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SUMMARY
Farm animals respond to cold by restricting heat loss and increasing heat 

production. The overall effectiveness of this thermoregulation, which may 
determine survival, can be assessed from an animal's resistance to cooling 
under a standard cold exposure. Cattle are subjected to severe cold in some 
countries, e.g. Canada, but sheep are the farm animals most often exposed to 
cold both as lambs and as adults.

Cold resistance has been measured in shorn adult sheep and newborn lambs. 
Significant breed differences, possibly related to previous genetic 
adaptation, were found. There was also significant additive within-breed 
genetic variance for cold resistance (ĥ  = 30$) in both adult sheep and lambs. 
Different forms of physiological adaptation to cold, including acclimation 
(which conferred increased cold resistance) were demonstrated - most clearly 
in adults.

Genetic selection for cold resistance in newborn Scottish Blackface lambs 
produced a significant response in the upwards direction only. It was 
concluded that neonatal viability might be improved by genetic selection for 
cold resistance.

INTRODUCTION
When any warm-blooded animal is exposed to cold its potential loss of 

heat to the environment is increased so that certain physiological responses 
are required to ensure that the deep body or core temperature can be 
maintained. These responses take the form of increased heat production 
(metabolic rate) or of adjustments to control heat loss - for example 
vasoconstriction to reduce blood flow to the extremities. The physiological 
responses will occur as the environmental temperature falls below the so- 
called thermoneutral zone within which metabolic rate is independent of 
environmental temperature. The environmental temperature at which the first 
metabolic rate increment occurs in response to cooling is termed the critical 
temperature. Between species the critical temperature varies considerably 
and there is an overall negative correlation with size, such that larger 
animals are less sensitive to cold and have lower critical temperatures. 
Within species the critical temperature varies with age and body weight, coat 
cover and level of nutrition (Table 1). As the environmental temperature 
drops further below the critical temperature, so metabolic rate increases 
progressively until reaching peak metabolic rate (PMR) which is, in sheep for 
example, generally about five times the level of resting metabolic rate at 
thermal neutrality. If the degree of cold exposure is severe enough, then
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TABLE 1 : Critical environmental temperatures of cattle and sheep under 
diferent conditions

Type Critical temperature (̂ C)
Young calf 
Steer
Newborn lamb (wet) 
Newborn lamb (dry)
Lambs over 24 hr old 
Shorn sheep (lew feed) 
Shorn sheep (high feed) 
Sheep in full fleece, on

8 -  13 
-1 to 7 
36 - 38.5 
32 - 36 
22 - 24 
26 - 28 
20 - 26 
-15 to +5

variable feed levels
(Data from Blaxter, 1962; Mercer, 1974; and Slee, Griffiths and Samson, 
1980)

PMR may be insufficient to equal the rate of heat loss and a depression of the 
core temperature - or hypothermia - will result. In determining the ability 
of an animal to maintain homeothermy it is clear that three simple parameters 
are of crucial importance : body insulation, PMR capability and, the resultant 
of these, the ability to resist hypothermia. The latter can be measured by 
exposing animals to a standard, controlled cold exposure (severe enough to 
induce hypothermia) and recording the time taken to induce a small, pre
determined decline in body temperature. This parameter - termed cold 
resistance - has three important advantages. First it is closely related to 
the survival ability of an animal under cold exposure, secondly it 
incorporates in one measurement the effects of insulation and heat production 
and thirdly the ease and simplicity of the measurement in practice make it 
particularly suitable for genetic experiments where large numbers of animals 
may be involved. Many of the experiments mentioned in this paper make use of 
cold resistance measurements; others involve PMR estimations obtained under 
cold stress. Insulation is troublesome to measure precisely, but, in sheep, 
fleece or coat depth can give approximate comparative estimates of insulation, 
provided wind speed and coat wetness are controlled and specified.

Adaptations to cold might be defined in terms of short-term or long-term 
changes in the physiological responses to cold which improve an animal's 
ability to survive, or its cold resistance, or, perhaps, its productivity. 
Changes in viability or productivity may be underpinned by unknown 
physiological changes not normally measured in the field. Adaptation will 
incorporate both acclimatization, where changes are produced by a complex of 
seasonal and climatic factors and acclimation where only a single 
environmental factor - such as cold exposure in a laboratory experiment - is 
involved. In a genetic and physiological context cold resistance is probably 
the easiest of these characters to define and measure. Evidence for genetic 
adaptation may come from differences between breeds in these characteristics 
particularly from breeds which are clearly adapted to different climatic 
environments. This would indicate that genetic adaptation had occurred in 
the past. Alternatively, evidence may derive from estimates of within-breed 
genetic variance perhaps indicating that, with appropriate selection pressure, 
genetic adaptation could occur. Data of this kind are relatively scarce for 
two main reasons. First, because physiological experiments on large animals
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in sufficient numbers to provide meaningful genetic information are rare; 
secondly, because breed comparisons, most commonly relating to productivity, 
tend to be unreliable unless obtained in the same environment (for 
productivity characteristics) or (for physiological characteristics) under 
standard test conditions designed to simulate an aspect of the nature of 
environment. However some data are available, particularly for sheep, which 
are often exposed to severe cold as newborn lambs or newly-shorn adults, and 
to a limited extent for cattle in Canada.

CATTLE
Experiments showing clearly that cattle can adapt to cold have been 

reviewed by Webster (1974). Cattle have longer coats in winter. Insulation 
is increased by the photoperiodic stimulus which causes increased hair growth, 
and by cold exposure which reduces hair shedding. The critical temperature 
was lowered in cold-acclimatized cattle, (Webster, Chlumecky and Young, 1970) 
probably as a result of improved insulation and also increased resting 
metabolic rate (Young, 1975). In some experiments the extent of adaptation 
was such that cold-acclimatized cattle were found to show symptoms of heat 
stress at a temperature of 20°C. Most of the published work involving cattle 
does not deal with genetic variation but in one preliminary experiment 
reported by Webster and Young (1970), Hereford calves were compared with 
crossbreds (incorporating Holstein, Angus, Charolais and Brown Swiss 
genotypes) for their responses to cold exposure. The evidence for 
significant breed differences was not strong. There was a tendency for the 
Angus type crosses to show superior cold tolerance as a result of better 
insulation and increased appetite. The Herefords had adequate initial cold 
tolerance but insufficient adaptation. The pure Holsteins were adversely 
affected by cold (reduced weight gain and lower insulation) but the Holstein 
crosses showed good adaptation and performed well. This experiment therefore 
showed some evidence for genetic differences in cold adaptation but it was 
difficult to separate breed effects from those of heterosis.

SHEEP

Adult sheep
Mature sheep are well protected against cold when in full fleece but less 

well insulated in wind and rain when the fleece insulation is partially 
destroyed (Alexander, 1974). Shorn sheep are sensitive to cold but serious 
losses have been reported only from Australia where mortality can exceed 0.75 
million per year (Hutchinson, 1968). The resistance to body cooling of 
closely shorn adult sheep exposed to a standard acute cold stress (-20°C, 1.8 
m/sec wind speed) in climate chambers was measured by Slee (1966, 1968) and 
Slee and Sykes (1967). This test revealed significant breed differences in 
cold resistance in several trials (Tables 2 and 3).
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TABLE 2 : Breed variation in cold resistance : Experiment 1

Mean time in minutes for rectal temperature 
to fall 3.5°C during acute cold exposure

Finewool
Merino

Welsh
Mountain

Southdown Scottish
Blackface

1st exposure 125 230 294 449
2nd exposure 
(after acclimation 
to cold)

2C8 303 374 557

The average cold resistance times were based on approximately 20 
sheep per breed. The breed effect was significant (P<0.01); the 
effect of cold adaptation (at 2nd exposure) was also significant 
(P<0.01). (From Slee, 1985)

TABLE 3 : Breed variation in cold resistance : Experiment 2

Mean time in minutes for rectal temperature 
to fall 3.5°C during acute cold exposure
Previous
treatment

Finnish
Landrace

Welsh Southdown Scottish
Blackface

Thermoneutral 415 392 441 567
Cold 493 466 407 741
Fluctuating 655 566 686 700

cold
The average cold resistance times were based on 4 sheep per breed per 
treatment. Breed effects were significant (P<0.05).

A consistent feature of these and other trials with shorn sheep was the 
relative superiority of the Scottish Blackface and the inferiority of the 
finewool Merinos available in the Animal Breeding Research Organisation 
(ABRO). However if fleece insulation is taken into account the situation may 
be different since there is evidence (McArthur, 1981) that the thermal 
resistivity of the compact Merino fleece is over 80$ greater than that of 
representative British breeds. Possibly the Merino fleece is well adapted to 
resist thermal input from solar radiation whereas the fleece of some British 
breeds may be better adapted to cope with wind or rain. Blaxter, Clapperton 
and Wainman (1966) found that the metabolic effort elicited by wind or wetting 
was largely determined by the type of fleece in six British breeds of sheep.

Within-breed genetic variation for cold resistance has been demonstrated 
in ABRO experiments involving shorn Scottish Blackface sheep cold-exposed in
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climate chambers. Rams and their progeny were tested at an age of about one 
year over two successive seasons. Between 50 and 70 rams were tested each 
year. A similar number of male and female progeny was chosen for test from 
the six rams with the highest cold resistance and the six rams with the lowest 
cold resistance. Each animal was tested twice with an interval of two weeks. 
The complete data are shown for the first year and data for the 1st cold 
exposure and male progeny only for the second year in Table 4. The 
heritability for cold resistance, calculated by sire-offspring regression on 
1st exposures only was 0.18 ± 0.2 (year 1), 0.36 ± 0.2 (year 2) and 0.36 + 0.1 
(years combined).

A consistent feature of all these experiments with adult sheep - both 
within and between breeds - was the improvement in cold resistance between 1st 
and 2nd exposures due to cold acclimation. This phenomenon was evident in 
90% of sheep tested, and has been described in detail by Slee and Sykes 
(1967), Sykes and Slee (1968) Webster, Hicks and Hays (1969) and Slee, (1974). 
The effect occurred irrespective of the holding temperature between exposures.

Cold acclimation was accompanied by increased heart rates, even at 
thermoneutrality, and greater blood flow to the extremities. These changes 
indicated an elevated metabolic rate. There was no clear evidence of breed 
differences in the ability to adapt to cold in this way but there was a 
suggestion that some breeds, such as the Southdown (see Table 3). may respond 
best to a lower dosage or intensity of cold than other breeds. Other forms 
of adaptation to cold, such as cold habituation, which, following exposure to 
short, repeated cold shocks, causes a reduced metabolic response to cold, 
voluntary cooling under mild cold exposure and lower cold resistance, can 
also occur in sheep (Slee. 1970; 1972 and Slee and Forster, 1982). Here 
there is evidence of significant breed differences (Slee and Forster, 1983) 
with the Scottish Blackface showing the greatest degree of habituation (Table 
5; PC0.01).
Newborn lambs

As with adult sheep, evidence for genetic effects on the ability to 
resist or tolerate cold exposure in lambs comes from between-breed differences 
and within-breed genetic variation. Measurements of cold resistance in 
climate chambers revealed significant differences between finewool Merino 
lambs and British hill breeds such as the Welsh Mountain and Scottish 
Blackface (Slee, 1978), with the hill lambs showing ten times greater cold 
resistance under these conditions. The greater sensitivity to cold of the 
Merinos was largely, but not entirely, due to inferior birthcoat insulation. 
Similarly, Welsh lambs with a different birthcoat type produced by genetic 
selection showed inferior cold resistance to the normal lambs with longer 
coats.

An alternative test of cold resistance involving part-immersion of 
newborn lambs in a cooling water bath was subsequently developed in ABRO. 
This procedure was simple to apply and gave highly repeatable results (Slee, 
Griffiths and Samson, 1980). Welsh lambs again showed differences in cold
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TABLE 4 : Inheritance of cold resistance in Scottish Blackface sheep

Mean time in minutes for 
rectal temperature to fall 
3.5°C during acute cold

N

exposure 

1st exDosure 2nd exposure
Year 1
All rams (range in brackets) 50 161 (68-300) 257 (7-462)
(+) selected rams 6 236 384
(-) selected rams 6 101 139
Male progeny from (+) rams 39 174 256
Male progeny from (-) rams 37 151 225Female progeny from (+) rams 40 159 251
Female progeny from (-) rams 31 132 230
Year 2
All rams 68 192 _
(+) selected rams 8 250 _
(-) selected rams 7 140 -
Male progeny from (+) rams 40 214 _
Male progeny from (-) rams 53 190

TABLE 5 : Passive cooling following cold habituation treatment

Breed N Minimum rectal 
temperature(°C)

Decline in rectal 
temDerature(°C)

Scottish 
Blackface

8 37.1 ± 0.3 2.2 ± 0.3

Finn 8 38.1 + 0.2 1.2 + 0.2
Merino 8 37.9 ± 0.2 2.0 + 0.2
Soay 8 38.5 ± 0.2 0.6 + 0.1

(From Slee and Forster, 1983)

resistance which varied with coat type and were related to lamb mortality in 
the field - particularly in bad weather (Table 6). There were also highly 
significant (P<0.001) breed differences with British hill breeds, presumably 
adapted to lambing outdoors in unfavourable conditions, showing generally 
superior cold resistance (Table 7). Also in Table 7 are field mortality
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rates for lambs of the same breeds and the incidence of hypothermia in cold 
weather. Clearly there was some correspondence between water bath cold 
resistance and field performance among these breeds such that the small

TABLE 6 : Mortality in variable weather and water bath-tested cold 
resistance in Welsh Mountain lambs with two coat types

+Field mortality (?) Cold resistance :time
Coat type Good weather Bad weather* in minutes to reduce 

rectal temperature by

Short 7 ( 405) 42 (84) 43 (8)
Long 2 (1287) 10 (285 75 (8)
•Days with high wind and rain or air temperature below -4°C 
+Data from Purser (1967)
Lamb numbers are shown in parenthesis

TABLE 7 : Field performance and laboratory cold resistance in lambs of 
eight breeds born and reared in the same location but previously adapted 
to different environments

+Incidence of Pre-weaning *Water bath
hypothermia mortality cold
in the field resistance

Breed N ? N 1 i! Min
Hill
Welsh Mountain 47 8.5 181 6.6 21 89Scottish Blackface 88 1.6 3C7 11.1 33 87S. Country Cheviot 39 9.1 105 14.3 35 98
Small lowland
Merino 42 68.8 104 23.1 21 45Finnish Landrace 37 64.6 165 20.0 23 38
Southdown 37 47.1 68 27.9 26 51
Large lowland
Oxford 12 0 50 6.0 20 81
Border Leicester 17 36.4 77 28.5 23 80
•Number of minutes of cooling required to reduce rectal temperature by 
4.5°C.
+Defined as rectal temperature 2°C or more below normal
(Data from Sykes. Griffiths and Slee, 1976 and Samson and Slee, 1981).
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lowland type lambs in particular performed less well and the hill breeds 
generally better than average. Resistance to hypothermia was positively 
correlated with birthweight (a partial explanation for the good water bath 
cold resistance of the Oxford and Leicester lambs) and with skinfold 
thickness, but not significantly with birthcoat depth. Peak metabolic rate 
(PMR) capability (measured during water bath tests) differed significantly 
between breeds (Table 8, P<0.001) and was positively correlated with cold 
resistance within breeds in some experiments. However the PMR capability of 
different breeds did not correspond precisely with cold resistance of these 
breeds measured in the same lambs. Young lambs, like adult sheep, are also 
capable of acclimation to cold (Sykes, 1968 and Stott, 1985) but the effect is 
less consistent (Slee, unpublished).

TABLE 8 : Peak metabolic rate (PMR) induced by water bath cooling in
newborn lambs of ten breeds

PMR (Mean ± SE)
Breed N (ml 02kg- 1  min'
Cheviot 35 60.9 ± 1.7Welsh 21 58.8 + 2.2
Finnish Landrace 23 54.7 + 2.1
Southdown 26 54.5 + 2.0Merino 21 52.4 + 2.2
Scottish Blackface 33 51.7 + 1.8Oxford 21 49.6 ± 2.3
Border Leicester 23 47.3 ± 2.1

(Samson and Slee, unpublished)
Genetic selection for water bath cold resistance in newborn lambs of the 

Scottish Blackface breed was carried out for a period of three years in ABRO. 
Upwards and downwards selection lines were set up, with about 100 lambs being 
tested and 4 rams selected per year in each line. Selected ram lambs were 
mated at 7 months of age; there was a little selection among females. 
Response to downward selection was nil but the response for increased cold 
resistance was rapid (Figure 1). The divergence between lines was 
significant (P<0.001) after two years and was equivalent to about 25? of the 
population mean. Heritability was estimated at 0.3 from the cumulative 
response to upwards selection. Other estimates of heritability calculated 
from sire-offspring regression and half-sib analysis on the base population 
gave similar values varying between 0.2 and 0.4. These data therefore 
provided strong evidence of additive genetic variation for cold resistance 
within the Blackface breed. Correlated responses to selection included 
skinfold thickness and some aspects of metabolic rate.
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197V 1980 1981 1982 1983 1984
YEAR

Eigyrs Response to upwards and downwards selection for cold
resistance, using a water bath test, in newborn Scottish Blackface lambs.
Each point represents a mean + SE of about 100 lambs. (From Slee, 1984)

GENERAL DISCUSSION AND CONCLUSIONS
Measurements of cold resistance under standard, controlled conditions 

show that there are significant breed differences and there is significant 
within-breed genetic variation for the ability to resist hypothermia and for 
some of the component characters underlying this variation in newborn lambs 
and adult sheep. There was some evidence in lambs that cold resistance in 
experimental tests did relate to viability and resistance to hypothermia in 
the field. Breed differences in cold resistance were to some extent 
predictable from the environments in which the breeds were generally used and 
to which they would be expected to have adapted. Genetic selection for cold 
resistance in newborn lambs was successful. The inference is that genetic 
adaptation to cold has occurred in the past in sheep and that further useful 
adaptation could be produced by artificial selection.

The question arises as to why natural selection in favour of lamb 
survival in adverse climates should have been inadequate in terms of reducing 
losses due to hypothermia. This may be partly because, in most outdoor 
lambing situations, weather conditions (temperature, wind and rainfall) are 
extremely variable. The survival of individual lambs, insofar as it is 
affected by weather, therefore depends largely on chance factors associated 
with the time and place of birth. Moreover, in domestic flocks, ram lambs 
for breeding are often reared in flocks which are maintained in better than 
average environments where natural selection is further precluded from 
operating effectively. Artificial selection for cold resistance should 
therefore be capable of improving lamb survival especially in severe climates 
and in extensive high mortality situations, provided the genetic correlation
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between cold resistance and lamb viability is not unexpectedly low. These 
conditions are common in Britain, Ireland, South America and parts of 
Australia.

Two types of physiological adaptation to cold were shown to occur in 
sheep : (i) acclimation, which involved increased cold resistance and probably 
increased basal metabolic rate and PMR capability, and (ii) habituation, which 
involved a reduced metabolic response to cold, voluntary (passive) cooling and 
decreased cold resistance. Possibly acclimation would benefit an animal at 
risk from hypothermia, but with an assured food supply (e.g. some newborn 
lambs); whereas the energy saving which accompanies habituation would be 
useful where cold exposure was prolonged and food scarce (e.g. for a pregnant 
hill sheep during winter). Both these forms of adaptation also occur in 
humans (Davis, 1963; Hammel, 1964 and Radomski and Boutelier, 1982) where 
there is evidence of racial differences in terms of a predisposition to one or 
the other type of response. In sheep, therefore, as well as the clearly 
demonstrated genetic variation in the primary responses to cold which 
determine cold resistance, there may also be genetic variation, including 
breed differences, in the ability to adapt physiologically to cold.
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