Aero- 
medical Laboratory (Eagan, 1960a*, 1960b**, 1961***). In all 

experiments, regimens of unilateral cold exposure ("test" side 
only) followed by simultaneous bilateral comparison ("test" vs. 
"control") were used in investigations of local tissue cold adapta- 
tion in the fingers of man. A summary of these experiments follows. 

Chronic hand cooling of malerate intensity (12 hours per 
day   with   finger   temperature   between   10     C   and   15    C for ten 

♦Eagan,   C.   J.   1960a,   Topical   adaptations   to cold   in the extremities. Proc. 

XI Alaskan Sei. Conf. pp. 184-185. 

♦♦Ka^aji, C. J. 1900b. Unilateral cold adaptation lo recurrent ice water immer- 

sion. Physiologist, 0(3) ;51. 

***Eagan, C. J. 1961. Habituation lo recurrent ice water immersion of the finger. 

Physiologist, -4(3) :31. 
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days) resulted in a less intense initial vasoconstriction, less varia- 
bility in digital blood flow and a 17%greater average heat loss, dur- 

ing a 30-minute period of ice-water immersion. Fingers of the test 
hand cooled more slowly than the control fingers during exposure to 
cold air. Pain sensation tended to be less for the test hand, espe- 
cially for the fingers; this type of cold adaptation was termed "spe- 
cific habituation"—specific to the cold stimulus and to the part of 

the body stimulated. 

Pecurrent finger cooling of severe intensity (six 5-minuteice- 

water immersions per day for 17 days) caused a marked, specific 
habituation to cold pain. There was no essential difference between 
the vascular reactions of test and control fingers when they were 

tested in ice water. Prolonged recurrent finger cooling (six 10- 
minute ice-water immersions per day for 125 days) confirmed the 

finding that specific habituation to pain could develop in the absence 
of local vascular cold adaptation. However, the subjects did show 
higher finger temperatures (test and control fingers alike) in ice 
water, compared with other subjects being tested for the first time. 
This was concluded to be a "general habituation" to the conditions 
of the experiment which resulted in less vasoconstrictor outflow to 
fingers in ice water. 

It is considered that the results on general habituation are 

highly relevant to what has been discussed above by Milan. Many 
racial differences in the responses of the extremities to cooling 
have been attributed either explicitly or implicitly to localized 

vascular adaptations. These differences may on the contrary be 
related to the degree of habituation to cold exposure and the 
experimental conditions. Further, the energy state of the subject 
at the time of the lest is not always taken into account. 

A comparison of the responses to finger cooling in four groups 

of subjects is demonstrated in Table III and Figure 4. 

The habituated group consisted of the six USAF airmen who 

had each immersed one middle finger in ice water 750 limes over the 
383 
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HUMAN FACIAL RESPONSES 

Subject           No. of         Energy state of subjects Average 
group           subjects           BMR                Rectal finger 

(kcal/m2/hr)     temp. (0 C) temp. (0C) 

Indian 6 

Habituated 6 

Control 6 

Starvation 6 

42.20±1.60       36.80 ±0.10       8.74 ±0.77 

34.72 ±0.75      36.84 ±0.04       5.93 ± 0.61 

35.35 ± 1.04**  36.77 ± 0.10       3.45 ± 0.77 

30.56 ±1.59       37.09 ±0.05      2.57 ±0.94 

Significance of differences (P) 

Indian vs. habituated < 0.01 

Indian vs. control < 0.01 

Indian vs. starvation <0^001 

Habituated vs. control ns 

Habituated vs. starvation       < 0.0 5 

*** 

Control vs. starvation 0.0 5 

ns <0.05 

ns < 0.001 

<0.0S < 0.001 

ns <0.05 

< 0.01 < 0.0 5 

<0 .05 ns 

♦Standard error 

* *BMR was measured on only four of the control subjects 

* * * Not significant (P >0.05) 

Table ill.  Hclation between energy slates ol subjects and aver 
o . 

peraturcs of fingers immersed in 0    Cwatertor 10 minutes (under 

test conditions for all groups). 
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MILAN 

previous 125 days. The averaged responses of the control fingers 
of this group were compared with the averages for the right middle 
fingers of each of the other groups. The average age for the habi- 

tuated group was 27 years. 

The Indian group consisted of six Alaskan natives from the 
Tetlin Reservation. They normally spent the greater part of the 

daylight hours out-of-doors, attending traplines, etc. These sub- 
jects were tested during the latter part ofDecember, when it would 
be expected that they would have endured considerable recent cold 
exposure. At the time of this test, they had lived at the laboratory 

for one week under a regimen of restricted indoor activities. Their 

meals were taken entirely at the USAF Hospital cafeteria. During 

the week, they had been subjected to several oxygen consumption 
measurements and finger immersions in ice water, in connection 
with another study. Hence, they were accustomed both to the test 

and to the experimenter. Their average age was 23 years. 

The control group consisted of six subjects who were engaged 

in indoor occupations and fiveofwhom were employed at the labora- 
tory. They were at ease with the experimenter but were not accus- 

tomed to the test. It was considered that they were comparable with 
the habituated group except for their unfamiliarity with the test. 
Their average age was 30 years. 

The starvation group consisted of six subjects who were tested 
.1 or 2 days after returning from a regimen of starvation in the cold. 
They had lived for 5 days camped at individual sites on river ice, 
without food or sufficient thermal protection, in interior Alaska dur- 
ing the month of February, They were all accustomed to recent, cold 

exposure and to the experimenter, and four of the six were accus- 
tomed to the test. Their averao-e asje was 27 years. 

Kvery effort was made to have test coadilions the same for 
the four groups. In all tests the compared fingers were immersed 
equal depths (2.S±0.] cm) in 0.(1 C water for 10 minutes. The 
water  hath  was  stirred  equivalently  in  :dl   tests.  Temperature of 
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the distal digital volar pads was measured using the one set of 
thermocouples which were always placed on comparable positions 

on the fingers. 

Prior to tests the subjects slept overnight in a comfortable 

environment at the laboratory. Standard procedures were followed 
such that subjects were post-absorbtive and normothermal at the 

time of tests. All tests were done between 0700 and 1000 hours in 
the morning. Oral and rectal temperatures were taken and basal 
oxygen consumption was measured while the subject remained in 

bed. Immediately after the subject arose from bed he was instru- 
mented and with arms in the dependent position the middle fingers 
were immersed. 

In all tests the estimated intensity of pain sensations from 
each immersed finger was recorded at each minute. (See pain inten- 

sity scale on Figure 4.) "Maximum pain" is the highest single esti- 

mate during the test, while "average pain" is the cumulative minute 
total divided by the time (10 minutes). 

It must be emphasized that it is the responses of the control 
fingers of the test subjects (habituated group) that are compared 
with the responses of the right middle fingers of the other three 
groups. Figure 4 shows that in the capability for maintaining 

high finger temperature during ice water immersion the progres- 
sion among the groups was Indian > habituated ^ control > starva- 

tion (although the difference between the control and starvation 
groups was not significant). The pain suffered by the habituated 

and control groups was roughly the same, while that of the starva- 

tion group was somewhat less, and in the Indians it was almost 
negligible. Thus there was no simple relationship between pain and 
finger temperature. 

Table III shows the relation between die energy states of the 
subjects as they rested in bed just before the finger immersion 

test and the average finger temperatures maintained in the ice 
water.   A   direct   relationship   between  metabolic   rate and  finger 
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temperature during immersion is strikingly demonstrated by the 

Indian and starvation groups. It is notable that rectal temperature 
is higher in the starvation group than in the others, therefore, finger 

temperature need not be related to the central thermal state. The 

most important results relevant to the assessment of local cold 

adaptation in vascular responses are shown in the comparisons 
of habituated and control groups. BME and rectal temperature 
were the same for both. Yet the habituated group maintained a 

significantly higher average finger temperature (P<0.05). Finger 
temperatures of the groups just before immersion were in the 
progression: Indian > habituated = control > starvation. The values 

in C were, respectively, 35.2 ±0.16, 33.8 ±0.28, 33.7 ±0.40 and 
29.5 ± 1.53. The mean finger temperature of the Indians was sig- 
nificantly higher than that of the others (P < 0 .0 5) but the differences 

between the other means were not statistically significant. 

General conclusions. It was shown that cold exposure of the 
human hand can cause a local vascular cold adaptation, or a marked, 
specific habituation to cold pain, according to the duration and inten- 

sity of the local cooling. Further, it, was shown that a general habit- 

uation to the test procedure gives results which could be mistaken 
for a local vascular cold adaptation. 

In conditions where man works outdoors in cold climates, it is 
likely that he will endure prolonged periods of moderate hand cool- 

ing and occasional periods of severe cooling. Hence, he might main- 
tain higher finger temperatures through a vascular adaptation, and 
suffer less pain, even when finger temperatures were very low, 

through specific habituation. These adaptations, combined with a 
general habituation to the environment, could result in marked im- 
provements in  manual  efficiency as  the cold season progressed. 

Yet another factor, which is incidental to these adaptations, may 
favor the maintenance of higher peripheral temperatures in outdoor 
workers. This is the higher basal metabolic rate which has been 
measured in Eskimos and northern Indians. Whether the higher 

BMP of these northern natives is mainly related to diet (Yoshimura 
el al., 1952*) or to genetic differences has not yet been resolved 
conclusively. 

♦ Voshimura, 11., H. lida, and 11. Koishi. 1952. Studies on the reactivity of 
skin vessels to extreme cold. Part 111. Eflocta of diets on the reactivity of skin 
vessels to cold. Jap. J. Chvsiol. 2:;!l0-3J5. 
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THERMOREGULATION IN MAMMALS 
FROM THE TROPICS AND FROM HIGH ALTITUDES* 

Peter Morrison 

The title presents something of a problem since there may 
well be no real entity "thermoregulation in tropical mammals" 

such as we see in other environments as the desert or the arctic 
which make special demands and have elicited special physiological 

capabilities. The tropics are distinguished in a negative rather 

than in a positive sense, by the iackof demands, at least of thermo- 
regulatory demands, which are placed on the inhabitants. As has 
been pointed out, this region has a much better claim to the title 

of "temperate" than do our own middle latitude regions where 
extremes of temperature and rainfall are characteristic. But there 
are certain groups of animals which may be considered character- 

istic of these regions so that we can at least discuss thermoregula- 
tion in "some tropical mammals." However, these may well be 

characterized by a deficiency in regulatory ability rather than any 

special attributes for life there. The monotremes, and the edentates, 
might be considered in this catagory, but these groups have already 

been reviewed as primitive forms by Dr. Johansen, So I propose to 

survey first, the marsupials, then a primitive eutherian group, the 

Ghiroptera, and finally the more advanced group of the Primates; 
ail of which we can think of as characteristically tropical, although 
sonic representatives extend beyond this zone. 

•Murh ol lh(- tlat.f ilisruriscil in this p.-ipcr la :is yd impuhlishcil. Slutlics i'n 

Hi az ilia n nnmkrvs vvn cairird mil ^ ith .1. Simoi'.s, Jr.; on Ihr l'i^iii) ma nnoscUc 

with K. Muiilli'lun; mi iii-w uorlil inipu'al liats uith H. K. MrNal), who also parti- 

.ipalcil lu^i'thrr uüh K. Ki'rst ami W. II. Holihaus in the sludu'S on hipjh-.'illituilc 

maniniaU. Supiiorl lor Ihcsi1 studi'^s has hrrn \ :i noil.-, 1> rccou nl from tho Gu^ni- 

linni iMiumlalion, Ihr V. S. iMlucational Founiiaiion m Australia, NSF Mil PUS, 

VV \HF, U.\K, and Ihr Kockrlrlirr l^'oujidat inn. 
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MORRISON 

Marsupialia 

The marsupials have often been stigmatized as indifferent 
homeotherms usually because of the low reported level of the body 

temperature (T ). But this conclusion suffers on three counts; 
first, a somewhat lower T is a poor criterion of homeothermism, 

we do not consider birds to be more homeothermic than mammals 

simply because they maintain a higher T ; second, a fairly limited 

assortment of marsupials has been studied; and third, since most 

marsupials are nocturnal, their study by diurnal physiologists has 

resulted in a falsely low estimate of their T    level. 

The first figure shows the relation between body temperature 

and ambient temperature (T ) in a small American (brown) opos- 
sum (Didelphidae) in day and night. The diurnal values are quite 
distinct from the nocturnal ones, but both are accurately regulated 

(over a range) in response to cold. This relation (T vs T ) des- 
cribes the sum of regulatory activities with a horizontal curve rep- 

resenting complete regulation and one with a 45 slope (reference 

line), representing the absence of regulation seen in a poikilotherm. 
In addition to the slope, we must also consider the relation of the 
curve to the reference line since an animal may have a fairly labile 
T and yet maintain it well above the T . A third criterion of regu- 

lation is the variability of the T around the mean curve, but this 
may sometime provide a spurius index, since the scatter may only 
reflect a variation in the circumstances under which the measure- 

ments were made. 

Figure 2 compares a rat-sized Australian representative (Das- 
yuridae) with an even more striking diurnal depression, near noon 

its T is about 34 C, but at night it is 38 C. Since the latter 

level is equivalent to that in the dog, Chaetocercus can hardly 
be considered defective or primitive in its level of regulation. But 
this is a form which can showa daily torpor. Another smaller rela- 

tive (Antechinus) shows an even higher level during periods of 
activity (to 40 ) although these periods do not follow a 24-hour 

cycle. Accordingly, it is necessary to identify any daily (or other) 
cycle and choose cither or both, the maximum and minimum peri- 

ods—the active ami   resting phases--to characterize the species. 

i90 



ADAPTATIONS TO TROPICS AND ALTITUDES 
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MORRISON 

Figure 3 represents an interesting form, the biiby. This is 

a desert representative of the small group of bandicoots (Perame- 
lidae) which further emphasizes the independence in the day and 
night   "settings" of the "thermostat." The daytime (inactive) T 

ID 
declined steadily through the course of the experiments, but time 
played no part in the level of the active temperature which stayed 
steady at 37 . These two states need not differ very much in activity 

but merely "wakefulness." The T after forced activity in the day- 
time never reached the natural nighttime level. Similarly, forced 
activity at night did not raise theT at all. So these are not passive 
noncommitants of extra heat production, but rather are maintained 

levels that are set by the animal. 

Figure 4 recasts these data into a 24-hour cycle to bring out 
this very sharp nocturnal pattern. Like the brown oppossum, the 
bilby regulates to a different level during day and night (Fig. 5). 

The bilby has excellent regulation to cold and this may seem contra- 

dictory since it is a desert species which comes from the Australian 
"center" where a high T is the rule. But the bilby shows no evap- 

orative cooling and if put in a hot room at 40 C, elevates its T 
by 4-6 G within an hour and must be removed to avoid heat death 

(Robinson and Morrison, 1957). 

By contrast, Figure 6 shows another bandicoot with fair regula- 

tion to heat, with the T    curve crossing the isothermal line to give 

f    lower than the T . .Of course, in terms of the slopes, what would 
B A 

be rather poor regulation to cold represents rather good regulation 
to heat, and yet this animal comes from the coastal regions, which 
are considerably wetter and cooler than the  "center." So it is of 

interest that a desert animal need not be characterized by the ability 
to  maintain  itself under desert conditions, while an animal from a 

less rigorous environment can do better. The answer, of course, is 
in the stringent requirements of desert life, such that the bilby must 

always use microciimatic evasion to avoid the expenditure of water. 

The short-nosed bandicoot showed an interesting feature in rela- 

tion to the topic of seasonal modification discussed by Dr. Hart. 

These animals always showed good "cold" regulation at night (Fig. 

(i),  and   m   the  winter they   regulated  well during the day or night. 

;i9 2 
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Figure   4.   Daily T     cycle in the bilby (Macrotus lagotis). Different symbols 
ihow successive periods of time. 
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FiPTire   6.   T      ;is   a   [unction  of  T      in the short-nosed bandicoot (Thylacis b B A —=  
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niKht. 

:i95 



MORRISON 

But the summer animals did not maintain their temperature in 
the daytime. So this suggests that there is some kind of adaptation 
of thermoregulatory control not in the metabolic capacity nor in 

the insulation, but in the ability to respond to a stimulus which it 
may not encounter. 

Figure 7 describes the koala. This is a familiar sluggish mar- 
supial (Phalangeridae) which has poor temperature regulation to 
cold as can be seen from the very substantial slope to the T curve. 
In this  regard the koala seems quite inadequate, but since the T 

curve continues almost in a straight line across the isotherm 
line, it actually has quite effective regulation to heat; much better, 
indeed, than many of our higher mammals, such as the rodents, 

which cannot maintain the T below the T . There is again a con- 
siderable scatter in these points, but much of this could be elim- 
inated by proper definitions of the conditions. This is a particular 

problem with a sluggish animal which adjusts only slowly to new 

circumstances. As one might expect, the afternoon T is warmer 
than the morning T . But this is a diurnal animal and so part of 

this slope of the T    curve reflects the daytime activity. 

The examples given thus far might tempt us to characterize 
the marsupials as animals with very large diurnal cycles, and 
even to represent a measure of thermal instability, although this 

is a matter of some argument. But Figure 8 shows, for contrast, 
a small wallaby (Macropodidae) with no daily cycle at all. Simi- 

larly, Figure 9 presents one of the larger macropods in which the 
diurnal cycle is again absent. But in part this effect is spurious 
as a representation of the animal in nature because an animal as 

large as the kangaroo is not able to engage in his normal activity 
when maintained in close captivity. If it is normally occupied with 

moving and feeding, higher nocturnal values are obtained. How- 
ever, Figure 9 is principally of interest in illustrating or suggest- 
ing another phenomenon . The checkered  circles  averaged by  the 

upper dotted curve represent T     values that were taken during the 
R 

week following a critical heat test in which the animal was exposed 
0 

lor 6  hours  at 40   . During this exposure the T     was not markedly 
o B 

elevated (only to 35.•!    C), since kangaroos are excellent  regulators 

to   heal.   Nevertheless,  following this  heat   exposure,  an  elevated 

:i9ti 
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MORRISON 

T was recorded, not only on the following day, but for more than 

a whole week thereafter. The crossed circles in Figure 9 repre- 

sent the second week after that exposure with some return towards 
the normal level, and then finally the lined circles show the return 

to   normal   in   the  third   week.   Here,   then,   is a suggestion of an 
adaptation  of  T     in response to a thermal stimulus, a response 

B 
which as Scholander et al.   (1950) point out is not appropriate to 
cold.   But  because   a difference of only a degree or two in T    in 

a hot climate may allow the elimination of evaporative cooling, it 

could be a very useful response to heat. 

In summary, the marsupials are a primative group which can- 
not be characterized by a single thermoregulatory pattern. Some 
show excellent regulation to cold while others are cold-sensitive. 

Some have very effective regulation to heat while others have none. 
There does seem to be some disposition towards thermal lability, 

although not necessarily thermal inadequacy in the group. 

Ghiroptera 

The Ghiroptera have always been of special interest because 

of the seasonal and daily hypothermia exhibited by those temperate 

forms which have been studied. However, they are essentially a 

tropical and subtropical group, so we should, perhaps, character- 

ize the older in terms of the tropical representatives. It is in the 

tropics that they show their greatest profusion, both in numbers 
and m their specializations for different environmental or behavioral 

situations. The flying foxes, or Megachiroptera, weigh as much as 
a kilo and are very substantial animals. In Australia we found that 

one megachiropteran (Pteropus) regulated its temperature very well 
against cold, and that it had insulative properties and metabolic res- 

ponses which were quite comparable tosmall temperate-zone mam- 

mals of the same size (Morrison, 1959). We were, therefore, inter- 
ested in Brazil last year to examine a series of the michrochirop- 

leran fruit bats, largely from the Pliylloslomidac. 

Figure    10   shows   the   daily   cycle   for   one   of these genera, 
Artibeus.   The cycle is substantial,  but not extreme, with a range 

o 
ol   about   '.:     C  between  the  mean   minimum  and maximum levels. 
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A small scattering' of points below the main body have not been 
included in the heavy average because they represent a distinct 

population, but their inclusion as shown by the dotted curve does 
not change the picture appreciably. Figure 11 presents the thermo- 

regulatory response to cold in this species and shows it to be an 
adequate regulator since the slope is a modest one, comparable 
to that in many other mammals. Under heat stress, however, there 

is almost no regulation, the slope being little less than the value 

of 1.0 characteristic of a poikilotherm. 

Figure 12 shows asomewhatdifferentT    response in a smaller 
O    R 

species. At modest T     values of 15-20    C, the T    falls substan- 
A B 

tially. But when the T     is cooled further, the animal seizes hold J A 
and  regulates  its temperature quite effectively. Thus, the reduced 
T _   did not represent a deficit in capacity or ability to regulate, 

B 
since the animal regulated well at an even lower T   . It can be con- 

sidered   as   representing a kind of deficiency—careless thermo- 

regulation--but  there   may   be functional implications. This  type 
of response may be seen in other mammals. The jumping mouse 
(Zapus),   for   example,  may cool appreciably at intermediate T 

o A 
values, but regulates well at or below 0   . Again, there is no deficit 

in   the   capacity  or   ability to regulate, but the animal retains an 
option as to its use. 

Figure 13 shows the dail}1 cycle in a larger bat (Phyllostomus) 
which differs somewhat. The two peaks are characteristic of a 

crepuscular animal which feeds at dawn and dusk. Again, there 

are a number of points which exceed the dispersion of the bulk 

of the values (d 3 S. I).), and we have in addition some very low 

points which approach the T . This polydispersity (seen also in 
Artibeus, Fig. 10) suggests that we may be dealing with several 

conditions or activity levels, a situation already indicated in the 
insectivorous bat Minioplerus (Morrison, 1959). This suggestion 
appears to be confirmed in Figure 14 which shows the more com- 

plicated response of Phyllostomus to cold. Now in Figure 13 this 

bat could be thought of as operating under different conditions-- 
perhaps "active," "quiet," "sleeping" and "torpid." It was ordi- 

narily resting during the daytime but even then eon Id hecome active 
witii   i   hiifher  T   .  Occasionally  it showed a torpid, poikilolhermic 

' F 
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Figure U. T    as ;i function of T    in Artibeus. 
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state where the T approached the T . Also in bats here, as in 
Miniopterus, there can be an interniemate zone (sleeping?)--not 

poikilothermic in the ordinary sense, but just a little above 30 C 
where the animal can become active rather quickly, but still effect 

an appreciable metabolic savings. Now, the T groups in the cold 
exposed animals can be associated with these groups, although they 

may not be exact projections. The upper curve (Fig. 14) maintains 
o 

the "resting" level and at 6   G ambient, as a more vigorous meta- 
bolic   response  is required, even approaches the  "active" level. 

o 
The intermediate curve with T     values near 30    maintained even 

o "R 
at 6 C ambient, gives further credence to the concept of a main- 
tained "sleeping" level. Finally a few much lower values (lower 

curve) would represent torpor although not as low as the ambient 

level. 

Figure 14 also compares Molossus, a tropical insectivorous 

bat, which uniformly became torpid when exposed to cold, although 
not quite to the degree expected of a similar temperate bat. Figure 

15 shows the daily T cycle in this species (lower curve) which also 
closely resembles the behavior of our northern bats with elevated 

activity at dusk and dawn and torpor during the day. Eisentraut (1950) 
has discussed tropical insectivorous bats which he found to have a 

broader "range of activity temperature" than their temperate rela- 
tives and thus not ordinarily to enter into a state of torpor during 

the day.This was certainly the case in the situations where Molossus 

was collected (T    =30  + C) but in the laboratory at a T , of 26° C 
o .A ' A 

to 28   C it certainly entered torpor. 

o 

In Figure 15, also, the curves for the 4 frugivorous bats are 
compared. This set of curves presents an interesting sequence of 

parameters in order of decreasing animal weight. Thus, in this 
series, both the resting diurnal and the active nocturnal levels are 

increasing, the rate of change between the two activity states is 
decreasing, and the diurnal fall is postponed, although the nocturnal 

fise is fairly synchronous for the several species. The insectivo rous 
Molossus fits into these sequences in all regards except weight, 

nice it is the smallest of the lot. it is not now possible to interpret 

these systematic regularities, but they no doubt fit into some general 
pattern of thermoregulatory properties. 

40:; 
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Figure 15. Summary of daily cycles in different species of bats; M, Molossus; 
P, Phyllostomus; A, Artibeus; S. Sturnira; G, Glossophoga. 
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In summary, the chiroptem also show a variety of responses. 

Traditionally the insectivorous species are characterized by their 

thermolabiiity, but the behavior of some of the frugivorous species 
can be indistinguishable from other mammals. However, even in 
the larger bats scattered values suggest a latent thermolabiiity 

which may be manifested under appropriate conditions. But since 
this thermolabiiity, either expressed or latent, appears to be suited 
to the environmental and metabolic needs, we should hesitate to 

describe it. as a primitive feature or an inadequacy. 

Primates 

The last group to be considered  is an advanced one, but with 
one exception, is even more strictly limited to the tropics. There 
is considerable T     data  on the Primates partly because of their 

B 
use as   laboratory  animals,  but also because ol tuberculin testing, 

particularly at the Philadelphia  Zoological Garden, (Brown, 1909; 

Fox, 1923). Some recent data are shown in Figure 16 which compare 
four species of Cebus and shows  the extreme  reo-ularity of their r, J      0 

response.    The  temperature cycle with an  amplitude 01  2.5    C is 
substantial, but not extreme. 

Figure    17    represents    a    smaller   primate,   the   marmoset 

(Callithrix), which shows a striking diurnal cycle withan amplitude 

of   almost   1.0    C.    Although  these  animals  adapt  well to handling 
and   have been popular as  pets  for  more  than a century, there is 

almost, no physiological  information on them. Figure Ls eonsiders 

another marmoset  which  is of iiUerest as the smallest of the pri- 

mates  and  weighs  about   100   g.  It,  loo,  has a very striking eycle, 

although not so large as Callithrix. A unique feature is the minimum, 
which is ve ry low for a primate. One may wonder i I the crypto re hid 

eondition  sometimes  reported in this genus (Hill,  H).^)) depends on 
this   low t)od\  temperature, in aeeordanee witli the general relation 
between hod)  temperature and descent of the test.es as diseussed li\ 
UislocRi (iO/'.;;). Kigure 19 shows the etleel ol Imiilmu, temprrature 

measurements  to  six   fixed   times dunni; lla-il:i\  .e-, has been done 

m man)  measKivments on Pn mates. A substantia Idiblo rt ion results 
with  a plu r ring ol the almost  "squa re" wave I or in seen ;n Cebuella 
and a  !n.~,> ol   i eso lution ot M 'eonda r\   w a\ e>. 

;M. 
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Figure 17. Pailybody temperature response in the common marmoset (Caliithrix 

acchus). 
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Figure  19. Distortion of the daily cycle of the use of fixed time points (03, 07 

11, 15, 19 and 21! hr.). 
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Figure 20 compares the form of the daily cycle in several ot 
these new world monkeys. Although at a lower level, the form of 

the curve in A teles is strikingly similar to that of Gebus. By con- 
trast, curves of the two marmosets, representing the more primi- 

tive Callithricidae, are quite distinct. Also shown in Figure 20 is 
the night monkey (Aotusj whose cycle, however, has been shifted 

by 12 hours so that it could be compared to the others. Nocturnal 
forms are rare among the primates and the limited amplitude of 

tliis nocturnal cycle suggests that the daily cycle may not be merely 

a casual concomitant of the time of activity, but be more formally 
impressed into the "matrix" of the animal. Thus, in this instance, 
the nocturnal Aotus has reversed the characteristic primate diurnal 

cycle, but has achieved only a limited amplitude. 

Figure 21 compares another aspect of regulation in two of 
these species to show that while Aotus has excellent "cold" regula- 

tion, Gallithrix is quite sensitive to cold. A correlation might be 

made with the nocturnal habit, but it is only fair to note that Aotus 
ranges up the Andean slopes to fairly cool situations. The response 

of the smallest primate (Cebuella) to cold is shown in Figure 22 
and  shows  even less  resistance to cold than the larger Callithrix. 

But   its  resistance to heat stress is distinctly superior, and at a 
o o 

T     oi 40    C it maintains a T    of 40    C. 
A B 

Figure 2'6 shows the metabolic response of Cebuella al vary- 
ing T and presents a good example of the prol)lem of fitting a 

conductance value to a thermoiabile animal. If we describe our 
homeotherm in terms of the simplest model then the heat flow or 
metabolism will be proportional to the temperature differential 

(Scholander et al., 1950a). Hut, as wasseen in Figure 22, the main- 

lenance range tor  I'     in Cebuella was only between 15    C and ;J0    C, 
and below this we will find n^iuced I'    and metabolism. Accordini'lv, 

H " • 
iJ the metabolism is plotted direell} against 1'    the mean curve will 
have  too  low  a  slope  (low conductance) and will extrapolate above 
Uie  T    .   To  adjust   tor   this  error,   the   metabolism ma\ be nlotted 

H 
against   the temperaUire ditlerentia 1,  1    - ]'     (top scale in Fn1. 2M ; 

H     A ^       ' 
or   to   maintain a more tamiliar scale, the T     mav be eorrected \'\ 

die    miount  ot   the   Y      depi'ession   (liottom  scale   in  Id". 1^). With 

this j) roei-dnre, ;i L;IM)O  linear representation isobtamed w iih i'Mra- 

no bit ion   to the  T     {.•■-    C) a t the :ibseissa.   I'hi- eondur tanee en r\ I'-. i H v / 

in- 
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for the other two primates are also compared in Figure 21. Most 

of the observed differences relate to the differences in size. The 

values for the two marmosetts lie just above the mean curve relat- 

ing conductance to body weight in some temperate small mammals, 
C = W ' (Morrison and Ryser, 1951). Aotus, by virtue of its more 

effective insulation, has a conductance appreciably below the mean 
curve. 

In summary, this limited survey of thermoregulation in the 
primates has again shown some regularities in the daily cycles, 
but also some variety in this and in the response to cold. Also, to 
consider again the general question as to common thermoregula- 

tory features shared by .tropical mammals, there appears to be 

none. Certainly there is great variation in the maintained levels 
both diurnal and nocturnal. The response to cold and as well, to 

heat, appear equally variable since either or both may be present 

or absent. Even the criterion of inferior insulation cited by 
Scholander et al., (1950) does not hold for many of the smaller 

tropical species. Indeed, perhaps we can only characterize the 

tropical mammals by the complete heterogeneity of the thermo- 
regulatory responses. 

Altitude and Thermoregulation 

The   relation   between  thermoregulation and altitude appears 
even  more tenuous than that of the tropics. It is true that if oxygen 
is   sufficiently   withheld   from a mammal in the cold, its T    will 

B 
lall   (Nielsen et al., 1941). But other functions and activities will 
be similarly impaired. Of course, to the extent that thermoregula- 

tion may require a considerably greater energy output than other 

functions, it will be preferentially affected--antl also, as a regula- 
tion that is, pei'haps, less critical than some others, it might be 

preferential!} dispensed with as in the camel (Schmidt-Xielsen 
et al., 1957). 

We have recenll} investigated tile altiludinal responses ol a 
number of Andean rodents, and the matter of their transport capa- 

city for 0 al varying altitudes boars on the present point since :' 
represents   a    limit   lor   energy output.  Indeed, our  expenmcniai 

41 1 



MORRISON 

ü o 
procedure   involved   a cold stress (at 5    C  to 10    0) to raise the 
metabolic Level. The oxygen tension was then lowered in successive 

steps until a reduction in oxygen consumption was observed. This 
was always followed by more or less severe hypothermia depend- 

ing on the duration of the experiment. 

As an index of performance, we choose the pO    at which the 
metabolism   was   reduced   to   twice the basal level. Of our "low" 
species, the least effective was the Chilean degu (Octodon degu), 
a   rat-sized,   histricomorph   rodent.   The "critical" pressure for 

the degu was sometimes reached atanpO   of 110-120 mm, a reduc- 
tion of only 1/4 from that at sea level. The other extreme was seen 
in one of the species of the high-altitude genus of Akodon, a small 
cricetid rodent, which could still be effective at a pO    of 50-60 mm, 

or about a third that at sea level. These were the extremes, and 
although animals from high altitude were on the whole much more 
effective   than   animals   from sea level, a spectrum of "critical" 

pressures   was seen. Thus, the best "low" species (Oryzomys L 
longicaudatus) was more effective than severalof the "high" species. 

The  differental performance of different species from the same 
environment appeared to  relate to general  "fitness" or "athletic 

development." Thus, the Oryzomys was markedly the most vigorous 
of the low species, and it is quite reasonable that their greater meta- 
bolic potential will also be effective under the handicap of hypoxia. 

In a similar manner, wild guinea pigs showed significantly greater 

performance than  their more sedentary domestic   relatives taken 
from the same altitude. 

In summary, Andean rodents from high altitude do show superior 

thermoregulation to cold stress when measured at low oxygen pres- 

sures. This facility appears to be unrelated to the moderate increase 
in cold stress on the altiplano, and relates rather to the general 
improvement in transport capacity by which the species adapt to 

the requirements ol their hypoxic environment. 

■i 1: 
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DISCUSSION 

HUDSON: Dr. Morrison, do any of your studies correlate these 

tolerances of the oxygen tension within the aspect of the cardio- 
ascular system? In the case of the house mouse you mentioned 

the lung and the diaphragms, so I suppose that answers part of my 

question. 

MORRISON; Our primary objective was an evaluation of over- 

all performance, but we examined a number of details. For example, 
the hemoglobin level in native mice at high altitude appears no 

greater than at sea level; but at both levels, hematocrits are higher 

in the "vigorous" species as compared to "less vigorous" species. 
We were not prepared to examine the factor which I suspect is the 

most significant, namely the capillary discharge of oxygen. Because 
there were only modest changes in the other factors in the chain— 

lung and heart size, heart and respiration rates, hemoglobin level, 
etc.—we are forced to conclude that there is some specialization, 

perhaps an increase in number, or a lengthening and contorting, 

of the capillaries. This would really be an optimal adaptation with 
minimal distortion of the normal pattern of the animal; and it would 

seem that this normal pattern is rather important. The house mouse 

does adapt, but I am sure that he is at a concomitant disadvantage 
in some way because it has distorted the normal mammalian form 

(i.e., lung fraction, heart fraction, hematocrit, etc.) which is a very 
constant feature. I cannot say just why the normal proportions are 
optimal, but I think it must be so. 

Of course, you human physiologists know the problems of get- 
ting comparable material. I was impressed by this in Peru where 

some studies compared miners from Ororococha to other subjects 
from Lima. Some miners had more work capacity at 15,000 feet 
than the urbaniles had at sea level, but clearly the development 

and conditioning of these subjects differed by much more than 
a Hi lüde. 

HART: May I ask Dr. Morrison a question about the study of 
mice at high altitude? Were they all small mammals in your high 

altitude and Low temperature comparison'' 
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MORRISON; Yes, up to the size of a rabbit. 

HAKT: Are these all good regulators? 

MORRISON: We did not do exhaustive studies of regulation, but 

they seemed to regulate well. 

HAUT: With five degrees of cooling do they always double the 

heat product? 

MORRISON; Yes, for all the mice and rats. And incidentally, in 

a regime like this it is desirable to have knowledge of "where you 

are going," so that the cold exposure is not too prolonged. Knowing 
the animal and the previous experience one can approach the critical 

oxygen pressure quickly. 

HART; Your critical temperature was quite high in all of them, 

I gather from this. 

MORRISON; Yes, it was in relation totheirsize and insulation. 

PKOSSER: Did you find any differences between the sea level and 

the altitude population of the Phylotus? 

MORRISON: By this index, yes, vvvy definitely. 

PROSSER: Is there any evidence that tiiis is genetic? 

MOKldSON: Yes. We took high-altitude mice tosen level. They 
bred there and bore the litters which were raised to adults. The per- 
formance of these "low- raised" m ice approached that of the parents. 
They had spent their entire lives at sea level and yet they were phys- 

iologically high-altitude mice. 

J( HIANSKN; In your man}'curves of the body temperature plotted 
against ambient temperature, 11 si'ems inevitable to me that the 

curve must bear some relation to the time of exposure to these tern- 
poratures, particularly below tho critical temperature for the 

sp( 'des. 

■1 li 
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MORRISON; No, these were not, in general, situations in which 

the body temperature was tailing progressively. And, in fact, in 

many instances in comparing a 1- to a 2-hour or a 2- to a 4-hour 
exposure, the second body temperature would be higher than the 

first. These are essentially maintenance temperatures. 

EAGAN; Did most of your measurements consist of several 

measurements on one animal in order to arrive at the statistics, 

or a single measure of the single animal? 

MORRISON; Measurements of several animals; but not in all 

eases. This is one aspect of comparative physiology in which one 
cannot be too fancy in experimental design because the most impor- 

tant point of departure is to catch an animal. The work on the very 
interesting bilby represented a single individual. I do not like to 

work on a single individual any more than the rest of you, since it 
imposes limitations, but it is amazing what can be found out from 

a single specimen if it is husbanded. 

PAGAN: Do you lump the data all together then, or do you aver- 

age them for animals under the same conditions? 

MORRISON; Well, we do both essentially. Usually the data are 
plotted with individuals identified to see whether there are different 

patterns of response. 11 none is seen, the data is then grouped and 
averaged without respect to the individual. In the "triple response" 
of the bat Phyilostomus to cold there were some definite correla- 

tions such that one individual always gave high values while two 

others always ^ave low values. 

IRVING; Would it be anything more than a scheme lor trying to 
organize some of the information in my memor) to think that their 
very interesting elevation of the meLaboIic rate after Us decline in 

moderate conditions, when the animal was further eooled resembles 

the response that one .sees in bats and arctic ground squirrels? 

Do you recall that bats and a relic ground squirrels do .iwaken Irom 

hibernation il the Inuh tempo rat lire is cooled belou :i ci-rtam le\ el; 

some of the hibemators will reawaken and begin to ^emTale h'"il 

acliveh . Do \on think this phenomenon ol yours is [i.-rhans cM'h' ■ i 

phase of the .-1,! me ^i irt ol ilnmj;? 
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MORRISON: Exactly. Operationally, it is just the same kind 

of situation. In the ground squirrel, the thermogenesis seems to 

act as an alarm system rather than a thermostat. If its body tem- 
perature drifts down below a fixed point, near freezing, it awakens 
and normal body temperature is maintained thereafter. These bats 1 o 
act in the same manner except that the alarm is set for 30    C to 

o 
33    C. 

JOHANSEN; We saw exactly the same thing in the birchmouse, 

Sicista betulina, in regard to these diurnal variations. If you force 
on them a large negative heat load their body temperatures rise 

quickly. 

IRVING; Or you can say the same thing then, perhaps with 

reference to the excellent discussion of the torpidity in birds. At 
the small power output it is possible that the cold metabolic animal 

could not tolerate very low temperatures. 

MORRISON; Torpidity is incompatible with temperatures below 
freezing. 

IRVING; Yes, they either have to reawaken or die. 

MORRISON; I do not know whether they would be able to or not. 

IRVING: Do you think birds can be reawakened from torpidity 
by excessive lowering of temperature? 

MORRISON; Yes, very definitely. 

IRVING: 1 was just wondering how you would compare them 
with the faculty which you have shown to ho so rather widespread 
in   mammals.  I have not soon ii mentioned. That is why 1 inquired. 

MORRISON: It would be well worth looking into, particularly 
in some of the Califomian species. 

IRVING; H is always stuck in im crop that there is someUiing 
thai distinguishes torpidity m birds but it m:i_\ be only in the way 

that people have looked at it. 



ADAPTATIONS TO TROPICS AND ALTITUDES 

HANNON; As yet, we have nothad any comment on temperature 

regulation in the shrew. Dr. Morrison's name has long been asso- 

ciated with shrew metabolism. Would you care to comment on the 

temperature regulation of these animals? 

MORRISON; I think all one can say isthat temperature regula- 
tion represents an adjustment so that heat output equals heat pro- 

duction, and that these animals are obviously so adjusted. They 
do not really have a problem because of their high metabolic rate; 
obviously the heat flux from these animals per gram of tissue is 

very great. 

HANNON; Have you ever studied the metabolic response of 

shrews when they are exposed to different temperatures? Have 

you ever determined the lower temperature limit for the main- 
tenance of homeothermy? 

MORRISON:   You   mean to exceed their limit of regulation. 

HANNON: Yes. 

MORRISON: Yes, we have done that, and our Sorex from 

Wisconsin could not take more cold than -10 to -15 depending 
on the wind. We used this limit to estimate the maximum meta- 

bolic; rate; the value was close to that which we observed for 

short periods of sporadic activity. But we did not run them on a 
treadmill. 
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TtlMPEHATUHE REGULATION IN DESERT BIRDS AND MAMMALS 

J;\ck W. Hudson 

Birds and mammals living in deserts utilize a variety of physio- 

logical, morphological, and behavioral patterns for coping with their 
environments. Although any pattern is adaptive when it allows a spe- 

cies to live and reproduce successfully in its habitat, there are ex- 
amples of desert species which illustrate unique physiological mech- 
anisms for coping with high temperatures and limited availability 

of water.  For example, the camel (Camelus dromadarius) shows 
striking   thermoregulatory   adaptations   to high temperatures and 

limited water supplies (Schmidt-Nielsen et al., 1957) and the kang- 
aroo rat (Dipodomys merriami) demonstrates an excellent capacity 
to conserve water (Schmidt-Nielsen et al., 1948a, 1948b). However, 
some species of birds and mammals are able to occupy the desert 

habitat even though they have no unique thermoregulatory capabilities 
or special abilities to conserve water. For example, the wood rat 
(Neotoma lepida) has no unique thermoregulatory ability, and it has 
only a modest capacity to conserve water, a capacity approximately 
equivalent to that of the Norway rat (Lee, 1960). Likewise, the House 
Finch (Carpodacus  mexicanus) and the Mourning Dove (Zenaidura 
macrura),  which may live in the desert, have no special ability to 

minimize water requirements (Bartholomew andCade, 1956; Barth- 
olomew and MucMillen, 1960), while the Abert Towhee (Pipilo aberti) 
does not possess an}' capacity for temperature regulation absent in 
other  passerines  (Dawson,   1955). Furthermore, neither the House 

Finch nor  the Mourning Dove  is able to process salt solutions as 
concentrated as  might be expected it its kidney were- well adapted 
lor the conservation of water (Bartholomew and Cade, 1956, 1958, 
1959; Bartholomew and MacMillen, 1960). 

There are manv ways birds and mammals can avoid the environ- 



r 

HUDSON 

mental extremes of high temperature and limited availability of 

moisture characteristic of the desert. Among these are nocturnality, 
fossorial habits, aestivation and hibernation, and dependence on 

succulent foods. The many "niches" available are correlated with a 
variety of successful adaptive patterns found in desert birds and 

mammals. It is not surprising then, that abroad spectrum of phys- 
iological abilities for coping with high temperatures and limited 

availability of water is found among desert inhabitants. A species 
possessing physiological mechanisms meriting a subjective judg- 

ment of "well adapted to the desert environment" is one which 
occupies a "niche" where high temperatures and a limited avail- 

ability of moisture must be contended with. The converse would be 

true of "poorly adapted" species. 

The difficulty of precisely describing the niche of a small bird 

or mammal has been the subject of much discussion among biol- 

ogists. However, some insight into the delineation of the "niche" may 
be acquired by examining the physiological performance of a species 

in the laboratory as an index of the environmental parameters to 

which it is adapted. From observation of the variety of adaptive 
mechanisms so far found in mammals of the deserts, it is becoming- 

apparent that no two species which have overlapping distributions 
have the same physiological responses and therefore probably do 

not occupy the same "niche." Thus competition between these desert 
species is minimized, a distinct advantage in an area where re- 

sources of food and water may fluctuate either seasonally or yearly. 

The role of natural selection in fitting a particular species for 

the desert environment is difficult to assess because of the complex 

relationship between the phylogenetic background of the species, the 
"niche" occupied by a species, and the rate at which evolution can 
occur in response to a changing environment. However, it can be 

pointed out that natural selections need only act in the direction of 
effectiveness of solution for a particular "niche" and need not be 

concerned with elegance of mechanism. 

While diverse behavioral and physiological adaptations for 

coping with the desert environmenl have already heen found among 
turds   and   mammals   living  and   repnxlucing  in   this   region, many 
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species occupying special niches remain to be studied. Recently 

we have examined the physiological performances of the Poor-will 
(Phalaenoptilus nuttallii) and three species of ground squirrels 

(Citellus mohavensis, Citellus tereticaudus, and Citellus leucurus). 
Our results illustrate some additional types of adaptations to the 
desert environment. The ground squirrels are fossorial and diurnal; 

hence, they occupy an ecologically intermediate position between 
the small nocturnal and large diurnal mammals. The Poor-will is 
crepuscular, although it may nest and roost in areas of extremely 

high temperatures. 

The  Poor-will  has   a basal metabolic rate on.e-third of that 
, , -0..JD 

predicted from the equation: cc^/gm/hr =9.3 W . Because ot 
its low standard metabolic rate, the lower critical temperature of 

the Poor-will is also very high (Fig. 1). This low metabolism 

minimizes the amount of metabolic heat to be dissipated, a useful 
adaptation when a small difference between body and ambient tem- 
peratures precludes much radiation, convection, and conduction of 

metabolic heat. 

In order to prevent the elevation of body temperatures to 

lethal levels when high ambient temperatures are encountered, many 
birds and some mammals pant. The metabolic heat production 
associated with panting increases the evaporative water loss and is 

expensive to the water economy, a major consideration for animals 
of arid regions. However, unlike many birds, the Poor-will does 
not pant and therefore has no marked upper critical temperature. 
Although the thermal neutral zone begins at a rather high lower 

critical temperature, it is also very broad (Fig. 1) and extends at 

Least to 44 C. At ambient temperatures above 40 C, the extensive- 
ly vascularized gular area is fluttered rapidly with the mouth held 

open. In this way, the bird is able to dissipate its metabolic heat 

(in addition to dissipating heat gained from the environment when 
the ambient temperature exceeds the body temperature) whilcsim- 
ultaneously keeping its level of heat production virtually unchiuiged. 
At high'ambicnl temperatures, the amount of water expended by the 
Poor-will for evaporative cooling is less than that expended by other 

birds of comparable size (Fig. 2). The eombination ol a low basal 
metabolism and a gular flutter whichdoes not increase the melabohe 
rale  necessitates  onh   a mcxlest level ol evaporative water loss m 
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order for this species to dissipate ail of its metabolic heat and 
heat gained from the environment when the T, exceeds the T 

(Fig. 3). Since at high ambient temperatures, other species 01 
birds comparable in size with the Poor-will become hyperthermic 

and elevate their metabolism when panting (Dawson, 1954; Dawson 
and Tordoff, 1959), it is difficult to use comparisons for evaluating 
the reduction in evaporative water loss accruing from the Poor- 
will's reduced metabolism. However, it may be noted that if there 

is no radiation-convection-conduction of metabolic heat, as would 

occur in the Poor-will when the body and ambient temperatures 
are equal (40 C), a 40 gram bird with a metabolism one-third of 

normal saves 12 cc of water/day (assuming that one cc of oxygen 
releases 4.8 calories and 1 mgm of evaporated water dissipates 0.58 

calories). 

Scholander (1955) has suggested that evolutionary adaptation for 

temperature regulation in homeotherms has principally involved heat 
dissipation and that heat production has not been modified since all 
species, regardless of habitat, typically follow the mouse to ele- 

phant curve. Thus, arctic mammals at low ambient temperatures 
keep their heat dissipation minimal by virtue of good insulation and 

possess   special means for dissipating heat during activity or at 

relatively high ambient temperatures. In contrast to arctic mammals 
and birds, animals from desert areas  more frequently encounter 
problems of maximizing heat dissipation when there is a small diff- 

erence between body and ambient temperatures. For this reason, 
U might be expected that at least some species, particularly those 
which are diurnal, would demonstrate  a reduction in the level of 
basal  metabolic heat production.  The  Poor-will is  an example of 

such a species, and thus it is an exception to Scholander's general- 
ization  that  metabolism  is  not adapted to climate. .Although Scho- 
lander et al.(I950) relate the low metabolism of tropical caprimul- 

gids   to   their  capacity   to hibernate,  such a correlation does not 
differentiate between cause and effect. Thus, hibernation may cither 

allow or follow a low basal metabolism. Also, considerable evidence 
has   accumulated   to suggest that the  low metabolic  rate of many 
hibernaturs  may be attributable to the fat deposits which in ihem- 
selves probably exert little effecton theoverall metabolism (Barth- 

olomew   and   Hudson,   1960; unpublished observations on Citellus 
lereticaudus and Cei'caertus nana). Therefore, it is probably nrees- 
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sary to use fat-free weights for comparing the basal metabolic 

rates of hibernators and non-hibernators, in order to be certain 
that a low metabolic rate is a phenomenon typical of hibernators. 

o 
The high lower critical temperature (35   C) in the Poor-will 

means that much of the time this species lives outside its thermal 

neutral zone. It is interesting to note that the Poor-will undergoes 
seasonal torpidity when food is less available and when the main- 
tenance of a normal body temperature would be metabolically ex- 

pensive (Bartholomew, Howell, and Cade, 19 57). While there are 
other species of birds which spend much of their time outside the 

thermal neutral zone (Dawson and Tordoff, 19 59; Scholander et al., 
1950), torpor is particularly advantageous in the Poor-will,because 
this species represents an unusual combination of specialized mor- 
phological and behavioral adaptations for foodgetting, with its food 

sources subject to marked fluctuation in availability. 

The low basal metabolic rate of the Poor-will is reflected in 

a low heart rate (Fig. 4) at thermal neutrality. Birds which are com- 
parable in size to the Poor-will but which possess a normal meta- 

bolism (üdum, 1945) have heart rates about twice that of the Poor- 
will. While both heart rate and metabolism increase when the 

ambient temperature decreases below the lower critical tempera- 
ture, the heart rate reaches its maximum level at a T    of about 

o A 
15     C,  whereas  the metabolism continues to increase as the T 

o A 
decreases below 15    C. 

Seasonal torpidity as a thermoregulatory adaptation for low 
temperature is a well documented phenomenon among mammals. 
.Although numerous natural history accounts have suggested that 

seasonal torpidity may also be a response to conditions of high 
temperatures and limited availability of foot! and moisture, there 
are only a few studies of the physiological performance of animals 

which utilize summer torpor or aestivation (Bartholomew and 

Cade, 1957; Bartholomew and Hudson, 1960; Bartholomew and Mac- 
Millen, 1961). 

The ecological stimulus for aestivation is difficult to identif\ 
precisely   in  all  of the  species  known  to aestivate because of the 

■1^ 
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complex interrelationship between availability of food and water and 
the prevailing temperature. However, some of the pocket mice, which 

can maintain themselves on a dry diet (Perognathus longimembris, 

P. xanthonotus, P. formosus, P. penicillatus and P. fallax) become 
torpid when food is withheld (Bartholomew and Cade, 1957); 

furthermore, P. californicus has a daily cycle of torpidity which is 
related   to   the degree of deprivation of food (Tucker, 1961). 

Adaptation of two species of ground squirrels, C. mohavensis 

and C. tereticaudus, to the desert environment depends in part on 

their capacity to become torpid. The mohave ground squirrel (Citel- 
lus mohavensis) readily becomes torpid at laboratory temperatures 

throughout the year, despite the continuous availability of food. Epi- 

sodes of torpor are less frequent from March to August, which is 

their period of activity under natural conditions. When entering 
torpor at ambient temperatures between 22 C and 26 C, they as- 

sume the usual sleeping posture, their oxygen consumption declines 
rapidly, and body temperature approximates environmental tem- 

perature within 3 or 4 hours. During torpor, oxygen consumption is 
less than 0.2 cc/gm/hr, and the animal breathes irregularly, with 
marked periods of apnea. Following the onset of arousal, oxygen 
consumption increases 10- to 20-fold, and it usually peaks within 

20 minutes. Body temperature increases more slowly, and the levels 
of body temperature characteristic of normal activity are usually 

attained in 45 to 60 minutes. Typically, rectal and oral temperatures 
are within 0.5 C of each other during arousal. This pattern for the 
onset of torpor, torpor itself, and arousal from torpor in the mohave 
ground squirrel is typical of the classical picture of hibernation and 

o o 
occurs at ambient temperatures between 10 C and 27 C (the high- 

est measured). Under natural conditions, tins species is torpid 
during part of the hot, dry periods and continues this pattern 
throughout the winter at u time when food and water are relatively 

scarce. Thus, the physiological mechanisms for torpidity appear to 
be the same during both summer and winter, although the level ot 
body temperature may differ. 

In contrast to CiU'Uus mohavensis, C. tereUcaudus kepi m the 
labor a tor) throughout the year with foul and water available demon- 
strated intei'miltenl peruxis ol torpidity from June toOelober onlv . 
Animals with bod)' Lemperalures within a degree of room lemoi ra- 
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ture demonstrated the typical arousal pattern when disturbed (Fig. 

5). The difference between oral and rectal temperatures during 
arousal was never more than 3 C, and arousal was accompanied 

by strong visible shivering. Animals attained a normal body tem- 
perature within 45 to 60 minutes after the onset of arousal at room 

temperatures. No instance of torpor was observed between November 
and May in a captive round-tailed ground squirrel. Furthermore, 

between November and May, the body temperatures of animals were 
much less variable and averaged higher than those found between 

June and October (Fig. 6). It appears from the laboratory perfor- 

mance of C. tereticaudus that this species may aestivate, but not 

hibernate. This suggestion is supported by collection records (Donald 

R, Dickey collection), which indicate that this species has been 
trapped in December, January, and February in the Coachella Valley, 

California. Since C. tereticaudus has been readily trapped during 

the summer and early fall, aestivation under natural conditions must 
occur on either a daily or an intermittent basis. 

It is striking that aestivation is characteristic of one member of 
a sympatric pair of desert ground squirrels. The ranges of C. 
tereticaudus and C. mohavensis are overlapped by C. leucurus, but 
C. tereticaudus and C. mohavensis do not occur in the same area. 

C. leucurus neither aestivates nor hibernates, but remains active 
above ground at all times of the year. Thus, in the area of sympatry 

for these desert ground squirrels, only C. leucurus is active during 
the more demanding and difficult parts of the year. It seems reason- 

able, therefore, to postulate that between these sympatric ground 

squirrels competition, in the sense of utilization of a common re- 
source   which   is   in   short   supply (Birch, 1957, p. 6), perhaps is 

reduced, except in very poor years, because of the differences in the 
seasonal patterns of their metabolism. 

In contrast to the diurnal ground squirrels which aestivate or 
to the nocturnal rodents which are l'ossorial, C. leucurus must cope 

with muchof the rigor of the desert environment throughout the year. 
The antelope ground squirrel depends on some of the types of 
physiological mechanisms similar to those utilized by the Poor-will, 
the kangaroo rat, and the camel in adapting to desert conditions 
(Hudson, 11)02). Like the Poor-will, the antelope ground squirrel 

has a broad thermal neutral zone wi tli a relativelv hmh lower critical 
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temperature and no marked upper critical temperature (Fig. 7). 
Unlike the Poor-will, the antelope ground squirrel has a basal 

metabolic rate conforming to the predicted value cc C^/gm/hr 
~ 3.8 VV "' ). C. leucurus can tolerate ambient temperatures ot 
42.6 C for periods of at least 2 hours, whereas many of the noc- 
turnal rodentsof similar size cannot withstand ambient temperatures 

o 
above   40     C lor equivalent periods of time (Dawson, 1955; Lee, 
1960; unpublished observations, Carpenter, 1961; and Tucker, 1961). 

The body temperature of C. leucurus increases linearly with ambient 

temperature when the ambient temperature increases from room 
temperature to 40 C (Fig. 8). Thus, the antelope ground squirrel 
depends on hyperthermia both to minimize heat gain from the envir- 

onment at high ambient temperatures and to maximize loss of 
metabolic heat by radiation, convection, and conduction. When the 
difference between T and T is inadequate for dissipation of meta- 
bolic heat by radiation-convection-conduction and pulmonary evap- 

oration of water (Fig. 9), C. leucurus drools copious amounts of sal- 

iva, which it actively spreads over parts of the body. 

Under natural conditions, C. leucurus probably avoids prolonged 
exposures to very high ambient temperatures, which would be ex- 
pensive to the water economy, by periodically returning to the cooler 

burrow. An animal requires onlv 3 minutes to reduce its body tem- 
roo "o 

perature from 42    C  to 38    C when taken from a T     of 42   C to 
o A 

25    G. In this way, a hyperthermic animal can unload accumulated 

heat within the burrow and then return above ground. From this, 

it is apparent that behavior can be an important factor in relating 
the thermoregulalory capacity of this species to the prevailing en- 
vironmental temperatures. 

Any consideration of the problem of thcrmoregulation at the 
high ambient temperature's of the desert must lake into account 
tlie availability of water and the capacity of a species to conserve 

water. The ability of the antelope ground squirrel to maintain a 
positive water balance under desert conditions is a complex inter- 

relationshlp between several factors: its lype ot food, its level of 
pulmocutaneous water loss, and its capacity to conserve water 
incidental to excretion and defecation. While each of the above 
taeiors may be studied separateh under laboratory conditions, 
their  svnthesis  in  relation   to natural conditions is extremeh dif- 



ADAPTATIONS TO DESERTS 

n 600 

ine 

200 

100 

AMBIENT     TEMPERATURE  "C 

Fi;Miiv  V.   Mrlaliolir  ralr :il dilTfivnl anibicnt li'iiipt'i'aturcs expi'fssi'd a.-, pci'- 

■i'iita jj,i' DI basal values lor thrci; species o I nxlenls: the a tftie leninuiiii; (Seholamloi' 

T a I.. 11)50), (he niH'tunia I kanira I'DI) rat (nip<xloniys nierriami) (unpublislu-d ob.-a-r , a- 

iiui.T , Ca rpenti'i',   i'.u: I), ami the diui'iial irroutui squi n'el (Cilellus U.'ueurus) (llm is on, 

li()()), 

4;i; 



HUDSON 

>■ < 

«      10 

AMBIENT   TEMP 

Ki"ii if   -.   K\ :i[ic)r;il ivc  w ii r r in  l'.l CiU-Uub liiininis :ii ih l'f.Tfii   iintiii'iil 

'.'■inpiT.ilurr.-,.  The   Imr  hrtucm  l!l)    C iiinl 40    C is ilcsrnlicil liv tin- i'nn .t iiiri 'i  " 

(0.0 Ki 1) (1 ,J.I!I)'   .   I'll,   hrnik ;n thr lun Imrs (Inuilrs Uli' onsrl .>f iMpinns  -, ; liv il;m. 

l.ih 



ama 

44 

42 
ü 
o 

CL 

5 
UJ 
h- 

>- 
Q 
O 
m 

40 

38 

36 

ADAPTATIONS TO DESEHTS 

€ 

25 30 35 40 

AMBIENT   TEMP. 0C. 

44 

42 

40 

38 

- 36 

lMi;inv [<. Hixly IcmpciMtun's ul noi-mail\  ;i(ii\ r C ili'llus li'iu-inuri. Th( 

~   iiuliiMti'  tin    IMIIUV; Ihr hdn/.onlal  lines uuiu-alr llic mean (M): Ihr r 

ihr   intrn u  M -.  2 s 
in 

li" a mbiciil I I'nnic ral uri' 

M hr  li'llljliTal 'II 

■Ki? 



HUDSON 

ficult. However, it is possible to compare the abilities of C. leu- 
curus and other desert rodents to minimize excretory water loss. 

Such a comparison serves as a basis for acquiring insight into 
their relative dependence on water Ingestion. 

The capacity of some of the heteromyids to keep urinary water 

loss at a minimum by the production of a very concentrated urine is 

well known. However, th re is little information on other desert 
species. Direct comparison of renal concentrating capacity among 

species which may differ slightly in kidney performance is com- 

plicated by the variability of kidney function; this is in part related 

to variations in ambient temperature, diet, and fluid intake. For 
example, animals given water ad libitum show a correlation between 

the urine concentration and ambient temperatures (Fig. 10). Further- 
more, because of the possibility of active transport of urea in the 

renal tubules (B. Schmidt-Nielsen, 1960), a high protein diet may 

increase solute excretion without causing an appreciable increase 
in excretory water loss. Single measurements of urine concentration 

in animals deprived of water tells little of the minimum daily water 
loss required for the discharge of excretory wastes. 

One useful technique for comparing different species is to 
measure the concentration of urine produced over a 24 hour period 

(with comparable diets) when a species is drinking only enough water 
to maintain body weight. Data on average urine concentration per 

24 hours while drinking a quantity of water minimal for weight 
maintenance are presented for C. tereticaudus (Fig. 11). 

In order to compare the renal concentrating capacity of C. 
tereticaudus with other specie's, it is necessary to assume that the 

serum has a solute concentration of approximately 350 milliosmols 
and then to divide the urine concentration by this figure. On the 

basis of this assumption, the daily urine concentration of C. teret- 

icaudus averages eight times the serum concentration. The average 
ratio of urine and serum concentrations in the kangaroo rat (D. 

merriami) as estimated from the data of Schmidt-Nielsen et al. 
(1948a,'1948b) is 10.3 when the animals are on a normal diet and 12.1 
when animals arc eating soybeans. The antelope ground squirrel 
has a urine-serum ratio of 9.7 when deprived of water (Fig. 12). 
Although values from all of the species are difficult to compare, it 



ADAPTATIONS TO DESERTS 

< 
a: 

< 

Ü0 

o 

3 
tr 

oo 

Ui 
z 
or 
3 

Lü 
es 
<t 
cc 
UJ 

> 
< 

12.0 

10.0 

22C- 35C-*h^ 

N-3 

60 

40 

2 0 

N = 5 

m 

N = 4 

iiil 

tlffl 

220' 

DIST o en 5DAVS 

H,.0 N AC, WATER 
DE PRIV 

12.0 

10.0 

8.0 

6.0 

4,0 

2.0 

Kiinirr in. H.iliu ul uniii' .irul >rl'uni DNIIIUI.-IJ , ■nni-ri'l IMI lon^ lot' Cllcllus 

li'Uci] ru.s sub ]t'i11rd [n ! hi ■ ^ M i'Ujus roiui i lions ol \s Mir i' M \ ;ii l;iln litv' (lest' nbed Ijclou' 

■.nil ) i'i ■! .III^I,,. \r'iMUs di-imlr lln1 imtuiTil I' ■innr ntun' In uhu'li uiiiiKils urri' 

■xpubi'd.  N  indir;itrh Ihr iiuiiiln'l  ul   ilinn ils. 

4;i9 



HUDSON 

F     '-i 

3 
3 

s 

? 09 

o 

< 
o 
p 
3 
cc 

p 
3 
Q. 
O 

TO    O 
-—    O 
w 
3 

aq 

o 

P   H 

re 

ö 
tu 

O    ^ 

CD     O 
(X n   ^ 

^   re   ^ 

0) 

N 

tu 

o 
rt 

< 
01 

i—' 
0)     0 
n   ^ 
CD   ^ 

O 

ü 
P 

fD 

n 

0 

5 

3 

P Hj 

3 ? ° 3 

ft p 

&   .n 

o 

(1 

2 

ü 
M ■ 

5' 3 
fü ü- 

OQ   n 
V o 

c 

3 
oro 

3 
i—i 

X 

0 

5 

cn    ^    ^ p  Patm 

er w 

3 fr 

Ul 

00 

3 
•□ 
aT 

3 
a 
o 
o 
p 
CD 
o 

i 

an 

o 
i 

OJ 

o 

a 

~o 
i 

o 
>—' 

i 

oo 
o 
N 

-JD 

N 

O 
I 

Cß 
o 
o 

0 
m 

CTG 

n 

o 

4^ 

O 

c O o 
tn 

3 w. -J 
p 
^ 

H- 1— 
p er o- 
^ o c 
a 

vG v£ 
to 
<-»■ 

■-i 
o 
o i— 

1 

3 rsj tv 
-g ~J 

ft 
3 G o 

"O i i 
iT 
•-1 rv N. 
P G C 

c Tw rv 
M 
(t a oc 

c 

r^ 
L--' 
u- 

Ni 

er- 

oo 

4- 

l 

<: 
>-( 

(B 3 

P fD 

P < 
0 
( ■ 

P 
q 

P 

3 
fD 

3 ,—, 
Cro n 
(D n 

4- c tö 
P c 

•< 

|— fD 
L^- !--'■ 

tv ^c er: 
p D" 

oo 
i ac ro 
ui 

440 



iBnmHnMHHBi^HnHnH^HHw 

ADAPTATIONS TO DESERTS 

4 

«3 
tr 

O 
5 

14 

N«I7 N = 7 

N = 9 
.;3 

N = 8 

RftT TuS 

N. VAR. 

ALBINO 

C. f EL^JS        ü'PO0OWTS       DiPOOOMrs D. MEHRlAM; 

LEUCURUS      MERRlAMi SPECTABUlS      (ON SOYBEANl 

K: 
i . ■    (j. 

2.   H> n 

■^lirnu • ■(1 iri m 'iic ii 

ip.n  ;!\ 

■ i DI ^: hnmit- ,\: 

v :i noun icxlciUs tn.i :ii! uin- 'ii 

pi T Irs Dlllc r l ll.ill (,' . l.-llc-llMI.-, 

(iiMMi.  lH-l-li). 

■11 1 



HUDSON 

appears that the ground squirrels produce a urine less concentrated 
than that of the kangaroo rat (Ü. merriami), but more concentrated 
than the urine of the wood rat (N. albigula). Also, the antelope ground 
squirrel (C. leucurus) produces a urine more concentrated than that 

of the round-tailed ground squirrel. 

Significantly, the kangaroo rat, which is the species producing 
the most concentrated urine, is primarily a seed eater, and can 

maintain body weight on a dry diet. It is suggested that under natural 
conditions the daily water requirements of the diurnal ground squir- 

rels are too large to allow dependence on the water content of a typ- 
ical seed diet even if the kidney were better able to concentrate 

urine. Thus, while ground squirrels cannot maintain themselves on 
a dry diet, they have a renal concentrating capacity sufficient to 
balance the routine water losses with the water available in their 

diet of succulent foods. 

SUMMARY 

Birds and mammals living in the deserts utilize a variety of 
physiological, morphological, and behavioral patterns which may be 

subjectively judged as varying from "well adapted" to "poorly adap- 
ted. " In all cases, the ability of a desert species to live and repro- 
duce in its environment indicates adaptation regardless of the ele- 
gance of the mechanisms utilized. The role of natural selection is 
such that effectiveness of solution rather than any special mechanism 
is the primary criterion. 

The multiplicity"of adaptive mechanisms attests to thediversity 
of niches available, and it may turn out that no two desert species 
of similar distribution have identical morphological, physiological, 
and behavioral adaptations. While there are many species which re- 

main to be studied, ciaia for the Poor-will (Phalaenoptilus nuttallii) 
and three species of ground squirrels (Citeilus leucurus, Citellus 
tereticaudus, and Citellus mohayensis) further demonstrate the 

diversity of adaptive mechanisms. 
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The Poor-will has a basal metabolism which is one-third the 

predicted value and is thus an exception to Scholander's general- 

ization that metabolism is not adapted to climate. The combination 
of a low basal metabolism and a gular flutter which does not sig- 

nificantly increase metabolic heat production enables the Poor-will 
to dissipate all its metabolic heat at high ambient temperatures, 

with a minimum expenditure of water. At thermal neutrality, the low 
basal metabolism of the Poor-will is accompanied by a heart rate 

which is one-half the v.alue found in birds of comparable size. 
Because of a low basal metabolism, the Poor-will also has a high 

lower critical temperature and may therefore spend much of its 

time outside the thermal neutral zone. It is significant that this spe- 
cies hibernates during the winter when it would require a great deal 

of food for maintenance of a normal body temperature. 

While the stimulus for the onset of torpidity in those species 
of desert mammals known to aestivate is not clearly defined, lim- 

itation of food in at least two species, Perognathus longimembris and 

Perognathus californicus, causes periodic torpor. 

Hibernation and aestivation in the mohave ground squirrel illus- 
trate the same physiological characteristics and are differentiated 

only by the level of body temperature during torpor and the season 

in which torpidity occurs. 

Under Laboratory conditions, the round-tailed ground squirrel 

(C. tereticaudus) is intermittently torpid during the summer and 
fall, but does not become torpid during the winter or spring. There- 

fore, in terms of natural history, this species could be considered 
to be an aestivator and not a hibernator. 

II is postulated that competition, in the sense of utilization of 

a common resource which is in short supply, between the sym- 
patric desert ground squirrels is minimal because of differences in 
their patterns of metabolism. 

the antelope gruutul squirrel, which is not capable of torpi iit) 
has a broad arra) ul thermoregulatory mechanisms adaplive for its 

IT 
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niche. Among its adaptive patterns are: (1) tolerance of ambient tem- 
peratures up to 42.6   C for periods of 2 hours, (2) a thermal neutral 

oo ,     . i.- 
zone extending from 30 C to 42.6 C without a marked upper criti- 
cal temperature, (3) supplementary evaporative cooling by active 
spreading of a copious secretion of saliva over the body when the 
ambient temperature exceeds 39 C,{4| dependence on hyperthermia 

even at low ambient temperatures {30 G) for radiative-convective- 
conductive dissipation of heat, and (5) effective capacity for unload- 

ing accumulated body heat, by periodically returning to the cooler 

subterranean environment. 

In an ecological context, problems of thermoregulation for 
desert birds and mammals become intimately linked to the complex 
interrelationship between availability of moisture, level of pulmo- 
cutaneous water loss, and capacity for water conservation. A com- 

parison of renal concentratingcapacity among several desert rodents 
offers some insight into the extent of adaptation for water con- 
servation. Hanking those species for which data are available in 
order of ability to concentrate urine one obtains the list: D. 

merriami > Citellus leucurus > C. tereticaudus >Neotoma albigula. 

Only D. merriami, whicn is primarily gramnivorous, is able to 
maintain body weight on a dry diet while the ground squirrels and 

wood rats depend on availability of succulent foods to satisfy their 
water requirements. 
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DISCUSSION 

VEGHTE: What is your definition of torpor; and is it reprodu- 
cible? 

HUDSON: Do you mean is torpor reproducible in the particular 
species? Can I get an animal repeatedly in torpor? Yes, it is very 

reproducible. We define torpor in two ways. Firstof all, the animal 
has a body temperature which is within a degree or so of the envi- 
ronmental temperature, and then secondly, he must be capable of 

spontaneously arousing so that we could not include any application 
of heat in order to get arousal for the animals. Incidentally this 

spontaneous arousal is accompanied by shivering and other classical 
manifestations of hibernation. 

HANNON: While you are defining things, would you define 
"estivation"? Is there any difference between the two? 

HUDSON; Well, it looks like there is not, at this point. I 
think a lot more work has to be clone. I am not absolutely convinced 

that there are not some subtle differences in the physiological 
mechanisms of estivation and hibernation so that, as of now, esti- 

vation is the hibernation response which occurs in the summer, 

ami,   therefore,   occurs   at   fairly   high   ambient  temperatures. 

HANNON: I am asking about torpor versus estivation. Is it 

the same or different? 

HUDSON: Well, it seems to me this kind of thing: right now is 
only a matter of opinion about usage of the word "torpor" rather 
than being based on very much factual information. I am of the 

opinion that estivation is a much more intermittent and brief kind 

of a response than hibernation. Certainly both eases illustrate 
torpor. 

WEST: 1 would like to comment on the difference between 
results on hear; rale responses of desert birds compared with 

the sub-aivtic In ids thai we have been working on. We find that 

ihere  is  aeonlinual   mear relationship of heart  rate to decreasing 
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temperature as far down as we record it, and this goes to a 

little below 0 C. We found we cannot get any leveling off as 

high as we have measured it, which is about 32 C. You do not 
find a leveling off or thermo-neutral zone type ofthing, as Dr. 
Hudson found in the Poor-will. We found also that at the very low 
temperature, the shivering was so intense that it obscured the heart 

rate except at very short intervals, when the heart rate would come 
through. I wondered how you recorded your heart rate. 

HUDSON: Of course, we started off by measuring it in the 
thermal neutral zone and the Poor-will is probably a particularly 

good bird for this sort of thing, since it is quite tractable. As 
we get below the lower critical temperature of course the shiver- 

ing begins to appear on the EKG record, but does not make it 
impossible to pick out the QRS complex until we begin to get down 
to ambient temperatures around 20 C. Now, at those tempera- 
tures, we have found that by giving the bird, and it appears to 

have an extremely rapid and sensitive response to this, a quick 

burst of heat, not enough to seriously interfere with its meta- 
bolism or its body temperature in any way, that it will imme- 
diately cut out shivering and then we can pick up a clearer EKG 
record. Then in a matter of minutes, of course, it starts to shiver 
again. 1 would like to counter by asking you a question, and that 

is; do you find any sort of a correspondence between the lower 
critical temperature of the heart rate and metabolism, or are all 

your measurements of heart rate made in the thermo-neutral 

zone? 

WEST: I never find a thermo-neutral zone for the small birds 

1 have studied. I never go to high enough temperatures. Unfor- 
tunately, we are so concerned  with cold, we do not m much over 

o 
30    0. 

HUDSON:   Most   of   the   small   birds   have   :i   Ihermo-neulrnl 
o 

zone or point that would be around or above 30    C. 

WEST: But we get perlVct linear correlation of temperature 
on   metabolism and on heart rate, as far as we ean L;U up and down. 

•ID 
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HUDSON: This is the kind of thing that will just take more 

measurements of different kinds of birds. 

WEST: I am interested in seeing the way your heart rate falls 

off at the lower temperature, then goes flat; yet the metabolism 

continues to fail, 

HUDSON: This may be a factor that is associated with hiber- 

nation, because these are all species of birds and mammals which 

have the capacity to hibernate or estivate. 

WEST: There must be a change in the stroke volume. 

HUDSON: Yes, it' 1 can assume you mean that it is suggestive 

that the stroke volume changes at the place where the heart rate 
levels off? 

WEST: Yes. 

HART: Or the utilization. 

HUDSON: Yes, utilization or both. 

VEGHTE: What, is the duration of the burst of heat? 

HUDSON: No more than a couple of minutes. 

WEST: 1 think this is probably a safe technique; we are try- 

ing to measure heart rates in flight. Wc let the birds fly lor a 

tew wing beats and as soon as they hit the ground, we get the 
heart rate, which is extremely last. We j^et it the instant that 

the} stop Hying. 1 know there is a small lag there but 1 think that 
this same heart  rate does earn  through. 

HUDSON: We have also been able topickoul rates that corres- 
pond with tin' ones that we get where we hav ' given them bursts of 
heat    from    reeonls   that   have verv  intense shiverin<r on them. 

■lall 
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WEST; 1 think that with the technique I mentioned yesterday, 

the power frequency distribution, we can single out the heart 

rate. It is so constant. It comes out as a peak in the power spec- 
trum, no matter how much shivering is masking it on the oscillo- 
graph record. 

IRVING: Do you give a Poor-will any test to find what its 
mental state is in a thermo-neutral zone? Is it entirely alert? 

Can it still do multiplication? 

HUDSON: Well, he recognizes me in the thermo-neutral zone. 

1 do not know whether that is a very good test or not. 

IRVING: You do not see any noticeable signs of a mental state 
characterizing torpidity? That would be my main question; is 

that a normal resting basal rate? 

HAN NGN: i noticed in your oxygen consumption of the Mohave 

ground squirrel, going in and out of torpor, that he lowered his 
oxygen consumption as he went into torpor. It looked like he may 

have lowered it more than he should. When he came out it appeared 

that there was an oxygen deficit. The oxygen consumption went way 
nil. 

HUDSON:  Tins   is   overshoot.   Yes, this  is characteristic  in 
arousing   from   hibernation,   and   1 am not entirely clear on what 
this may all mean in terms of the internal physiology of the animal, 
at   that   tune, whether there  is sonic sort of a heat storing going 

on,   assuming thai the overshoot does not coincide with attainment 

ol a normal body temperature.  11  is easier to explain in animals 

that   restrict   the  development   ol  body   temperature   to   the fore 
quarters which is different from our desert ground squirrels. Thai 
is.   for   instance,   the   m   lined ground squirrel on arousing from 
hibernation,  typieall)   has  the anterior end of the animal develop- 

ing normal  Unh   temperature  first   hefuiv the posterior end does, 
and   we   vvci  mi  such   responses,   thai   is,  we have never observed 

anuhnnj,   like   this  and   we  assume that  n is related to the lact Lint 

these  animals  ha\i    rather  hmh hods   temperatures  to begin with. 

Idl 



HUDSON 

EAGAN: Do these animals shiver as they are corning out of 

torpor? 

HUDSON: Yes. The magnitude of the shivering tends to vary 
from one individual to the next, but there seems to be no difference 
in rate of arousal correlated with this. One gets almost the impres- 

sion that there is some inefficient use of shivering going on in some 

individuals. 

EAGAN: I think this could explain the higher metabolism. Be- 
cause after all, when the animal is completely back to body tem- 

perature, then it does cease its shivering. 

HUDSON; This would be the explanation for the actual heat 

production itself. 

EAGAN: And the overshoot? 

HUDSON: Yes. Shivering of course will continue on beyond the 
overshoot. 

JOHANSEN: Have you tried to look for any vascular changes 

in the legs by measuring superficial temperatures? 

HUDSON: No, we have not. 

HANNON: Has there been any measurement of changes in blood 

chemistry during the coarse of torpor? 1 am getting back to this 
increase in oxygen consumption, and particularly, 1 would think 
of iaetie acid. Is there an accumulation of lactic acid? 

HUDSON: 1 do not know. The intubation technique that Lyman 

has exleiuled promises to he a good means for finding tins kind 

ot information.* 

1 ,\ in ;:■     (   II i i -.■      I  . 
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EAGAN; I was surprised at the rapid and dramatic drop in 
body temperature in the species you mentioned. Was that the 

antelope ground squirrel? 

HUDSON: When he was overheated? 

EAGAN; Yes. 

HUDSON: This is the antelope ground squirrel. 

EAGAN;   And   how   many   minutes   was that, did you say? 

HUDSON:   Three minutes. Of course this  is a small animal. 

EAGAN: Is this accomplished just through transfer through 

cooler   air,   or   is   it through conduction in the burrow walls? 

HUDSON: Well, he was transferred into an environment, where 

the temperature was all the same, so this is artificial, but the 
substrate temperature was the same as the air temperature, so 
conduction would be an important factor here. They show an inter- 

esting behavioral response to this; when they become overheated 
or become relatively warm and have the opportunity to spread out 

on a cooler surface, they do this by extending their legs out, lying 

very flat, and very close to the surface; this has also been reported 
by people living in the desert where they can observe these animals 

coming into the shaded areas or on to nu ist concrete. 

o 
MOUHISON: 11 vou put the animal back at 42   C, how long; does 

it take him to   rewarm? In other words, if it took three minutes to 
root, how long will the reverse process take? 

IH'DSi )N: We ha\ e not done that. 

HAUT:   Ha\e   you   calculated the basal   metabolic   rate of the 
Poor-will in absolute units at the Lhermo-neutral /.one',' 

111 1 )S( )\: hi iemis ol ealories? 
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HAUT: Yes. 

HUDSON: No, I just did il on the basis of oxygen consumption. 

HART:   You made the point that it was very low. I was won- 

dering if this was in relation to body size. 

HUDSON: This is in relationship to body size. It is using the 
equation from Brody in assuming that one cc of oxygen consumed 

releases 4.8 Calories. 

PROSSER:   Does    this    metabolism   fall below   the   standard 

HUDSON:   Yes.   It falls about 66% below the standard curve. 

IRVING: What does torpor mean in the dictionary? Does it 

not mean a decline in brightness? I am still interested in the nap- 
ping slate. I was thinking there might be some other observation 

that you could make other than whether the Poor-will recognized 

you er not at the thermo-neutral zone. 

WEST: An}' way to lest his reaction'/ 

IRVING: To show whether he was alert or not, or whether ho 
was taking a nap, 

HUDSON: Well, they will feed. I know that the animal is not 
in a lorpid stale at what we call thermo-neulrality because he 

will li'cil quite regularly. Now. if you force feed him when he is 

lorpid, he will die, apparently because ol the decomposition of 
locxl in Ihr gul under thosi' silualions, and yet when they are nol 
torpid ilir\ can bo led successfully. Of course a torpid animal 
will h;i\ i ■ lim o\ i ■.-, o IOM -d . 

IRVING: Hui in Ihe theiino-neul I'al stale, llu\\ feed and eye 
I'el le.\ eb  a re lipiKl ivilt,  seelll |o I ii ■  perfect I \   no rilKi 1',' 

11 DM ).\: W,-, in i 
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IRVING; I thinkthat is very rare with the metabolism diminished 

to one-third of the normal. But every means possible should be 
taken to be sure we are dealing with a more or less regular animal. 

HUDSON-, Well, they can fly. 

IRVING: Can they take off instantly? 

HUDSON: Oh, yes, if you open the cage a little too laxly, why 

they are gone. 

KLEIBER: What saves these torpid animals from predators'? 

Is there something which protects them? 

HUDSON: As you may or may not know, a lot of the success of 
this laboratory in working with Poor-wills is because of human 

predators who have found torpid Poor-wills on their front lawn and 

back yard and in the library. This is the way in which we have 

acquired most of our Poor-wills, and I assume that predation must 
be rather severe. 

IRVING: Maybe they do not taste good. 

HUDSON: You do not know thai until afteryou have eaten them. 

l.V) 


