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Environmental Physiology 
With Special Reference to Domestic Animals 

XXVII. InBuence of WInd 00 Heat Exchange and Body Temperature 
Regulation in Jersey, Holstein, Brown Swiss, and Brahman Cattle 

H. H. KIBLER and SAMUEL BRODY 

Preceding bulletins in this series· ' reported data on the effects of 
changes in temperature and humidity on cattle. This is one of several 
survey bulletins reporting the inftuence on cattle of wind or air velOcity 
at various air temperature, One research bulletin, presented data on 
feed, water consumption, milk production, and body weight. A thesis 
by R. G. Yeck' presented data on insensible weight loss and total 
evaporative cooling. Another research bulletin' presented data on 
surface temperatur e, insensible weight loss, and total evaporative cool
ing of the same animals. Another,' to be reported by H. J . Thompson, 
will describe the equipment used in controlling air velocity and other 
environmental factors. This bulletin presents data on the effect of 
wind on respiration rate, pulse rate, pulmonary ventilation rate, rectal 
temperature, heat production, evaporative cooling from the respiratory 
tract, evaporative cooling from the outer surface, and total non·evapora
tive cooling. 

INTERRELATIONS BETWEEN 
CLIMATIC FACTORS 

In the experiments to determine the physiological effects of climate, 
the temperature, humidity, and air velocity were varied in turn. How
ever, it is desirable to know the response to combinations of all three 
factors. Environments may have the same physiologically effective 
temperature despite quite different relations between temperature, hu
midity, and wind. 

The comfort zone worked out by air conditioning engineers for 
man is based on his subjective feeling of comfort when exposed to 

·References are listed at the end of the bulletin. A list ot bulletins in the 
Environmental Pbysiolop and Shelter Engineering series published up to 1952 
is included in Mo. Agr. Exp. Sta. Res. BuI. 49'7. 
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various combinations of dry-bulb temperature, humidity, and air 
velocity. If a criterion of comfort based on measurements instead of 
feelings could be established, it would be possible to detennine a "com
fort zone" for cattle. In the preceding report,· it was shown that the 
"thennoneutrality" zone for lactating dairy cows was between 400 

and 60" F. Undoubtedly cattle are comfortable within these narrow 
limits where their heat production is minimal.' It seems probable, 
however, that their "comfort zone" extends beyond these limits. The 
rectal temperature does not rise at environmental temperatures below 
70" to 80" F,'·" and feed consumption and milk production",·· apparent· 
ly do not decrease before this rise OCCUI'S. These facts indicate that rec· 
tal temperature measurements should be given considerable weight 
in determining the upper limits of the "comfort zone." At lower tem
peratures, rectal temperature may not be as good an index of com
fort, since heat production rises and milk production may be depressed 
before rectal temperature falls below normal values. 

Although still somewhat tentative because of unmeasured areas, 
the shaded section of Figure 1 shows the zone of normal rectal tem
perature for lactating Jersey, Holstein, and Brown Swiss cows. These 
data include measurements made during earlier temperature and 
humidity experiments in which the air veloCity was constant at about 
0.5 mph. The present data - indicated by the short dashed lines to 
the right of the shaded zone - show that wind at velocities of 7 to 10 
mph enabled the different breeds to maintain normal body temperature 
during exposure to heat stress that would normally have caused a 
rise in body temperature. Wind tends to widen the "comfort zone" 
at high air temperatures below rectal temperature where cooling is 
beneficial but it tends, as will be shown later, to narrow the "comfort 
zone" at low temperature, where cooling is detrimental. 

An analysis of the relation between wind and heat loss from cows is 
complicated by the interaction of several factors. Convective cooling 
rises with increasing air velocity but, in so doing, lowers the tempera
ture of the outer surface of the animal, causing decreases in the losses 
by radiation, conduction, and outer surface vaPorization. The convec
tive cooling of the outer surface also reduces evaporative COOling from 
the respiratory tract by reducing respiration rate and pulmonary ven
tilation rate. These relations will be discussed in greater detail in con
nection with the presentation of the data. 

The relation between wind and heat loss by convection is quite 
involved (even when considered separately £rom radiation and vapori-

· Minlma.l for eonditions of normal recW temperature. Heat production b 
depressed still lower when eontiDued eJl:p08ure to bot conditions increaset reeW 
temperature. 
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Fif_ 1 - Th .. ~one of normal r«t.al tempera hire In dairy eoWI .. a lfected 
by en\')ronmental tempe ratu re. !lIlraMii t,. and a ir Yel«il ,.. n airy eow •• hleh .ere 
kept in an air eonditioaed ct.amber . here the air n !oc il,. .13 0.5 miles per hOllr 
maintained nor mal rectal lempeutures dllrlnr eontinllOUS UpOSure (U hou ri 
a d.,. for perioclo up to 2 ... eek.) 10 the ranle 0' en .. lronmentl' temperlturtl 
and humidities inel lided in the ahl ded arn of Fig. I. By Inereuin, Ihe air 
.... locity lip to 6 to 10 mil.,. per hour they were Ible to maintain normal bfIII y 
temperature durinl e.I~ure 10 .. ven mor .. luer .. cOlIdit ions, •• indinled by 
the four du hed linel to the rI ,ht of t ile shl ded uea. Additional dau. are n« ded 
to establish the uaet boundaries for .U conditio ... espt<"i. lly for u tremely 
lI irh u d 10'" relati .... humidity • ."d for te mper.tuTti belo ... 5 Q F (_UCC). 
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zaUan ) if all the environmental and physiological factors are con
sidered." Gagge and associates, II using men as subjects, expressed 
this relation by the equation 

C = .65 A V IT - T ) 
D S A 

where C is the loss by convection in kg.-cal/hr ., AD is the Du Bois area 
in square inches, V is the velocity of the air in ft ./min., T S is the skin 

temperature in of , and T A is the air temperature in degrees F. ln their 

experiments, they were unable to determine from the data whether 
the use of V or '"'IV gave the better fitting equation. The applicability 
of the equation to cows cannot be determined from the data In this 
bulletin, as the heat losses by convection cannot be separated from 
the losses by radiation and conduction. 

EXPERI!UENT 
During the winter of 1951-52, physiological measurements were 

made on 12 cows at three wind velocities: "low" (0.4 to 0.5 mph), 
" medium" (3 to 6 mph), and "high" (7 to 10 mph ) at temperatures 
of 50° and 17° F as shown in Table lAo Two weeks were given to each 
or the six experimental conditions. The "low" air velocity was at the 
level used in aU preceding experiments on the effects of temperature 
and humidity. 

During the summer of 1952, another group or 12 cows, including 
5 of the animals used in the first winter experiment and 7 others, was 
similarly measured at the same three air velocities, but at tempera
tures of 65°, 80°, and 95° F as shown in Table lB. The experimental 
periods at 95 ° were limited to two days but were carried on for two 
weeks at the other temperatures, as in the winter experiment. The 
average relative humidity varied from about 60 to 70 percent in both 
experiments. 

Each group consisted of three lactating Holstein and three Brown 
Swiss cows in one chamber, and two lactating Jersey, two dry Jersey, 
and two dry Brahman cows in a second chamber. 

With the exception of the use of a stethoscope instead of a manual 
palpation for counting pulse rate, the apparatus (open-circuit respira
tory exchange ) and methods were the same as previously 
described.'· I ~.' 
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DISCUSSION OF RESULTS 
Wbile the data have been obtained primarily to study the effects 

of air velocity, they also provide valuable replications for preceding 
experiments on temperature. Breed comparisons of the effects of air 
velocity and temperature are presented in Figures 1 to 10. Figures 
3 A, 5, 6 A, 7 A, and 10, especially, bring out the effects of changing 
air velocity at constant temperature, and Figures 3 B, 4, 6 B, 7 B, 8, 
and 9 emphasize the effects of changing temperature at constant air 
velocity. The data on individual cows are presented in Tables 2 to 6 
in the Appendix. 

Not many statistical tests were made because of the small volume 
of data and few animals of each breed . Unmeasured effects of the 
stages of lactation and gestation, and other factors such as acclimiUza
lion lags may have infiuenced the results. 

Recwt Temperature: The rectal temperature is the best available 
index of an animal's ability to maintain a balance between heat pro
duction and heat dissipation. However, as it is a local measurement, 
it may refl ect local rather than general conditions. It may be reasoned, 
therefore, that when a cow is exposed to wind, its rectal temperature 
reflects local surface chilling. In this experiment, the measurements 
were made with ordinary veterinary thermometers. As local surface 
effects would presumably diminish with increased depth of insertion, 
it is hoped that this experiment can be repeated, using a thermometer 
suitable for deeper insertion, such as the thermistor resistance thermo. 
meter previously described.' 

Figure 2 shows the relative effects of the three air velocities on 
rectal temper:lture at five air temperatures. At 17° F air temperature, 
high wind velocity lowered the rectal temperature below its value at 
low velocity by about lh ° F in the Jerseys and 1 ° F in the non-lactating 
Brahmans. No appreciable change occurred in the Brown Swiss and 
Holsteins. At 50° and 65¢, the effects of wind were relatively negligible 
and not too consistent. At 80° and 95°, the cows which developed the 
highest rectal temperatures at low wind velocities were cooled the 
most by high wind velocity. This lowering of rectal temperature in 
degrees Fahrenheit amounted to about 1'h° at 80° and over 2° at 
95° in the lactating Holsteins, ~o at 80° and 1° at 95° in the lactating 
Brown Swiss, Jh; 0 at 80° and I Jh; ° at 95° in the lactating Jerseys, and 
Ih o at 80 · and ~o at 95° in the non·lactating Jerseys. The non-lactating 
Brahmans were not affected by changes of wind velocity at these 
temperatures. 

Statistical tests indicated that the effects of wind on rectal tem
perature were significant or highly significant in the Brabmans and 
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Fir. 2 _ lntluenee of high (6 to 10 miln per hour) and medium (3 to 6 milel 
pn hOllr) air .. elocitia On recul tempera ture •• indieattd by the duiatiou from 
the mUn recui ,temp«ature at 10'" air '<'elocity (0.4 to 0.5 mile pn hour) at the 
linn air temperatu res.. 

Jerseys at air temperature 17 ~ F and in Jerseys, Holsteins, and Brown 
Swiss at the 80" F air temperature. The data for 95° were not tested 
statistically because of the few observations, but as shown in Figure 2, 
the cooling effect of high wind was greater at 95" than at 80" for 
the European breeds. 

Heat Production; As reported in a preceding bulletin,· dairy .cows 
produced minimal heat while maintaining normal rectal temperatures 
at environmental temperatures between 40° and 60° F. Above this 
tbermoneutrality zone, the rectal temperature rose and the heat pro
duction declined. Below this range, the heat prOduction increased, 
preventing a fall in rectal temperature. All of these measurements 
were made at an air velocity or 0.5 mph. 
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Figme' 3 confirms these responses for the low (0.5 mph) air 
velocity and shows that changes in wind velocity have no effect on 
heat production in the thermoneutrality zone.· In addition it shows 
that the depression of heat production in the Brown Swiss and Holstein 
cows at 95" F was greater at low than at high wind velocity, In the 

-The higher heat production in the Brown Swiss and the Holsteins at 65" F 
than at SO" F resulted from a change of experimental animals, Those b~;.Jht in
to the experiment at 65" F weighed about 130 pounds more per an ' than 
those used at SO" F. 
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Brahman and Jersey cows, changes in wind velocity hail'-very little 
elfectat 95° F. - v -. On lowering the temperature from 50° to 17° F at low air velocity;-
the heat production in the non-lactating Brahmans increased about 
40 percent (Figure 38) , confirming the influence of low temperature 
on heat production as reported in preceding bulletins. While holding 
the temperature at 17° F, an additional increase of 60 percent occurred 
when the air velocity was increased from 0.5 to 7.6 mph (Figure SA). 
Similar but less pronounced increases in heat production occurred in 
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the other cows on lowering the temperature and increasing the wind 
velocity. The low cold tolerance of the non-lactating Brahmans ap
parently was related to their low heat production. In the thermoneu· 
trality zone they produced 10 percent Jess heat per animal than the 
non-lactating Jerseys which they outweighed by 20 percent. 

It is rather disturbing that the increases in heat production at 17° F 
were not noticeably reflected in the feed and water consumption, milk 

." VELocrh 

~ I"CI-I--1--+-+-. 
~> "",,+--1-+-+: 

" .' f···CjC , "I+-+-+-+ 

Fjt!""i - R~lativ~ respcmsu or 2 lacbting and 2 non-lactating Jersey eows 
tp diir.n&"ts in air t~mperatu re (bottom scales) and to three levels of air "elocity 

'~see [ow, medium. high notation at Tia: h t sid!). Skin n porization and r espiratory 
va por ization. gm/m'/hr aT! s hown plott!d to th! urn! scale in t he left·hand 
c O)lumn; puln rate p! r minute and pulmonary ventilation r ate, lit/m'/min are 
shown in the middle column; and r espirations/min' and hu.t pr oduction Cil/m'/hr 
are s hown in the right_hand column. The symbols corruponding to t he cow num
bU:!I s hown in the uJ>P!r left-hand sectio .. were u8!d in all sec ti<on s, Beu.use of 
"pace limita tions it was necusary to abbreviat! skin "avoriu.tion and su r face 
'"aporiution in the t,,·o lo"'u left-hand sections. The data; indicate Ihat ind,v,dual 
differen~u ;n this small group tended to mask the effects or lactation. 
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production and body weight data previously reported.' There can be 
no completely satisfactory explanation for the discrepancy until more 
data have been accumulated. A partial explanation may be provided 
by the special conditions of the experiment. The cold stress affecting 
the heat production measurements was more severe than the average 
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cold stress over the 24-hour period affecting the milk production, 
feed and water consumption, and body weight. During the metabolism 
measurements, the animals stood up under overhead fans where they 
received the maximum intensity of wind over the greater part of their 
bodies, Over the 24-hour period, on the other hand, they were lying 
down part of the time at greater distances from the fan on warm bed
ding, with less surface exposed to the wind. Also, the fans were turned 
off a total of 4 hours a day during feeding and milking. 

As the Jersey averages in Figure 3 include both lactating and non
lactating animals, a comparison of the various responses of the lac
tating and non-lactating animals in Figure 4 might be instructive. 
Heat production is given in the right hand sections. No definite con
clusion can be reached on the influence of lactation on heat production 
in relation to wind velocity as the variations between individual cows 
tend to mask the effects of lactation. 

Pulse Rate: At about 17° F air temperature, increasing the air 
velocity from 0:5 to 10 mph caused statistically significant increases of 
4 to 6 beats per minute in the Brahman and Jersey cows, and highly 
significant increases of 5 to 9 beats per minute in the Holstein and 
Brown Swiss cows. At 0.5 mph air velocity at this temperature, the 
mean pulse rates by breeds were: Brahman, 72; Jersey, 65; Holstein, 
56; Brown Swiss, 52. The lesser increase in pulse rate with increasing 
air velocity in the smaller breeds may be attributed to their higher 
mean rates at low temperature. Having shown greater response to de· 
creasing temperature, the smaller breeds apparently possessed less 
reserve for response to increased wind. At temperatures from 50° to 95° 
F, the pulse rate varied irregularly with air velocity. The pulse rate 
is undoubtedly more susceptible to disturbing influences than the 
other measurements. Under the conditions of the experiment we could 
not isolate the animals from all disturbing influences. 

Respiration Rate, Pulmonary Ventilation Rate, and Respiratory 
EvapoTative Cooling: These three functions are closely interrelated in 
the dissipation of heat from the respiratory tract. Increasing wind vel
ocity which lowers surface temperature also lowers deeper body 
temperature under some conditions, depressing respiratory activity 
by nervous reflex action, and thereby decreasing respiratory evapora
tive cooling. These relations are brought out in the following charts. 

Figure 6A shows that increasing air velocity reduced the respiration 
rate, especially at high temperatures. At low air temperatures (17° 
for Jersey, Holsteins, and Brown Swiss, and up to 65° F for the Brah
mans ) the rates were below 14' per mnute and showed very slight 
changes with increased air velocity. Figure 7A shows closely parallel 
effects on pulmonary ventilation rate. The slight rise in respiratory 
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activity in the Brahmans at 17" F with rising air velocity was, no doubt, 
associated with their greatly increased heat production. It is notice. 
able that at temperatures below 95~ F the changes in respiration rate, 
and especially pulmonary ventilation rate, caused by increasing air 
velocity were greater between 0.4 and 5 mph than between 5 and 
9 mph. 

Figure 8 shows the decrease in respiratory vaporization with in· 
creasing air velocity, resulting from the reduction in respiratory ac
tivity just discussed. For the range of temperatures from 17° to 95" F, 
the values at high and medium velocity averaged about 30 percent be
low those at low velocity, except in the Brahmans at 17° F. It will be 
recalled, however, that the respiratory activity of the Brahmans at 
17° F was also greater at high than at low veloci ty, explaining the in· 
crease in evaporative cooling. 

The effects of changes in temperature and ai r velocity on respiratory 
activity in cattle are apparently modified considerably by acclimatiza
tion. Previously reported data- showed decreases of 40 to 50 percent 
in respiration rate as the temperature was lowered from 50" to 5" F 
over a period of several weeks. Graf and Peterson, I. on the other hand, 
found that the respira tion rate in a group of cattle housed at 45° F was 
not changed when they were taken outside and exposed for 1 hour to 
temperatures between - 16" and + 160 F. The mean rate was 21 in 
both instances. Their animals, unlike ours, did not have time to be· 
come adjusted to the cold. They reporred shivering and greatly in· 
creased activity in their cows. This might easily explain the higher 
respiration rates of their animals. Figure 6B shows that in the present 
data the respiration rates fell below 14 per minute at temperatures 
between IS" and 20° F. 

Figure 78 shows a continuous rise in pulmonary ventilation rate 
with increasing environmental temperature in the Holsteins and 
Brown Swiss. In the Jerseys and Brahmans, however , the rates were 
higher at the high and low temperatures, with lower values between 
50° and 800 F. 

Evaporative Cooling from the Skin: Figure 9 shows that vaporiza
tion Irom the skin increased with rising temperature but tended to 
decrease with rising air velocity. The only possible explanation for the 
decrease in vaporization with rising air velocity is that less moisture 
reached the surface of the convectively cooled skin -probably be· 
cause of a slower diffusion rate brought about by diminished blood flow 
through constricted skin capillaries or, less likely, because of decreased 
sweat gland activity. As the vaporization from the skin was not meas· 
ured directly, as was respi ratory vaporization, but was CQmputed by 
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difference'···· and hence affected by cumulative errors, additional 
data are needed before a more detailed analysis is justified. 

Non-evaporative Heat Loss: The effects of changing wind velocity 
and temperature on the evaporative and non·evaporative losses are 
summarized in Figure 10 and Tables 5 and 6. The non-evaporative 
losses, indicated by solid lines, decrease with rising temperature, but 
generally increase with rising air velocity. Opposing effects of air 
velocity and temperature on the components of the non·evaporative 
loss (convection, radiation, and conduction ) accounted for this differ
ence. Increasing air velocity increases the convective heat loss (as in· 
dicated in Equation 1), but, at the same time, lowers the skin tempera· 
ture and thereby decreases the radiation and conduction losses. In· 
creasing temperature, on the other hand, decreases the temperature 
gradient between the animal and its environment and thereby de
creases the heat losses in all three non-evaporative components. As 
an example of the opposing effects of temperature and wind, Figure 10 
shows that the non-evaporative heat loss in the Holsteins decreased 
from about 150 to 50 Cal. j M· j hr. as the temperature was increased 
from about 20° to 95° F; in contrast to an increase from 50 to 100 Cal.! 
M' j hr. as the wind velocity was increased from 0.5 to 9 mph at the 80 0 F 
temperature level. 
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SUMMARY 

Data are presented on the influence of changing wind or air velocity 
(0.5 to 10 mph ) at temperatures of 17", 'SO", 65°, 80" and 95" F 
on respiration rate, pulse rate, pulmonary ventilation rate, rectal tern· 
perature, heat production, evaporative cooling from the respiratory 
tract, and related values on outer surface evaporative and total non
evaporative cooling in J ersey, Holstein, Brown Swiss, and Brahman 
cattle. 

Increasing wind or air velocity from 0.5 to 10 mph was found to 
increase the heat dissipation in cattle at 17" F environmental tempera
ture (as indicated by increased heat production). Similar increases 
in air velocity at 50" and 65° F had little effect on total heat dissipa
tion; the non-evaporative heat losses were generally greater, but they 
were balanced by smaller heat losses by vaporization from the respira· 
tory tract and skin. Heat production in Holstein and Brown Swiss cattle 
was depressed less by 80" F temperature at high wind velocity than at 
low wind velocity. At 95" F, wind velocities of 8 to 9 mph cooled the 
individual Jersey, Holstein and Brown Swiss cows which had devel
oped high rectal temperatures sufficiently to allow their metabolism 
to proceed at more normal (less depressed) levels. This was accom· 
panied by less depression of feed consumption and milk production. 

At 17" F, air velocities of 8 to 10 mph increased the heat loss in 
Holstein, Jersey and Brown Swiss cows to the extent that they in
creased their heat production by 20 to 35 percent while maintaining 
normal rectal temperature. Under similar conditions, Brahman cows 
increased their heat production by 60 percent but were unable to 
prevent a fall in rectal temperature of about 1" F. 

At an environmental temperature of 95" F, the individual Hol
steins, Brown Swiss and J erseys which developed high rectal tem
peratures at 0.5 mph air velocity were benefited by air velocities of 8 
and 9 mph. The lowering of rectal temperatures, in degrees Fahren
heit, amounted to about Ph " at 80" and over 2" at 95" in the lactating 
Holsteins; % " at 80" and 1" at 95 ° in the lactating Brown Swiss; !.he 
at 80 ' and Ph " at 95" in the lactating Jerseys, and !.h " at 80C and 
% " at 95 ° in the non-lactating Jerseys. The non· lactating Brahmans 
maintained approximately normal rectal temperature at all air veloci· 
ties at 80" and 95", 
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TABLE 5A. __ fNFLUENCE OF 

~ 
~ 

PROCESSES, AND ON THE •• ~_ • •• _ ~ ~ .~. ~W" " ~ n ~~ .. . ~~ .... ' " .. ~, ..... ~ •• ...., . . .. "' . ....... ..... ,,~ "' .. '" "" ...... 

" 
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TABLE 58. __ INFL UENCE OF AlR VELOCITY ON THE RELATIVE HEAT LOSSES BY EVAPORATIVE AND NON_EVAPORATIV£ 
PROCESSES, AND ON TilE RELATIVe EVAPQRATrvE WEiCHT LOSSES FROM TIlE RESPIRATORY TRACT AND SKIN IN 

ilOLSTEIN AND BROWN SWISS CATTLE. 

'" !Ocl, 26, 1 ~51 _ Feb. 14, 1952) " Real bi .. lpa{lon Per HQur Heat DlssipaUon ~ ReIllt1ve 10 'l'ob.! 
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TABLE SA. -. INFLUENCE OF AIR VELOCITY ON THE RELATIVE HEAT LOSSES BY EVAPORATIVE AND NON-EVAPORATIVE 
PROCESSES, AND ON TilE RELATIVE EVAPORATIVE WEI(lHT LOSSES FROM THE RESPIRATORY TRACT AND SKIN IN 
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TABLE 8B. -- INFLUENCE OF Am VELOCITY ON THE RELATIVE HEAT LOSSES BY EVAPORATION AND NON-EVAPORATIVE 
PROCESS£3, AND ON WE RELATIVE EVAPORATIVE W£KlHT LOSSES FROM THE RESPIRATORY TRACT AND SKIN IN 

HOLSrEIN AND BROWN SWISS CATrLE. ~ 

!Feb. Zl - ~l2" 1952) ~ 
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