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S1Th1MARY AND ABSTRACT 
An open-circuit apparatus (mask type) was developed for meas

uring the respiratory exchange (02, C02, CH4, H20 vapor). 
Respiratory exchange data were obtained by open- and closed

circuit methods at various chamber temperatures ranging from 50° 
to 105°F; simultaneous measurements were also made of rectal tem
perature, respiration rate, pulse rate, tidal air, pulmonary ventilation. 
Unlike man-a sweating species-whose rectal temperature, respira
tion rate, and " resting" metabolism are not affected by changes in 
temperature from 60 to 105°F, these cows were profoundly affected 
by these changes in temperature; the rectal temperature rose from 
the original 101 °F to 106°F (Jerseys) and 108°F (Holsteins); the 
respiration rate increased 300 to 400 per cent in Holsteins and over 
500 per cent in Jerseys; with some exceptions, the pulse rate declined 
at the 95 °F level to 75 per cent of the 50°F level, and at temperatures 
above 95°F it continued to fall in Jerseys, but rose in Holsteins; the 
heat production declined-while the rectal temperature increased
to 60 to 70 per cent of the 50°F level (in man the heat production rises 
with rising rectal temperature). These data are presented in tabular 
and graphic forms and their actuating mechanisms discussed. For 
instance, the decline in heat production with rising rectal temperature 
is explained by the elimination of the heat increments of milking and 
feeding (the milk production and feed consumption declined sharply) 
and the reduction of thyroid activity. 
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I. INTRODUCTION 
Principles and Purpose : The outstanding characteristic of warm

blooded animals is their ability to maintain a constant body temper
ature in the face of wide fluctuations in environmental temperature. 
Some species, or breeds within a species, are particularly noted for 
their ability to withstand cold weather as was demonstrated by our 
European breeds of beef cattle during the rugged conditions of last 
winter in our northwestern states. These European cattle do not, on 
the other hand, do well in our hot southwestern states; but Indian 
breeds of cattle, Zebu, Brahman and their cross-breed offspring, do 
very well there as illustrated by the success of the Santa Gertrudis 
beef cattle developed by Robert Kleberg of the King Ranch in 
Southern Texas. 

The body has many physiological and biophysical methods for 
maintaining the constancy of body temperature. T!le most interest
ing from a practical viewpoint are the regulation of heat production 
rate and vaporization rate. The ability of animals to tolerate high 
environmental temperature depends mostly on the ability to sweat 
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profusely, to furnish moisture at a high rate to the body surface for 
evaporative cooling. It is apparently this greater sweating ability 
that permits cattle of Indian, but not of European, origin to tolerate 
very high temperature. When the ability to sweat is deficient, as in 
European-evolved cattle, the body attempts compensatory measures 
such as increased respiration rate or panting, that is, blowing air 
rapidly over the moist respiratory-oral system. This compensation 
by evaporative cooling (resulting from increased respiration rate) is, 
however, not very substantial in Holstein and Jersey cows as will be 
presently shown by the unusually early and rapid rise in their rectal 
temperature. 

The practical aims of this bulletin may be listed somewhat as 
follows : 

1. To study the effects of rising temperature-environmental and 
rectal-on heat production. Does heat production rise with increas
ing environmental and rectal temperature as would be expected from 
the van't Hoff-Arrhenius Law, or are there special biological mechan
isms which invalidate the predictions of the physical mechanisms on 
the basis of which the van't Hoff-Arrhenius Law was formulated? 
If so, what are the involved quantitative relations? 

2. To furnish respiratory exchange data-earbon dioxide (C02 ) 

snd methane (CH4 ) production and oxygen (02 ) consumption- as 
basic quantitative data for farm building and ventilation design; for 
computing evaporative cooling from insensible perspiration; and for 
partitioning heat dissipation by various ways-vaporization, radiation, 
convection, and conduction. 

3. To study the effects of temperature-environmental and rectal 
-on the respiration rate, pulmonary ventilation rate, pulse rate, 
tidal air. 

4. To determine the critical environmental temperature at which 
a rise-or decline-occurs in rectal temperature, respiration rate, heat 
production, pulse rate; and the slopes and ceilings of the curves when 
each function is plotted against time and temperature. 

5. To answer the dairyman's question concerning the effect of 
temperature on feed and energy cost of maintenance. 

6. To furnish a basis for mapping the "comfort zone" or tem
perature range of "thermoneutrality" for lactating dairy cattle. 

7. To determine the effect of body size and lactational level on 
heat production and related responses. 

8. Last, but not least, to present a convenient open-circuit respir
atory exchange apparatus designed especially for this climatic re
search. 
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II. METHODS 
Animals: Six Experimental cows consisting of three lactating 

Jerseys, two lactating Holsteins and one non-lactating, non-pregnant 
Holstein were each paired with a matched Control cow. The two 
groups (except for chamber temperature) received identical care. 
Pertinent records of the previous history, and of body weight, feed 
consumption and milk production during the present experiment were 
given in a previous publication of this series (Ref. 1)! 

Temperature Control: The Experimental and Control groups were 
housed separately in the two air-conditioned chambers of the Psy
chroenergetic, or Climatic Laboratory previously described (Refs. 2, 
S). The few additional facts needed for an understanding of the 
experimental design and of the technical terms employed in this con
nection may be summarized as follows: 

The Experimental Chamber temperature was increased from so• 
to Ios·F over a five-month period; Table 1 (from Ref. 1) gives the 
numerical values in concise form. The length of time that could be 
allotted to each temperature level was limited by the advancing stage 
of lactation in the cows, but all periods except the 105• level were 
extended as long as possible to permit some degree of acclimatization. 
The Control Chamber temperature was maintained between so• and 
60• during the same five-month period, then raised rapidly to lOO•F, 
to test the effect of rising temperature on unacclimatized cows. The 
relative humidity was maintained in the 60 to 70 per cent range 
(Table 1). 

The temperature and humidity inside the chambers were regu
lated by the circulation of air, through ducts, to and from air-condi
tioning units placed outside the chambers. The terms "chamber tem
perature", "environmental temperature", or "temperature" employed 
in this bulletin all refer to the dry-bulb temperature of the chamber 
air entering the chamber outlet duct. 

Apparatus: Two mask methods were used for measuring the heat 
production from oxygen consumption, open-circuit and closed-circuit. 

Little need be said about the closed-circuit method used here since 
1928 and frequently described. (For full description and references 
see pp. 313-319, Ref. 4.) Except for size and mask type, it is identical 
with the Benedict-Roth-Collins "basal metabolism" apparatus used in 
hospitals and with which most readers are familiar. The obvious ad
vantage of the closed·circuit system is its simplicity and economy of 
operation- no gas analysis is involved. Several disadvantages are 
inherent in the use of this method for cows: (1) it furnishes 0 2 con-

•see list of references on page 28. 
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TABLE 1 --TEMPERATURE CALENDAR 

Temperature Date 11948 l of Average Dally Average Dally 
Level• Temperature chan)!:e_ oays Air re. °F Relative Humidity, % 

Op From: To: Experimental Control I Experimental Control 

50 March 6 April16 41 50.5 50.3 61.7 67.3 
80 April 16 May3 17 60.0 50.3 62.6 69.2 
70 May 3 June 9 37 69.5 50.5 64.8 69.2 
80 June 9 June 24 15 79.7 52.7 65.2 71.2 
85 June 24 July 8 14 84.9 55.5 68.0 72.8 
90 July 8 July 22 14 89.9 56,7 68.1 75,7 
95 July 22 Aug. 1 10 94.5 56.8 63.2 71.8 

100 Aug. 1 Aug. 6 5 99.3 53.4 57.6 71.6 
105 Aug. 6 Aug. 6 7 hrs. - 105 52.0 56 70 

19:30 14:30 day - 98.1 
a.m. l p.m. - ...... --..... .......... - - - - - - - - ..... - - ...... ... ...... .. ------- - - ... -

BxJ>er lmental Group: 

From 105 
to 70f Aug. 6 Aug. 13 6 79.5 67.8 

Aug. 13 Cows changed to opposite challlber. 
50-60 Aug. 13 Aug. 26 14 60.2 72.1 

Control Grou : 

From 50 
to 70f Aug. 7 Aug. 13 6 59.6 72.3 

Aug. 13 Cows changed to opposite chamber . 
From 70 

to 100f Aug. 13 Aug. 21 8 85.2 64.9 
From 100 

to 60f Aug. 21 Aug. 26 6 73 . 2 73.3 
Aug. 26 All cows removed from laboratory <Holsteins 100 and 132 

removed on Aug. -24 alter abortion l 

• The temperature level given is for the Experimental ~; the Control~ was 
maintained between 50 and 60°F until August 7. 
t Increased lor decreased! by 5 to 10°F dally Intervals. 

sumption data only-not C02, CH~, H20 vapor-so that no R.Q. (res
piratory quotient, ratio of C02 produced to 0 2 consumed) is obtained; 
but these measures are essential for computing evaporative cooling 
from insensible loss and for determining precise heat equivalents of 
the 02; (2) the exhaled CH~ is not absorbed by the C02 absorbers, so 
that CH4 may accumulate in the spirometer and thus introduce an 
error in 0 2 consumption readings; (3) the temperature of the spirom
eter air may rise several degrees during a test, causing discomfort to 
the animal; (4) the efficiency of the soda lime as a C02 and H20 
absorbent may change with temperature, changing the humidity of 
the inspired air. 

The open-circuit apparatus, designed and developed by the senior 



RESEARCH BULLETIN 435 7 

author" for this research, is illustrated in Figs. 1 to 3. In addition to 
its advantages in furnishing complete respiratory exchange data
C02, 0 2, CH4 , and H.O vapor (Fig. 11, Table 2)-this open-circuit 
apparatus allows the animal to breathe room air normal to the experi
mental conditions. 

.. ··· -ii . --

r·,. 
fl 

,~ .... 

~ 
Fig. I.- Metabolism measurement with the mobile open-circuit respiratory 

exchange apparatus in one of the chambers a t the Psychroenergctic Laborato1·y. 
Note the mask consisting of a close-fitting rubber sleeve and aluminum holdor 
with separate inlet and outlet connections. 

The open-circuit apparatus is mounted on large rubber-tread 
wheels (Fig. 1) and can be moved easily for measurements in either 
chamber. Its operation is as follows : 

The animal inspires room air at its prevailing temperature, humid
ity, and composition (the co.! is greater and the 0" is less than in 
outdoor air, and there is usually some CH4 present, for which correc
tions are made). The air flow, indicated by arrows, is guided by one
way check valves (open oval frames covered by rubber diaphragms 
and hinged to open and close easily over the diagonally-cut ends of 

' Grateful acknowledgments are made to Orley Miller, mechanic on this 
project, for technical assistance in construction of apparatus; and to Messrs. J. R. 
McCalmont and H. J. Thompson for aid in securing scarce materials. 
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• 
I :1 --;! 

• • c • ~ • I • & ~ • 

Fig. 2.-The open-circuit respiratory exchange apparatus with front end 
of case removed. The parts are identified in Fig. 3 and their functions ex
plained in the text. The small cabinet on the top contains electrical controls: 
clock, rheostat for blower, motor, interval timer, signal lights for the various cir
cuits. The main case, aluminum sheet metal inside and out, is insulated with 
two inches of Fiberglas. The temperature inside the case is maintained at 100•F 
by means of a 800-watt heating unit, fan and thermostat. 
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VACUUM PUMP 

Fig. a.-Diagram of the open-circuit respiratory exchange apparatus (the 
rela t ive positions of the parts are changed for convenience of illustration). The 
animal inspires room air at the prevailing temperat ure, humidity, and composi
tion (the CO .. content is higher and the 0 .. content is lower than in outdoor air, 
and there is usually some CH, present ). The animal exhales into a large rubber 
mixing bag. All parts with which the expired air comes in contact except the 
mask are maintained at temperatures near 100•F to prevent condensation of 
moisture. The blower draws the expired air from the mixing bag and pumps it 
through a large ga.s meter to the room. The direction of air flow (indicated by 
arrows) is guided by one-way check valves. 

pipes). The expired air in its passage to the mixing bag is warmed 
~lightly since all parts except the mask are heated to approximately 
lOO•F to prevent moisture condensation. The pressure in the bag re
mains approximately the same as in the room since the bag (fastened 
to a hinged side plate) swings freely as it fills or empties . The bag 
reaches an equilibrium position when half filled (indicated by signal 
lights on the control panel) since the air is removed from the bag by 
the blower at the same average rate at which the exhaled air enters 
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Fig. 4.-0ne of the duplicate samples of exuired air obtained with the open-circuit apparatus (Figs. 1 to 3) is 
analyzed for CH4 and CO, in the Burrell-Haldane apparatus shown above, and the other sample is analyzed in 
duplicate for 0 , and CO, in the Haldane-Henderson-Bailcy apparatus (Ref. 6). 
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the bag (the speed of the blower is controlled by a special arrange
ment (see Ref. 5 for further details) of fixed and variable resistance 
in its power circuit). The exhaled air pumped from the bag passes 
through a positive displacement meter and out to the room. 

Meter readings are made at the beginning and end of each test 
(5- to 10-minute periods) and duplicate samples of expired air, col
lected in glass syringes during the test, are stored over mercury until 
analyzed. Samples of room air are likewise collected for analysis. 

The samples are analyzed (Fig. 4) to determine the percentages 
of C02, 0 2 , and CH4; and the heat production is computed from the 
0 2 consumption and the observed R.Q. 

During the respiratory exchange tests, simultaneous measures of 
H20 vaporization from the respiratory tract and oral surfaces were 
made with the drier, meter, and vacuum pump circuit shown in Fig. 3. 
These data will be reported in a later publication. 

Both the closed-circuit and open-circuit apparatus measure the 
pulmonary ventilation rate, the respiration rate, and tidal air. How
ever, we found that at high temperatures the respiration rates were 
much more rapid without the mask than when the cows were con
nected to either apparatus; we accordingly have reported the "free" 
respiration rates counted by flank movements before the masks were 
applied. The ventilation rate and tidal air were by necessity meas
ured with the apparatus, and thus may not be representative of the 
unencumbered respiration; numerical values are therefore omitted 
from the tables. The ventilation rate and tidal air charts (Figs. 14 
and 15) represent closed-circuit measurements. All volumes were 
reduced to standard conditions (S.T.P.), o• 760 mm, dry basis. 

All metabolism measurements were made with the cows stand
ing quietly. Clinical thermometers were used in measuring rectal 
temperatures. 

III. DATA 

The data are presented in Tables 2 to 6 (averaged by chamber 
temperature levels) and in two types of charts: 

1. Summary cha1·ts which were prepared from averages and 
otherwise processed data to bring the various relations togetrer for 
a generalized view of the whole. (See Figs. 5a, 5b, 6, and lOb.) 

2. Detailed cha?·ts which give every measurement (Figs. 7 to 14) . 
These detailed charts are perhaps too voluminous for the casual reader, 
but to the close student they may reveal relations which tend to be
come obscured in processed data. 

A major practical consideration in this research is to locate the 
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Table 2. a AVERACE1 OXYGEN, CARBON OIOXmE, METHANE, AND RESPIRATORY QUOTIENT FOR THE 
DIFFERENT TEMPERATURE LEVELS AS OBTAINED ON T HE OPEN .CIRCUIT METABOLISM APPARATUS 

6C 109 
~ Cor~sum tl.on, ill!.£!.~ hour 

128 <i 1 5 152 U'l 
70 125 98 U l 100 10< 118 188 182 159 170 138 
80 118 129 117 158 180 146 
85 130 Ul 107 123 106 138 148 209 14S 171 138 
90 110 126 99 124 88 128 120 184 122 156 116 
9S 112 132 95 127 93 129 124 183 123 169 114 

100 93 82 81 115 114 102 
l OS 76 77 82 105 105 128 

600 (at •nd 
o! Exper.) 126 98 103 172 145 129 

Carbon Oloxlde' liters 
r """' 60 100 116 m- 149 121 

70 121 95 133 99 98 110 110 174 164 166 140 
80 113 137 127 157 172 150 
85 131 127 Ill 134 114 144 148 218 148 158 150 
90 116 133 102 142 93 118 121 186 118 165 113 
95 110 147 89 148 94 147 117 202 122 188 94 

100 96 83 80 108 101 93 
105 77 58 64 62 80 86 

60° (:u end 
of Exper.} 117 89 114 171 148 121 

Methane, Uters 
eo 7.8 
70 9.6 6.0 11.2 8.1 9.2 13.2 20.7 13.0 17.4 11.4 
80 7.2 12.6 17.0 16.8 17.4 
85 9.6 5.4 14.7 9.6 u.o 14.4 21.8 14. 4 18.0 15.9 
90 14.2 10.8 8.2 16.2 9.8 10.8 22.2 13.0 13.2 14.0 
95 9.6 12.0 11.7 8.4 14.7 12,0 20-4 12.0 20-4 7.5 

100 11.1 7.5 5.1 7. 5 4.8 
105 9.0 o.o 2.4 3.0 6.0 

600 (at end 
o! £)(per.} 9.0 8.4 13. 2 14.4 12.0 6.6 

Res irator 'I Quotient 
80 0.92 0.92 0.98 1.05 ~·!• 1.07 
70 0.96 0.98 1.01 1.00 0.94 0.94 1.01 0.96 1.03 0.98 1.02 
80 0.97 L.06 1.09 0.99 \.07 1.03 
85 1.01 0.97 1.04 1.10 1.08 1.06 1.02 1.03 1.04 0.92 1.10 
90 1.06 1.06 1.04 1.14 1.05 t:O? 1.01 1.01 0.97 1.06 0.97 
95 0.98 1.12 M4 l.14 1.02 1.15 0.96 1.10 0.98 1.11 0. 82 

100 1.04 1.00 0.98 0.93 0. 89 0.90 
105 1.01 0.75 0.78 0.59 0.76 o.aa 

so<> (at •tf 
of EXDer. 0.93 0.92 1. l2 0.99 1.02 0.94 

1The approximate number of obServ,uons for the above averattes are at> follows: 
600 70° 8oo 85cr 90° 95 100° 105° 600 

For each Experimental Cow: 1 3 3 2 $ 2 2 1 1 
For e:t.ch control cow: (50-60~ 2 1 1 1 
2Tt~e temperature level$ glven are for tbe Expert mental Croup; the~ Croup wu maintained. 
between 50 :tnd 600F. 

113 

112 
97 

lOS 

115 

109 
101 
115 

12.9 

8.4 
9.0 

u.o 

1.02 

0.98 
1.05 
1.08 

"critical temperatures", or visible changes in the slopes of the curves 
relating physiological response to chamber temperature, body si'ze or 
breed, and lactational level. The critical temperatures for milk pro
duction and feed consumption (Ref. 1), and blood composition (Ref. 
7) were reported in preceding bulletins; this bulletin reports data 
with special reference to critical points, or rather regions, for: (1) 
heat production, (2) rectal temperature, (3} respiration rate, and 
( 4) pulse rate. All these are brought together in Figs. 5a and 5b, 
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CHAMBER TIMPERATU~E.'f. 

13 

Fig. Sa.-Pulse rate, respiration rate, rectal temperature, and heat produc
tion with increasing chamber temperature expressed as percentages of their initial 
(50-60°F) levels for the Experimentai or acclimatized cows (computed from 
Tables 3 to 6). Rectal temperatures were converted to absolute temperature units 
to make the computations independent of Centigrade or Fahrenheit scales. 

in which the reactions at each temperature are plotted as percentages 
of the levels at 50 to 60•F. 

The 1·espimtion 1·ate (Figs. 5a, 5b, and 6) responds most sensi
tively to changes in chamber temperatures, and there is a difference 
in response between the Holstein and Jersey cows. The visible rise 
in the Holsteins began at about 60•F, was steepest between 70 and 
so•F, and at 95 to l05•F reached a ceiling 3 to 4 t imes the level at 
50•F; the visible rise in the Jerseys began 10• later, or about 7o•F, 
and at 100•F reached a ceiling about 5 to 6 times the level at 5o•F_ 
In brief, Fig_ 5 indicates that the visible rise in respiration rate 
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Fig. 5b.-Similar curves as in Fig. 5a but for unacclimatized cows during 
rapidly rising chamber temperatures. 

occurred at a lower temperature in the Holsteins, and that the respira
tion ceiling was higher in the Jerseys. 

The 1·ectal t emperatu1·e (Figs. 5, 6 and 8) began to rise between 
70 and so•F but more steeply in Holsteins than in Jerseys; or, one 
:nay say that the rise in the physiologically-effective rectal temper
ature was earlier in the Holsteins than in the Jerseys. The attained 
ceiling at a chamber temperature of 105°F was much higher in the 
Holsteins, los•F, than in the Jerseys, 106•F. The delayed rise in 
rectal temperature in the unacclimatized cows during the rapid in
crease in chamber temperature may have been due, in part, to the 
lag in floor and wall temperatures in comparison to chamber air 
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10 81---

120 

Fig. 6.-Rise in rectal temperature and respiration rate in Holstein cows 
(broken curves) and Jersey cows (continuous curves). The Holsteins have the 
steeper rise and higher respiration rate. The critical chamber temperature is 75 
to so• F for rectal temperature and 70 to 75•F for respiration rate. Group I 
refers to Experimental, and Group II, to Control cows. 

temperature; and perhaps due in part to the lags in heat storage in 
the animal. 

The pulse rate in Holsteins (Figs. 5a and 5b) declined as chamber 
temperatures were increased from 80 and 95 •p and rose thereafter ; 
in Jerseys it declined at temperatures from 80 to 105°F. 

The heat p1·oduction also declined (Figs. 5a, 5b, and 6) with 
increasing temperature beginning at 80•F. 

It was previously reported (Ref. 1) that milk production and 
feed consumption began to decline at about so•F. 
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It seems fair to generalize tentatively, then, that the critical 
temperature for these European-evolved cows is very much below 
that, for example, in man whose rectal temperature and respiration 
rate are not affected by this temperature range. Moreover, while the 
pulse rate in man rises with increasing temperature, the pulse rate 
in cows tends to decline with increasing temperature; and while the 
heat production increases with increasing rectal temperature in man, 
the heat production in cows decreases. 

With this general review as a basis we may proceed to consider, 
without too much danger of confusion, the detailed results, beginning 
with the simplest charts. 

F ig. 7 and Table 3 present a comparison of the t·espiration ?'ate 

Table 3. - AVERACE 1 PULSE RATE. RESPIRATION RATE, AND RECTAL TEMPERATURE FOR THE 
DIFFERENT T£MPERATURE LEVELS 

Pulse Rate E!! Minute 
50 52.6 59.0 63.6 66.1 59. 7 62.1 72.2 67.7 71.2 69.$ 59,4 
60 54.'1 55.6 59.5 61.6 54.9 58.9 66.4 61.8 68.5 64.4 57.3 
70 56.2 57.9 64.1 63.8 80.2 62.5 87.3 c~.s 71.4 63.7 82.1 
80 65.4 66.5 '72.4 71.8 65.9 70.2 65.1 73. 5 72.9 72.0 64.6 
85 60.5 61.7 64.1 69.7 55.2 88.0 60.0 "11.1 65.5 70.8 80.8 
90 52.5 61.8 56.9 71.3 53.3 87.8 55.1 88.0 56.2 73.8 60.1 
95 49.2 63.0 54.3 69.7 54.4 64.7 56.6 74.8 53.0 74.0 63.7 

100 47.2 57. 0 53.4 63.0 54.2 57.0 60.4 57.4 61.0 89. 2 
105 44.0 54.0 50.0 84.0 12.0 75.0 

600 (at end 
ol Ex-per.) 55.1 87. 1 65.9 60.1 65.<4 67.9 

Res raUon Rate Jl!! Minute 
50 26.$ 21.2 23.8 21.5 22.6 22.9 27.4 28.6 23.2 28.9 28.5 
60 25.2 18.0 24.5 15.8 23.2 18.7 31.3 24.5 30.2 22.2 29.4 
70 36.1 16.8 32.9 15.0 32.3 19.7 44.5 25.1 40.8 21.4 37.2 
80 67.7 16.8 76.5 20.0 82.8 21.0 74.9 28.2 ' 72.7 23.8 55.3 
85 84.8 20.3 89.2 21.4 103.1 21.4 76.8 32.6 80.2 24.6 62. 7 
90 87.4 22.2 100.3 24.4 111.4 24.2 81.9 31.8 80.2 27.1 76.0 
95 94.0 2M 102.1 24.0 126.9 24.3 82.8 32.0 89.0 23.7 84.9 

100 91.4 28.0 10$.0 26.5 114.0 27.5 78.4 87. 4 2<.5 86.2 
l OS 114.0 132.0 126.0 82.0 70.0 108.0 

60° (at end 
ot Exper.) 28.2 29.0 27.0 28.7 26.5 27.9 

~~~ Tem01 rature ~101.2 so 101.0 106.8 100.8 ~~~-7 1'!':'-5 100.8 100.8 100.9 101.3 
60 100.7 100.8 100.8 100.5 100. 6 106.4 10r.2 100.4 100.7 100.5 101.1 

0 

70 100.8 100.6 101.1 100.6 101. 0 100.6 101.5 100. 6 106.9 106.6 101.2 
80 101.6 100.8 101.8 100.8 101.4 IOi.O 102.9 101.0 102.3 100.9 102.0 
85 102.1 106.9 102.6 IOO.S 101.8 101.0 103.4 100.8 \O!t.2 100.9 102.3 
90 102.6 100.9 1(;3.4 106.9 103.2 101.0 104.6 100.9 103.6 101.2 103.2 
95 103.7 101.0 104.5 100.8 104.4 100.8 105.5 101.6 104.6 101.0 105.1 

100 104.5 101.0 105.3 101.0 105.8 106.7 108.3 106.3 100.7 106.3 
105 106.0 108. 0 IOU 108.4 108.4 107.2 

soo (at ~"1 
of·EXnAr. 10 1.0 100.., IOO.S IOO.S 100.5 101.2 

1Tbe approXImate number ot observations for the above averag_es are as follows: 
50° 60° 70° ao0 sso 900 gso 100° tos0 eo0 

For Each £xperima.ntal Cow: 17 11 37 14 12 13 10 5 1 7 
For Each Control Cow:~ 14 11 26 8 7 9 6 2 

2-rhe temperuure levels pvcn are !or the Experimental Group; the Control Group was maintained 
between 50 and $00F. 

Contr. 
H .. go 

55.8 
54.2 
55.7 
59.2 
58.8 
53.8 
56.3 
56.0 

22.2 
19.1 
19.8 
20.5 
23.1 
20.9 
20.0 
23.5 

100.4 
100.0 
100.3 
100.4 
100.5 
100.1 
106.8 
101.2 
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Fig. 7.-Daily respiration rates without mask (flank movement counts) of the 
Experimental cows (continuous curves) and of their paired Control cows( broken 
curves). Evaporation from the moist surfaces of the respiratory tract provides 
a major avenue for heat dissipation in these slightly-sweating cattle. An apparent 
tendency for acclimatization with time at a given temperature is conspicuous 
here. Note the greater rise in respiration when the temperature was increasing 
rapidly at the end of the experiment (Control group) than when the r ise was 
gradual (Experimental group), and also the difference in respiration ceilings be
tween the two breeds. 
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of each Experimental animal with its matched Control. Note that 
the respirat ion rate, which was about 25 per minute at 50•F, began 
to rise earlier in Holsteins than in Jerseys; rose most steeply near 
80•F; reached a ceiling of about 100 per minute in Holsteins and 
125-130 in the Jerseys at about 100•F in the Experimental cows; and 
that the ceiling was higher-118 in Holsteins and over 150 in Jerseys 
-in the Control cows whose chamber temperature was raised rapidly 
to 1oo•F, not allowing time for acclimatization. 

Fig. 8 and Table 3 show the ?'ectal temperatu?·e for each Experi
mental animal and its matched Control. The rectal temperature which 
was about 101•F at 50•F began to rise at a chamber temperature of 
70 to 80•F; at a chamber temperature of l05•F the rectal temper
ature exceeded 108•F in Holsteins and l06•F in Jerseys. 

Fig. 9 and Table 3 present similar data on pulse rate. The changes 
are not striking and are influenced, apparently, by factors other than 
temperature. The pulse rate ceiling attained at 80•F in the Experi
mental cows was no higher than the corresponding values at 50•F in 
the Control cows. Above 80•F the pulse rate showed a tendency to 
decrease, except in the Holstein cows where this tendency was re
versed at 95•F. 

Fig. lOa and Tables 4 and 5 present the most laboriously obtained 
and most si!1'nificant data in this report, namely heat production as a 
function of time and chamber temperature. The primary purpose of 
this particular chart, however, is to compare the measurements made 
on the same days by the open-circuit and closed-circuit methods (for 
complete closed-circuit data see Fig. 13). Referring to the measure
ments made on the Experimental cows, it is evident that the closed
circuit data were more variable, but agreed very well, on the average, 
with the open-circuit data. The apparent discrepancy between the 
two methods in the data for the Control cows may be due to the 
limited number of measurements by the open-circuit method available 
for this comparison and the variability in the closed-circuit data. 

The most unexpected and striking feature of the data is the 
decline in heat production in the Holsteins above 70•F chamber tem
perature and in the Jerseys above 80•F. This decline is, however, not 
entirely smooth as shown by the high value (at 105•F) of cows H-118, 
H-83, J-994, and dry cow H-106. Our data are too few-it was dan
gerous to keep these valuable cows at these high temperatures for 
confirmatory measurements. 

Fig. lOb shows the heat production data for the Experimental 
cows plotted not against time, but directly against ?·ectal temperatu?·e 
(left side) and chamber temperatu1·e (right side)-with linear equa-



RESEARCH BULLETIN 435 19 

Table 4. • AVERA0£ 1 HEAT PRODUCTION,(OPEN•Cmcurr METHOD) ANO AVERAGE .GODY WEIGHT 
FOR THE DIPPER£1'11' TEMPERATURE LEVELS 

Heat Pro&letloo. C 
60 $42 

II 
618 !74 85 

II 
788 812 70 82~ 4&2 658 $02 &21 584 848 112 802 849 894 80 518 642 580 788 80'1 728 ss 811 551 $41 600 53S 312 738 1038 

I 
117 834 68, 

90 5&2 838 494 830 446 836 $98 930 810 788 588 
95 184 868 488 642 471 6$4 621 924 821 858 uv 

!00 468 414 4M 570 564 804 
!OS 384 360 310 492 498 &94 Olf> (21 e.nd 

<Jl EXI'eTo) U 4 474 !22 870 7S8 642 

60 2151 2<52 3047 2421 
70 2460 1152 2611 3619 3182 3369 2754 
80 2294 2547 3202 2881 
85 2583 2188 2 147 4119 2845 3309 2726 
90 2190 2124 1960 3690 2420 3119 2321 9$ 2238 28-<3 18$7 3888 2<64 3405 2178 100 1857 1643 m8 20Gb 105 1524 

8/P(atc-nd 
1428 lt7S 21$1 

ot £xper-.) 2416 1881 2921 2547 

' !od t•1&M•,,~. 50 888 889 802 1 776 1 a 7&3 1281 1282 1093 1143 IOOf 60 817 872 814 718 724 '769 127'7 1270 l106 1147 10114 70 811 872 816 778 720 713 1278 1283 1110 1142 1108 80 814 890 819 787 698 784 1198 1242 1099 ll-43 1128 as 673 892 831 178 au 198 1158 1238 1090 1139 1137 90 871 90$ 816 781 878 817 1134 1215 ICYIS 1157 1142 95 877 t22 800 105 874 832 1108 1211 1051 1176 1U2 100 173 t28 192 108 887 829 10113 1257 1081 117. 11&1 105 173 U7 m 102 HI an 1014 1254 1078 1168 1148 
ao<(ateM 
o1 Eioer:) au 827 100 1090 1039 1137 
1The :..pproxlmnt~ INm~r of obserwUOM on he&t production for the ~bove \vonses :.re u followt: 

GoO 7o0 80 85° 90° 95° 100"' lM 60 
For Ellth E"portmonUl~Cow: 1 3 3 2 3 2 2 1 1 
For Each control Cow: 2 1 l 1 

The avenc:u for tM body wetghls are from dally weighing-. 

2-rhe temptn.tv.rt Jewels pwo are for lbt Exptrl~l Grou~ tbt Control Croup was malr.talMd 
brttween SO and &OOF. 

570 

548 
488 
134 

2262 

2114 
1928 
2119 

1004. 
1031 
1038 
1050 
1080 
1058 
1083 
074 

1080 
1 
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~r------,--~~-------.--~--r-~~rr--,,-. 
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lu 

MARCH APR IL MAY 

1111'' 
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JUNE JULY 

' " :• 

AUGU5T 

Fig. B.-Comparison of the daily rectal temperatures of th_e Experimental 
cows (continuous curves) and of their matched Control cows (broken curves). 
Note the apparent acclimatization, especially in H-118 and H-88. The chamber 
temperatures are shown at the bottom of the chart with vertical guide lines to 
indicate the temperature levels of the Experimental cows (the Control cows were 
held at 50 to so•F). 
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10 '20 )0 

AUGUST 
Fig. 9.-Similar curves as in Figs. 7 and 8 but for daily pulse rates of the 

Experimental and Control cows. 

t ions fitted separately for the open-circuit (solid lines) and closed
circuit (broken lines). The equatio~s and coefficients of correlation 
are given in detail in Table 6; in brief, they show significant correla
t ions by both methods for the decline in heat production with rising 
1·ecta~ temperature in all cows• except J-212; but the decline in heat 
production with rising chambe1· temperature was statistically sig
nificant by both methods of measurement in only H-83 and H-118, the 
two largest cows. 

Fig. 11 and Table 2 present a comparison of the Experimental 

•In H-106, the dry cow, the correlation was obviously not significant and 
was omitted from the table. 
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Table 5. • AVERAGE I HEAT PRODUCTION (CLOSEO.CIRCUlT METHOD) FOR THE 
DIFFERENT TEMPERATURE PERIODS 

Heat Produc:Uon, fal/hr. 
so SIS 544 602 557 . 548 51 842 844 777 747 
60 630 509 566 o27 561 490 835 791 750 707 
70 852 565 639 581 622 514 864 845 820 711 
80 619 603 851 613 534 588 610 861 828 757 
85 800 577 568 S78 5<0 546 691 861 662 784 
90 522 543 490 613 518 515 680 794 658 760 
95 822 494 519 576 532 517 610 774 561 756 

100 451 481 370 574 404 574 620 491 774 
105 893 512 S39 60S 

60° (at end 
of Expor.) 536 519 490 620 714 

so 2440 2159 2389 
Hent Production. B.T.U./hr . 
2210 2174 2047 3341 3349 3083 2984 

60 2500 2020 2246 2091 2226 1944 3313 3139 2976 2805 
70 2587 2242 2536 2305 2468 2040 3428 3353 3254 2821 
80 2456 2393 2S83 2432 2119 2333 3214 3416 3286 3004 
85 2381 2290 2254 2294 2143 216'7 2742 3416 262'1 3111 
90 2071 2155 1944 2432 20S5 2044 2898 3151 2812 3016 
95 2468 1960 2059 2288 2111 20SI 2420 3071 2226 3000 

100 1790 1909 1468 2278 1603 2278 2460 1948 3071 
lOS 3543 2032 2139 2401 

soo (at end 
of Ex.per.) 2127 2059 1944 2460 2833 

' 50 3460 3060 3550 3340 3460 3120 3820 3820 3840 3800 
60 3530 286() 3310 3160 3500 2950 3790 3600 3690 3410 

He!l.t Production Cal/so m /~v 

70 3650 3180 3730 3480 3870 3090 3920 3820 4030 3440 
80 3470 3350 37Sl0 3650 3400 3510 3810 3970 4090 3650 
85 3370 3200 3280 3470 3480 3220 3310 3970 3280 3790 
90 2920 2990 2880 3660 3350 3000 3300 3640 3290 3650 
95 3480 2890 306(1 3390 3450 2980 3000 3500 2840 3800 

100 2S30 2610 2190 3370 2640 3320 3070 2470 3680 
lOS 5020 3340 2680 3020 

60" (at ~:)" 
of EXper. 3020 3000 3110 3080 3630 
lToo appro~hnate number or observations for the abOve :aver:L£eS :l.re 3.$ follows: 

50° 800 1rP 80° 85° 900 95° 1000 105° 60° 
For Each ExperJmenUI cow: 17 11 37 11 12 12 tO 5 1 6 
For Each Control Cow: 2 14 11 26 8 7 9 6 2 

.743 
748 
727 
691 
599 
562 
583 
678 
774 

664 

2948 
2968 
2885 
2-742 
237? 
2230 
23)3 
2690 
3071 

2835 

3720 
3700 
3580 
3360 
2900 
2720 
2800 
3250 
3720 

3220 

2-rhe temperature levels given are !or the Expert mental Group; the Control Grou.p w:as m'-inu.ined 
between 50 and eoGP. 

637 
089. 
593 
567 
524 
480 
520 
630 

2528 
2337 
2353 
2250 
2079 
1905 
2063 
2~0 

33 10 
20 
20 
70 
40 
20 
10 
so 

30 
30 
28 
26 
24 
26 
31 

Table 6. • CONSTANTS FOR THE EQUATIONS RELATING HEAT PRODUCTION WITH 
RECTAL TEMPERATURE (LEFT SECTION, FIG. l Ob) OR WITH 

CHAMBER TEMPERATURE (RIGHT SECTION, .F!G. l Ob) 

( a= a constant; b = regression·coefficient; r = correlation coefticient) 

•S!gnU!cant at the S% level. (r's this large occur by chance less than 5 times in 100) 
.. Significant at the !%level. (r's this large occur by chance less than 1 time In 100) 
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Fig. lOa.- Comparison of heat production values obtained on the same days by 
two methods. The closed-circuit data (broken curves) appear somewhat more 
variable than the open-circuit data (solid curves), but the agreement between the 
two methods is generally good. The oxygen consumption t·ate as measured by 
the closed-circuit method is, theoretically, too low because of CH, accumulation 
in the spirometer; some evidence indicates thnt the closed-circuit data are lower 
than the open-circuit data in the Control group measurements, and, of course, the 
closed-circuit heat production values would have been lower in the Experimental 
group at the higher temperatures if decreasing thermal equivalents of 0 2 had been 
used a.s was done in the open-circuit data. 
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800 
~ OPEN CIRCUIT • • • 

ClOSED CIRCUIT-*·*"--!< 

6oo~- • " 
~ ~· 

~ IX ~ '"" - __ tx --.-
• 400 

3000 

2ooo 

Fig. lOb.- Decrease in heat production with increasing chamber and rectal 
temperatures (Experimental cows) . The solid lines represent linear equations 
fitted to the open-circuit data (Tables 2 and 4) and the broken lines represent 
linear equations fitted to the closed-circuit data (Tables 3 and 4). The measure
ments at 105'F (large circles) and the measurements after the temperature had 
been reduced to 60' F (large squares) w<!re not included in the equat ions. The 
statistical constants are given in Table 6. 
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Fig. 11.-The 0
0 

consumption, C0
0 

production, and CH
4 

product ion, by the 
open-circuit method; continuous curves represent the Experimental animals, and 
broken curves, the matched Control animals. The chamber temperature periods 
of the Experimental group are represented by vertical guide lines. Note the 
steep decline in 0

2 
consumption. and CO, production for temperatures above so•F, 

and the rapid recovery when the temperature was dropped back to 60•F. The 
CH, product ion level is related to the type and amount of feed consumed and 
the time after feeding. Since the feed consumption decreased, t he CH, likewise 
decreased with rising temperature. 
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Fig. 12.-The data for 0
2 

consumption and C0
0 

production (Fig. 11) are 
here represented in terms of heat production, using thermal equivalents of 
oxygen based on the R.Q. The decline in the R.Q. at temperatures above 95• F 
is associated with decreased feed consumption. Since the t hermal equivalent for 
o. declines with declining R.Q., the decrease in heat production is steeper than 
th"e decrease in 0 0 consumption. 
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and Control cows with· regard to changes in 0 2 consumption, C02 and 
CH4 production, with increasing temperature and time. The decline 
in C02 production with increasing temperature was more pronounced 
than in heat production, and amounted to as much as 50 per cent in 
some cows. The CH4 production was irregular but decreased with 
rising temperature. 

Fig. 12 and Tables 2 and 3 present the heat production data and 
respiratory quotients computed from the data shown in Fig. 11. 

To avoid overloading the text, Figs. 13 to 15 are relegated to the 
appei:Jdix. They are, together with their legends, fully self-explan
atory. 

IV. DISCUSSION 
The charts presented in the previous section are impressive in 

bringing out the differences between man and cow in their reactions 
to changing environmental temperatures. Increasing the temperature 
from 50 to 105•F does not seriously affect man's rectal temperature, 
respiration rate, and heat production; but it does profoundly affect 
these reactions in cows-the respiration rate is increased by some 
500 per cent, heat production is decreased 30 to 40 per cent, pulse 
rate shows an irregular tendency to decrease (in man the pulse rate 
is increased), rectal temperature is increased by s •F in Jerseys and 
by 7•F in Holsteins. 

These species differences are undoubtedly associated with differ
ences in evaporative cooling (see pp. 30-32, Ref. 8 and pp. 277-282, 
Ref. 4) . In man about two-thirds of the moisture vaporization in hot 
weather is from the skin and one-third from the respiratory passages. 
This partition of evaporative cooling has not yet been determined in 
cows, but judging by their apparently dry and hot skin (as contrasted 
to man's damp and cool skin) and by their panting in hot weather, 
the vaporization from the skin in c,ows is relatively slight, not suffi
cient to keep down the rectal temj1erature . • The increase in rectal temperature and re&piration rate in cows 
is no surprise; this was long known from practical experience and 
from the reports of Kleiber, Regan and associates (Refs. 9, 10) . The 
big surprise of this study is the decline in heat p1·ocl~tction-a 30 to 
40 per cent decline with increase in room temperature from 80 to 
100•F, or with increase in rectal temperature from about 101 •F to 
about 106•F. This is most unexpected because : (1) it contradicts the 
van't Hoff-Arrhenius rule to the effect that increasing the temoeratt>re 
of a physico-chemical system inc1·eases its reaction rate; (2) it runs 
counter to the observations of McConnell (see pp. 295, also 267-271, 
Ref. 4) t~at increasing man's rectal temperature from the normal 98• 



28 MISSOURI AGRICULTURAL EXPERIMENT STATION 

to 102•F (by a hot environment) more than doubles the rate of heat 
production (raises it from 35 to 75 Calj sq.m.; hr.) ; and of DuBois 
eta! (Refs. 11, 12, 13, 14) that a rectal temperature in man of 104•F, 
associated with many categories of "fever", increases the metabolism 
about .40 per cent. 

How should one explain this decrease in heat production in cows 
with increasing rectal temperature? First, there is rapid decline 
above 80°F in feed consumption and milk production with consequent 
decline in their heat increments, which may amount to 25 per cent of 
the total heat production; second, as demonstrated by Dempsey and 
Astwood (Ref. 15), increasing environmental temperature profoundly 
depresses thyroxine production, at least in the rat (a non-sweating 
species). At an environmental temperature of 1 •c, 100-gm rats pro
duced 9.5 ,..g thyroxine per day; at 25 •c they produced 5.2 ,..g thyrox
ine; and at 35°C, 1.7 ,..g; that is, increasing the environmental tem
perature from 34°F to 95•F reduced the thyroid activity by about 80 
per cent. As is generally known, the "basal metabolism" in thyroi
dectomized animals is 40 per cent below normal, and if the effects of 
increasing temperature on thyroxine activity in rats can be extrapo
lated to these cows, then increasing the temperature from 50 to 105•F 
may reduce their thyroxine production 80 per cent and therefore 
reduce their heat production by 32 per cent (.8 x 40%). The decline 
and eventual elimination of the heat increments of feeding, milking, 
and thyroid activity with increasing temperature seem to account 
fully for the decline in heat production with increasing rectal tem
perature. In other words, feed consumption, milk production, and 
thyroid activity function within the given limits as mechanisms of 
body temperature regulation; that is, increasing difficulty in heat elim
ination with increasing temperature automatically reduces the rate 
of heat production. There was, perhaps, some evidence of a van't 
Hoff-Arrhenir s effect in the Holstein cows at the highest chamber 
temperature (1os•F); their pulse rate rose as their rectal temper
ature reached 107 to 10S•F, but the heat production measurements 
at 105°F were few and variable and do not permit generalizations. 
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Fig. 18.-Heat production by the closed-circuit method computed on the 

a ssumption that one liter 0 2 has a thermal equivalent of 4.825 Cal. The light 
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middle, and late thirds of each temperature period. The light broken and heavy 

broken curves represent comparable data for t he Control cows. 
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