RESEARCH BULLETIN 862 MAY, 1964
UNIVERSITY OF MISSOURI COLLEGE OF AGRICULTURE

AGRICULTURAL EXPERIMENT STATION
ELMER R. KIEHL, Director

Environmental Physiology and
Shelter Engineering

With Special Reference to Domestic Animals

LXVII. THERMAL EFFECTS OF VARIOUS TEMPERATURE-
HUMIDITY COMBINATIONS ON HOLSTEIN CATTLE
AS MEASURED BY EIGHT PHYSIOLOGICAL
RESPONSES

H. H. KIBLER

(Publication Authorized May 28, 1964)

COLUMBIA, MISSOURI




CONTENTS

Introduction .........ccoecscrtmassananannsonsseas 3
Methods .....:¢ic0rnsacasssssse R IR I 6
Experimental Animals ..........cc0iiieinieiacanna 6
Statistical Design . . .. .. ..ot et i it ittt it s 6
Animal MeasurementsS . .. .. .o o v v o v o s o st e u s b b 8
HEBUIIE: i 5u o 28 &5 o5 dars i o8 e e iR, S i it T S mi 10
Variability at 65 F., 50 R. H. Base Conditions . ......... 10
Experimental Conditions . . ... ... ... ... ... 15
Supplementary Tests . . . . . . 0 0 o i i b ittt e e e e e 15
Comparative Effects of Temperature-Humidity Conditions . . . . 16
BUMMATY . & v o i 4 4 4 v o s s a s s s s o s s s a s a s asaaaseserass 19
References . ... .. :.cicovevnranssonvcssssoassasass 21
AppendiX . ... i s e s e s e n s s s s 22
ACKNOWLEDGMENTS

This project is part of a broad cooperative investigation between the
Departments of Dairy Husbandry and Agricultural Engineering of the
Missouri Agricultural Experiment Station, University of Missouri, and
the Agricultural Engineering Research Division of the United States
Department of Agriculture. This bulletin is a reporton the Department
of Dairy Husbandry research project No. 125, “Climatic Factors” and
U. S. Department of Agriculture AE-b2-2.

Acknowledgments are due to H. D. Johnson and A, C. Ragsdale for
counsel; to M, M, Jones, M. D, Shanklin, R, G. Yeck, and I. L. Berry
for cooperation on engineering phases of the work; to E. Paschang for
assistance with measurements; to Carol Hickey and Donna Soos for aid
with gas analysis; to H. A, Ball, R. Rumans, and S, C. Sturm for care
and feeding of animals; to the Veterinary Clinic Staff for veterinary
care; to George Gruner of the State Church Farm in Jefferson City
for use of several Church Farm cows for this experiment; to A, B,
Stephenson and C. L. Gregory for suggestions on statistical analyses;
and toD. A. Horner for aid in procuring U, S. Weather Bureau data.



LXVII. THERMAL EFFECTS OF VARIOUS TEMPERATURE-
HUMIDITY COMBINATIONS ON HOLSTEIN CATTLE
AS MEASURED BY EIGHT PHYSIOLOGICAL
RESPONSES

- INTRODUCTION

Temperature and humidity are two important factors which influence
the economy of the dairy industry in various sections of the United
States and in other countries. High productivity requires a high level of
feed consumption and causes cattle to produce great amounts of heat
which must be dissipated to the environment. High temperature limits
animal heat dissipation by radiation, convection, and conduction. High
humidity limits animal heat dissipation by evaporation from the outer
surface and respiratory tract. Limitation of heat production (and conse-
quently depression of milk production) therefore is influenced by the
relative levels of high temperature and humidity.

Not a great deal of quantitative work has been done on the effects of
combinations of temperature and humidity on lactating cattle. Earlier
work 1 at the Missouri Climatic Laboratory showed that at environ-
mental temperatures above 85° F, high humidity depressed evaporative
cooling from the respiratory tract and outer surface. It also increased
respiratory frequency and volume. Heat production (standing energy
metabolism) was decreased in some animals and increased in others.
In all instances, however, heat dissipation decreased more than heat
production decreased, and all animals showed a risein body tempera-
ture. As a consequence of these various effects, milk production and
teed consumption were also depressed.2 Whereas the earlier experi-
ment usually included only one low and one high humidity condition at
progressively increasing temperature, the experiment reported here
covered a wide spectrum of hot-dry and hot-wet conditions as shown in
Figure 1. Also, it featured scheduled switch-backs to a standard base
condition to provide greater control over lactation persistency and
acclimation factors. Bianca® has pointed out that gradual progressive
changes allow time for adaptive changes, as in hair coat. The switch-
back design was employed to prevent or limit such adaptive changes.

The extreme variations in the temperature-humidity combinations
that occur in different parts of this country are illustrated in the
climograph shown in Figure 1. These data were plotted from monthly
means published by the United States Weather Bureau.4-7 Not only do
the four climates shown differ in their position on the chart, they also
differ in their range of variation during the 12 months of the year.
Other sections of the United States would, of course, appear in many
intermediate positions on the climograph.

It would be convenient to express combinations of temperature and
humidity as single index values. These index values could then be
related to physiological comfort. An index called “effective tem-
perature” was developed many years ago which established the limits
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of the human comfort zone, 8,9 The effective temperature for any air
condition was set equal to the temperature of slowly moving (15 to 25
feet per minute) saturated air which induced a similar sensation of
warmth or cold. “Sentient temperature,” the temperature of the air
at 30 percent humidity which provides the same feeling of comfort as
the current air, has also been suggested as a human comfort index. 10
Thomll has reviewed Bosen’s development of asimple linear equation
which gives a close approximation to effective temperature values.
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Fig. 1—Climograph showing four extreme conditions of temperature and bhumidity in
the United States. Twelve normal monthly means identified by the first letter of month
are shown for each of four cities. The large asterisks and crosses show the experimental
conditions of tests reported in this bulletin.
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This equation can be used to compute values known as temperature-
humidity index (THI) values.

THI = D.4{Td + T“) + 15
where T g dry-bulb temperature, °F.

and TW = wet-bulb temperature, °F.

The severity of climatic factors in determining comfort in cattle
cannot, of course, be measured by the subjective feelings of the cattle,
One objective of this experiment, therefore, was todetermine the order
of severity of different temperature-humidity (T-H) combinations on
lactating Holstein cows by measuring and classifying the physiological
responses of the animals to the different conditions. This was done for
eight physiological measures during the exposure of 40 cows to 11
experimental and base conditions. Four supplementary tests were made
on 12 cows under somewhat different conditions.

This bulletin (1) reports original data from experiments which were
conducted between October, 1958, and March, 1962; (2) evaluates the
eight physiological reactions (respiration rate, pulse rate, rectal
temperature, oxygen consumption, carbon dioxide production, methane
production, expired air volume, and heat production or standing
metabolic rate with respect tovarious temperature-humidity combina-
tions; (3) examines some of the interactions among these responses;
and (4) classifies the severity (mild, moderate, or severe) of the
various temperature-humidity combinations on the basis of the phy-
siological reactions of the cattle,

As increasing U. S. Weather Bureau temperature-humidity index
(THI) values have been found to be correlated with increasing milk
depression, 12, 13 comparisons were made between THI values and the
physiological reactions of the cattle.
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METHODS

Experimental Animals

Twelve lactating Holstein cows were used during each phase of the
experiment and a total of 40 different cows were included during a two
year period. The milk production of these animalswhen they were taken
into the Climatic Laboratory ranged between 25 and 75 pounds per
day, depending in part on the stage of lactation.

Grain or concentrate was fed in proportion to milk production in
the ratio by weight of 1 to 4. Beet pulp was fed twice daily, two pounds
on a dry basis each morning and afternoon, and salt was available
ad libitum. Finely ground alfalfa pellets were fed ad libitum. The pellets
Were obtained from different suppliers but the analyses of the different
shipments were about the same. For additional information concerning
the history of the cows and the composition of their feed see refer-
ences 12 and 14,

Twelve cows were used in supplementary tests during the followirg
two years. This wasdone toevaluate abroader psychrometric spectrum
extending into lower ranges of temperature. However, as these
animals were fed hay instead of pellets, and as only six were used at
one time instead of 12, their data were treated separately.

Statistical Design

In planning an experimental design for this study several troublesome
problems were confronted. It seemed probable that if cattle were
exposed to successive temperature-humidity combinations, their
current responses would be influenced by their preceding exposures.
Consideration had to be given also to the persistency of lactation in a
long experiment. Changes in productive level would be reflected in
feed consumption, heat production, and related measures.

To overcome the foregoing problems, a switch-back or reversal
design was chosen which provided a recovery period at 65° F tempera-
ture, and 509 relative humidity between exposures to all other
temperature-humidity conditions. Two groups of animals were used.
The A group consisting of six animals was exposed for two weeks to an
experimental temperature-humidity (T-H) condition. Atthe sametimea
B group of the same number was exposed to a base condition of 65°F,
50% R.H. During the third and fourth weeks the environmental con-
ditions were reversed for the two groups. During the fifth and sixth
weeks the conditions were again reversed. An example of a reversal
schedule for a 12-week period and a complete listing of all experi-
mental conditions are shown in Table 1. The same base condition of
65°F, 50% R.H., was repeated for all experimental conditions through-
out the experiment. The air velocity at cow-level in the two climatic
rooms was 40 to 50 feet/minute throughout the experiment.

Six animals in each room were selected to provide two cows in early,
two in middle, and two in late lactation. This balance was maintained
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for long periods by adding two cows in early lactation and removing
two cows in late lactation from each six-cow group every 12 weeks.
Thus the same 12 cows were used for a 12-week period, but one-third
were changed from one 12-week period to the next. All cows were
usually changed from one year to the next.

TABLE 1, ENVIRONMENTAL SCHEDULE FOR TEMPERATURE-
HUMIDITY (T-H} THREE PERIOD SWITCH-BACK STUDIES

(Cows were divided into 2 groups, A and B, of 6 cows each;
Identification numbers are listed for individual cows)
FIRST 12 WEEKS OF EXPERIMENT
October 20, 1958 to January 11, 1959,

T H Week™
°F % la __2m da__ 4m 5a Gm
65 50 A A B B A A
80 50 B B A A B B
7a &m Ya 10m 11la 12m
65 50 B B A A B B
90 42 A A B B A A

Group A: T893, 523, 440, 474, 473, 484
Group B: 856, 713, 804, 807, 487, 499

“Measurements were made in the weeks marked “m ¥, The weeks marked “a”®
were used for adjustment to the new T-H condition. In the remaining 54 weeks of
the experiment during a 2-year period, the environmental conditions were main-
tained as shown below with 2-week switchbacks to 65° F, 509, R.H. as was done
during the first 12 weeks,

(a) Jan. 12, 1959 to June 28, 1859 and (b) October 25, 1959-May 22, 1860

Weeks Temp., °F. R.H., § Cows

13-18 (a) 80 30 (p.: 820, 823, 193, 523, 440, 474\
19-24 (a) g0 23 B: 814, 818, 856, 713, 804, 807
25-30 (a) 50 80 (A: 855, 8652, 820, 823, 793, 523)
31-36 (a) 90 50 B: 858, 849, 814, 818, 856, 713
37-42 (b) 85 50 (’ﬁ: 794, B30, 450, CBlE, 842, 552)
43-48 (b) 85 70 B: 623, C829, U829, 880, 853, 895
49-54 (h) a3 25 (A*, 809, B64, 794, 830, 450, CBLE
55-60 (b) a0 25 B: 847, 813, 623, CBE29, UB29, 880

61-66 (b) 75 a0 (g: B44, 473, 809, 864, 794, 330)
: 820, U818, 847, 813, 623, C820

Other switchback tests were made in subsequent years for the conditions shown be-
low. In these later tests, however, the cows were fed hay instead of fine-grind
pelleted alfalfa, and only six cows were used. Also, the 65° F, 50% R.H. periods
were [or three weeks instead of two, These data are not included in the summary
tables 4 and 5. They are shown in Figa, 2, 3, and 4,

Temp., °F. R.H. & Cows
85 (c) 35 (3?1, 822, 842, 855, 821, 3?5)
85 (c) &0
43 (d) 88 (46, 895, 851, 910, 921, BG?)
40 (d) 50

(¢} March 2, 1981 to June 5, 1961
{d) November 20, 1961 to February 19, 1962
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It was thought that cows in different stages of lactation would respond
differently to a given experimental condition. A preliminary analysis of
the data, however, showed no significant difference in the responses of
the reported measures. Therefore, the classification for stage of
lactation was dropped, and the data were pooled in subsequent com-

putations.
The stability of the stage of lactation and fixed composition of the

animal groups during each six-week period suggested that statistical
comparisons be confined to the differences between the T-H condition
and base condition within each six-week period. Similar comparisons of
differences have been made by Brandtl® for reversal feeding trials.

An example of the computation of differences in physiological re-
sponse between experimental T-H and base condition for 12 individual
cows is given in Table 2. Thedifferences in the right hand column show
the deviation in response in the middle period as measured from the
linear regression for the other two periods. These differences were
then pooled and tested for significance by analyses of variance as
described by Snedecor. 16

Animal Measurements

Indirect calorimetry measurements of standing metabolic rate were
made with a mobile, open-circuit apparatus on individual animals twice
during the second week of each two-week period. The measurements
were made on Tuesday and Wednesday in the experimental room
(experimental T-H condition) and on Monday and Thursday in the con-
trol room (65°F., 50% ReH. base condition). These open circuit
measurements also included Og consumption, COg production, CHy
production and psychrometric measurements necessary for determina-
tion of temperature, humidity, and pressure factors. Respiratory
Vaporization Rate was also measured and will be reported with total
vaporization in another bulletin. The open-circuit apparatus and
accessory gas analyzers are described in detail in reference 17.

Rectal Temperature, Respiration Rate, and Pulse te were
measured five days a week on all animals. The equipment used for
these measurements were veterinary thermometer, stopwatch, and
stethoscope.

All these measurements were made at the same time of day between
1:00 p.m. and 3:15 p.m. on animals which were standing quietly.
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TABLE 2. RESPIRATIONS PER MINUTE AT 90°F TEMPERATURE AND
50% RELATIVE HUMIDITY (X}, AND AT 65° TEMPERATURE
AND 509, RELATIVE HUMIDITY (Y)

Cow No. Period 1 Period 2 Period 3 Differences
Group A
Xl Yz X3 Xl-2Y2+x3
820 75 26 T4 a7
823 62 27 G4 79
B55 83 21 81 137
852 97 25 92 139
793 96 30 95 131
523 84 26 77 109
Sum 685
Group B
Y, Xq Y3 ¥1-2Xg+Y3
814 30 7 34 = 380
818 28 73 22 - 96
249 30 T3 25 = 81
453 26 26 26 =120
713 33 84 34 =101
856 29 82 26 -109
Sum -G0T
A B
Sum of differences = 5d G85 - 607
Sum of (differences)? = 542 81725, 0 62079.0
(Sum of differences)Z/N = (Sd)2 78204, 1 61408.2
N
sd? - (8d)2/N 3520.9 670. 8
Pooled variance 3520,59++ 56'?0.3 = 419.17

Sum of squares for temperature = [685 - (-607)] 2/2(6) = 139105

ANALYSIS OF VARIANCE

Source of variation Degrees of Freedom Mean square F-ratio
Temperature 1 139105.3 331, B**
Error Variance 10 419.2

**Indicates significance at the 0, 01 level
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RESULTS

The results for the major tests are shownin summary Tables 3 to 5
and Figures 2 to 5 in the text, and in Tables 6 to 21 on individual
animals in the Appendix, The results for the supplementary tests are
also shown in Figures 2, 3, and 4, and are recorded for individual
cows in Tables 22 and 23 in the Appendix.

Variability at 65°F., 50% R.H. Base Conditions

Since the measured responses at the different temperature-humidity
(T-H) conditions were all compared to the responses at the base con-
ditions, it is important to examine the base-level responses, Table 3
shows that there was considerable wvariability in the mean body
weights, Oy, C05, CHy, and energy metabolism. Respiration rate, pulse
rate, exhaled air, and rectal temperature were moderately variable.
Great variability at the base condition occurred only when the in-
dividual animals had been changed in the 12-cow groups. For the two

TABLE 3. STATISTICAL CONSTANTS FOR SECOND-WEEK PERIOD AVER-
AGES AT 65°F TEMPERATURE AND 509 RELATIVE HUMIDITY

Number of
Weeldy Standard Standard
Measurement Averages® Mean Deviation Error
Respirations per minute 240 33.7 8.1 0.6
Pulse rate (minute) 240 66.2 g.1 0.5
HRectal temperature °F 240 101.45 0.25 0,016
°C 240 3E.58 0,14 0,009
Metabolie rate, k eal/hr. 234 761 158 10.3
Exhaled air, liters/minute 234 90,6 19,2 1.3
0, consumption, 1/hr, 234 155 33.0 2.2
rClZl2 production, 1/hr, 234 141 28,7 1.9
rC.!H‘1 production, 1/hr. 234 7.8 5.3 0.35
Respiratory Vaparizatimb. g/hr. 234 140 47.1 3.1
Body weight 1b. 234 1220 107.8 7.0
kg. 234 553 48,8 8.2
= Averages for each second-week period at 65°F, 509 R.H. for individual cows.
Two measurements were made on each cow during each second-week period for
02. COs, CH4, metabolic rate, and respiratory vaporization, Five such mea-
surements were made on each cow for respiration rate, pulse rate, and rectal
temperature.
b

Respiratory vaporization will be discussed in a later report.
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Fig. 2—Changes in the volume of air expired per minute and in energy metabolism
in all cows at base condition (65°F, 50% R.H.) and at other values of temperature
and bumidity. The four supplementary tests marked X were not conducted under the
same conditions as the regular tests (see text) and are not comparable to the regular
tests on an absolute basis. However, they do show the relative effects of 35% and 85%
R.H. at 85°F temperature.

six-week tests within each 12-week period, the cows were unchanged
(Table 1) and the base levels were similar, For e:-:ample, the base
level values of exhaled air during reversals from80° F, 80% R.H., and
90° F, 509 R.H., were measured in the same 12-week period and were
simllar (Fig. 2] However, the values obtained during the reversals
from 80°F, 80% R.H. and80° F., 50% R.H., were measured on different
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Fig. 3—Changes in rectal temperature, respirations per minute, and pulse rate in all
cows at base condition (65°F, 50% R.H.) and at other values of temperature and
bumidity. The four supplementary tests at the condition marked X were not conducted
under the same conditions as the regular tests (see text) and are not comparable with
the regular tests on an absolute basis. However, they do show the relative effects of
35% and 85% relative bumidity at 85°F temperature.

cows, and were quite different. It is noteworthy that the rectal tem-
perature and respiration rate were fairly stable at the 65°F., 50%
R.H., base condition for all animals (Fig. 3).

Because of the shifts in base-level that occurred in most of the
measurements; all tests of significance were made on differences be-
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tween base and experimental levels within each six-week period. No
change in animals occurred during these six-week periods.
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Fig. 4—Changes in methane production, carbon dioxide production, and oxygen con-
sumption in all cows at base conditions (65°F, 50% R.H.) and at other values of tem-
perature and humidity. The four supplementary tests at the conditions marked X
were not conducted under the same conditions as the regular tests on an absolute basis.
However, they do show the relative effects of 35% and 85% relative humidities at 85°
F temperature.



TABLE 4. RESPONSES® OF LACTATING HOLSTEIN COWS TO VARIOUS TEMPERATURES AND HUMIDITIES

{(Averages for groups of 12 cows--4 early, 4 middle, and 4 late lactation--during second week at each condition.)

Rectal Pulse Standing
Environmental Relative Body Temper- b Rate Metabolic Exhaled Og Con- COg Pro- CHy Pro-
Temperature Humidity Weight ature R.P.M.  (minute) Rate air® sumption®  duction® duction®
°F °C % kg °C k eal/hr 1/min 1/hr 1/hr 1/hr
G5 18,3 50 568 8.6 32 GT 789 90 161 141 5.7
75 23.9 a0 569 38,8% 4g%* Ga T1O%* g7+ 150 130* 6.5
65 18.3 50 531 38.6 29 G3 645 Tl 129 125 G.4
80 26.7 30 528 38, T** 45%* G5 G653 To** 134 125 6.2
65 18.3 50 538 38.7 38 G5 797 105 162 151 7.6
BO 26.7 a0 H3a** 38,9* Ho** GG TEH 118%* 153 149 8.3
B5 18,3 50 535 38.6 28 68 676 T4 137 127 T.1
80 26.7 a0 539 39, 2%* Ga** G9 699 9G** 140 137+* 8.0
65 18,3 a0 560 38,6 43 G5 778 101 158 142 5.8
85 29.4 50 555 39.3%+ T+ 1 TLL** 117+** 145%* 128%# 7.7
65 18,3 50 877 38.6 39 GG T38 94 154 127 6.2
85 29.4 T0 569 39, T gax* G2* 707 124%* 147 120 5.1
65 18.3 50 539 38.6 a7 G4 560 59 113 104 5.6
a0 32,2 23 538 39,1%* SE** GG G4g** g5** 132+# 119* 7.0
G 18,3 50 376 38.6 32 69 823 95 168 147 5.0
90 32.2 25 570% 39,4%* Ga** G5+ 800 110%* 166 134%* 6.0
G5 18,3 50 530 38.6 32 G5 634 80 130 114 5.0
a0 32,2 42 Gant* 39, TH* T GT** G32 129%# 126 128* a9, 5*
G5 18,3 50 63l 38,7 27 6o 774 95 159 140 7.4
90 32.2 50 543% 39, g%+ g1+ Ga** T1p** 128%% 146* 129+% 6.0
G5 18,3 50 bGo 38.7 36 T2 798 102 160 153 8.6
93 33.9 25 LT 39, 8%# TOk* Ga** T4l 127** 154 122%* G.4
a

A significant difference from the base level at 65°F, 509 R.H. is indicated by ** for the .01 and by * for the .05 level of sig-
nificance. Measurements were made between 1:00 and 3:15 p.m. on standing animals. Pelleted alfalfa hay was fed ad libitum.
Grain and pelleted hay were given before the a.m, and p.m. milkings.,

Respirations per minute.

All volumes have been adjusted to standard temperature, O°C, and pressure, 760 mm Hg, for dry air.
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Experimental Conditions

The results of the tests of significance are given in Table 4 for the
11 experimental conditions scheduled during the two years in which
the cattle were fed pelleted hay.

The responses at the experimental conditions were all significantly
different from the responses atthe base conditions for rectal tempera-
ture, respiration rate, pulse rate and volume of air exhaled per
minute.

Pulse rate was not significantly altered by the milder experimental
conditions, Table 4, but it was significantly depressed by many of the
more severe conditions. Inall but one instance in which heat production
was depressed, the pulse rate was also depressed, Body weight was
more variable but was significantly depressed by temperatures of
90°F or above, except at the lowest humidity conditions (23%).

Standing metabolic rate and oxygen consumption were depressed hy
the most severe conditions, but the differences were not generally
statistically significant. The greater variability in these two measure-
ments may be attributed to several causes. Among these are:

1. Compensating reactions to increased thermal load, Heat pro-

duction tends to decrease with decreasing feed intake but tends to
increase with increasing respiratory effort. Rising body tempera-
ture also tends to increase heat production through the van’t Hoff
effect.

2, Temporary effects caused by changes in the palatability of dif-

ferent shipments of pelleted hay

3. Incomplete adjustments tothe experimental conditions in some in-

dividual animals at the time measurements were made,

Additional variability in COg and CH4 production may have occurred
as a result of changes in rumen tunction with changes in thermal load
since all of the CH,4 and part of the COy were produced in the rumen,

Supplementary Tests

The four temperature-humidity conditions for these tests are shown
at the bottom of Table 1. The results are included in Figures 2, 3, and
4. Significant changes from the base conditions occurred at the two
highest temperatures for all measurements except heat production at
85° F., 35% R.H., and CHy at both conditions. At the two lower
temperatures only respiratory frequency and volume of air exhaled
per minute were significantly affected by both conditions. COg, Oy, and
pulse rate differed significantly from the base level at the 40°F,
50% R.H. condition. No significant changes occurred in the other
measurements at the low temperatures,

In general, respiratory activity was increased by the two hot con-
ditions and depressed by the two cool conditions. Energy metabolism
was depressed by 85° F., 60% R.H., but itwas not altered significantly
by the cool conditions.
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Comparative Effects of Temperature-Humidity Conditions

Figure 5 shows how much the 11 combinations of temperature and
humidity of the comparable tests increased or decreased the eight
measurements from their base levels at 65 F., 50% R.H. Since the
differences from base levels were less affected by changes of the
animals than the measurements themselves it is possible to estimate
the relative effects of the different experimental conditions. It is evident
that all 11 experimental conditions increased respiration rate, rectal
temperature, and expired air above their 65°F.,50% R.H. levels. Table
5 shows which T-H combinations caused similar reactions and which
combinations caused different reactions. It was found that the 11
conditions separated on the basis of THI values into three distinct
groups designated as mild, moderate, and severe. Analyses of
variance showed that the differences in reactions to the mild, moderate,
and severe conditions were all significantly greater than the differences
in reactions within the three conditions. The four respiratory exchange
measurements did not show as consistent changes with increased
temperature and humidity (see Table 4) for the reasons discussed in a
preceding section. However, there was a tendency forheat production,
carbon dioxide production, and oxygen consumption to be depressed by
combinations of high temperature and high humidity.
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Fig. 5— Comparative effects of different combinations of temperature and bumidity in
altering eight physiological measures from their base levels at 65°F, 50% R.H. This
chart summarizes the 11 regular tests conducted between October, 1958, and May,
1960. The supplementary tests of 1961 and 1962 were omitted as they were conducted
under somewhat different conditions and with fewer animals.



18 Missouri Agricultural Experiment Station
TABLE 5, INCREASES IN RESPIRATION RATE, PULSE RATE, RECTAL
TEMPERATURE, AND VOLUME OF EXPIRED AIR WITH INCREASING
ENVIRONMENTAL TEMFERATURE AND HUMIDITY ABOVE BASE
LEVELS OF G5°F., 509 R.H.
Increases (Experimental level
less base level)
Expired
Temper- Relative Pulse Rectal air (3TP)
ature  Humidity . o DBeats Temp, liters
Condition °F o THI R.P.M. Min. °F minute
Mild” 75 90 74.1 16 +1 0.3
80 a0 Tl.l 1G +2 0.2
a0 50 T3.7 17 +1 0.4 13
Moderate® 85 50 7.3 31 -6 1.2 16
90 23 TG.8 31 +2 0.9 26
90 25 7.1 36 =i 1.4 15
80 80 7.1 36 +1 1.0 22
severe® 93 25 79.0 43 -8 2.0 25
85 70 79.8 43 —4 1.9 30
a0 42 79.8 45 ] 2.0 49
90 50 gL.0 94 -G 2.1 33

The differences in reactions between the mild, moderate, and severe conditions
were all significant (P < .05 for pulse rate and < .01 for the other measures) with
respect to the differences within the three conditions. The classilications were
made on the basis of THI values computed for average daily conditions. See text
for discussion of THI.

THI values in the mild range ccecur during June in Missouri.

THI values in the moderate range occur during June in several southern costal
states of the United States.

THI values in the severe range cccur for a month in hot and arid sections (July in
Yuma, Arizona) and in humid southern coastal areas (August in Brownsville, Texas),
Other areas of the United States experience moderate or severe conditions for short-
er periods of time.

Respirations per minute,
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SUMMARY

Lactating Holstein cows were exposed to various combinations of
temperature and humidity in a switchback or reversal experiment.
Forty animals were used during 11 tests and 12 animals were used in
four supplementary tests in which the environmental conditions were
slightly different. The objective of the experiment was to measure
the gradations in the physiological reactions of the cattle to the various
conditions and thereby classify the various temperature-humidity com-
binations with respect to their thermal effects.

Data are reported in this bulletin for respiration and pulse rates,
rectal temperature, heat production or energy metabolism, expired
air volume, oxygen consumption, carbon dioxide production, and
methane production. Statistical analyses showed that exposure to 11
temperature-humidity conditions at temperatures uf 75°F. or higher
caused significant increases from base levels (65°F, 50% R.H.) in
rectal temperature, respiration rate, and volume ofexpired air. Pulse
rate was significantly depressed by six out %f seven temperature-
humidity combinations for temperatures of 85 F or higher. Changes
from base level were less consistent in heat production, oxygen con-
sumption, and carbon dioxide and methane production because of com-
pensating reactions (decreased feed consumption versus increased
respiratory exertion).

The 11 experimentally comparable temperature-humidity com-
binations separated into three statistically significant levels of severity
based on U. S, Weather Bureau temperature-humidity index (THI)
values for man. The physioclogical responses of the cattle for re-
spiration rate, rectal temperature, pulse rate, and expired air volume
also separated into three statistically significant levels of response
(P<.05 for pulse rate; P<.01 for the other three measures) when they
were classified with respect to increasing values of THI. The close
relationship of the magnitude of the responses of these measures to
increasing THI values indicates that the THI values may be applicable
to cattle as well as to man.

The three T-H conditions which caused the least change from base
1evels at 65° F, 50% R.H., in the four measures were 75 °F, 90% R.H.;
80°F, 30% R.H.; and 8G°F 509 R.H. The THI values for these mild
conditions are included within the range 71.1 to 74.1.

The four cnnditmns which caused mcderate resmnses in the four
measures were 85°F, 509 R.H.; 90 °F, 239 R.H.; 90°F, 25% R.H.:
and B0 F, 80% R.H. For these cand:tmns the THI values were within
the range 76.8 to 77.3.

The four condltmns which caused the greatest responses in the four
measures were 95°F, 25% R.H.; 85 F T0%R.H.;90°F, 429 R.H.; and
90 F, 50% R.H. For these severe cnndltlons the THI values were
within the range 79.0 to 81.0.

The mild condition occurs in June in Missouri for periods lasting
up to one month. At this time some of the southern coastal states are
experiencing the moderate condition. The severe condition lasts for as
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much as a month in some hot arid areas (July in Yuma, Arizona) and in
humid coastal areas (August in Brownsville, Texas). Other areas of the
United States experience either intermediate or severe temperature-
humidity conditions for shorter periods.
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G5
G5
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80

GR.H,

50
50
50
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50
42

GR.H,

a0
30
50
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50
23

% R.H,

50
80
50
50
50
50

APPENDIX

The following tables (6 to 23) summarize the data on individual
animals,

TABLE 6. RECTAL TEMPERATURE, °F. AVERAGES OF 5 MEASUREMENTS DURING 2ND WEEK OF 2-WEEK PERIODS,

. Group A
Cow No, TH3 523 440 474 473 484
Weight, kg 527 505 547 507 519 513
101.6 101.4 101,33 101.5 101,4 101.4
02,0 102.,4 101.6 101.7 101.9% 101.5
01,6 101,5 101.2 101.6 101,4 101.5
105.4 104.8  105.0  105.3 103.3  10Z,6
101.4  100.9 100.8 101.3 100.8 101.5
103,4 102.8 103.9 102,7 101.8 102.1
Cow No, 820 823 T93 923 440 474
Weight, kg 495 528 5306 486 579 525
01,5 101,4 101.5 101,2 101,0 101.3
101.5 101.8 101.6 101.6 101.5 101.9
101.5 101.4 101.6 101.3 101,23 101,2
01,7 102.,3 102,4 102,2 102,5 10Z,0
101.4 11,3 101.8 101.,2 1o01.2 101.2
101,8 102,3 101.8 102.2 103,99 102.2
Cow No., 520 823 855 852 T93 523
Weight, kg 522 543 457 524 575 512
101.5  101.3 101.2 101.4 101.5 101.3
101,88 102,1  102,0 103.6  101.,9% 101.9
01,5 101,3 101,55 101,3 101,6  101.4
102,6 102,99 102,8 104.8 103,77 104,1
101.9 101.4 101.6 101.4 101.7 101.3
102,6  103.3 103.8 104.1 104.1 104.2

°F.

80
G5
80
G5
a0
G5

°F.

o R.H.

80
50
80
a0

a0

Group B

856 713 804 807 487 4898

515 598 471 518 520 G183
102 2 1020 102,00 101,8 103.2 101.G
11,6 102,33 101.5 101.7 101.7 101.5
102,4 101.7 101,9 101.8 102.6 102.0
101.% 101,66 101.7 101.6 101.6  101,9
103.0 102.5 103.0 102.4 104.6  103.1
101.3 101,6 101.5 101,33 101,3 101.9

814 818 B56 713 804 BOT

562 536 HG0 589 467 249
102,3 102,0 102,0 101,88 101.6  101.7
101.4 101,858 101,97 101,66 101.7 101.4
101,7 101.8 101.9 101.,8 101.5 101.5
101.3  101.4  101,7 100,77 101,5 101.5
102,6 104,2 102.4 101.9 101.9 102.0
101,55 101,3 101,77 101.8 1l01.5 101.6

814 818 E49 858 T13 856

G607 533 512 501 GOT 522
102,5 102,5 103.9 104,55 101.9 102.4
101.2 101.6 101.4 101,6 101,99 101.7
02,7 1021 102,3  103.4 101,99 102.4
101,55 101.6 101.3 101.5 102,0 101.8
104.8 103.1 03,2 105.2 101.9 103.3
101.3 101.6 101.2 101.2 101.% 101.G




GR.H.

288

70
a0
70

%R,

50
25

25

25

% R.H.,

50
a0
50

TABLE 7. RECTAL TEMPERATURE, °F, AVERAGES OF 5 MEASUREMENTS DURING 2ND WEEK OF 2-WEEK PERIODS,

Group A
Cow No, C-794 U-830 U-450 (C-818 C-842 U-8562
Weight, kg 520 G29 5506 535 G22 547
01,5  101,3  101,4  101.,5 101,56 101.4
102,5 104,4 103.,3 102,2 101.7 102.9
01,5 10,5 101.7  102,6  101,5 101.4
104,1 105.0 104.8 102,6  102,2  103.3
101,17 101,33  1l0l.,4 102,1  101.7 101.2
103.7 104.8 104.4 102.5 101.5 103.1
Cow No, U-809 U-864 C-T4¢ U-830 1U-450 C-8l8
Weight, kg 553 502 532 G43 570 5G4
ip1,7 1pi,6  101,5 101,3  101,.7 102.0
103.1 105.0 101,3 105.2 105.2 102.4
01,4 101.3 101.5 101.1 101,32 102,0
102,7 102,9 102.5 105,0 104,2 102.2
10,4 101,% 101.5 1l01,3% 101.3  101.9
102,3 102,55 102,4 104,8 103,5 101.8
Cow No, U-844 U-473 U-809 U-864 C-794 U-830
Weight, kg 510 583 560 526 532 G84
01,6 101,2 101.7  101.3  101.,3  10L1,1
p1.6 101.6 101,5 102,8 101.5 101.8
01,1 101.4 101.6  101.8 101.3 101.4

°F.

ki

t.'lf

R.H.

50
50
a0
50
T0
50

PR, H.

25
50
25
50
25
50

R.H.

a0
50
50

Group B

C-623 C-B2% U-829% C-880 U-853 C-805

513 579 592 580 530 589
102.9 101.5 101.9 103.4 102.6 102.6
101.5 101,66 101.3 10L.7 101.6 101,56
103.3 101.3 101.8 102.6 103.2 102,5
1i01.4 101.6 101.3 101.5 101.6  10L1.6
103,6 102,0 103.9% 104.3 104.1 102.3
101.5 101.4 101.,4 101.4 101.6  101.5
U-847 U=-813 C-623 C-829 U-820 (C-880

504 486 534 G617 GGT GG
1019 102,5 104,99 102,1 102.5 104.3
101.7 101.4 101.6 101.7 101.5 101.8
105.0 104.5 105.2 102,1 102,79 103.9
i01.2  101.,5 101.4 101,77 101.6 101.6
102,8 103.5 103.9% 102.1 101.% 102.0
101,53 101,5 101.4 101.6 101.6  101.G
u-820 U-818 U-847 U-Bl3 C-623 (C-829

S44 G29 523 524 553 G4
191.5 101,6 101.5 102,0 1021 101.6
101,7 101,5 101.5 101.6 101.5 101.9
101.7 101.6 101,.7 102,1 102,0 101.G




TABLE 8, RESPIRATIONS PER MINUTE WITHOUT MASK,

QF'

G5
80
G5
a0
G5
90

GF'

T R.H,

50
50
50
42
50
42

G R.H.

50
30
a0
23
50
23

G R.H,

50
30
50
50
50
50

AVERAGES OF 5 MEASUREMENTS DURING 2ND WEEK OF 2-WEEK PERIODS.

Group A
Cow No, 793 523 440 474 473 484
Weight, kg 527 505 547 507 518 943
38 24 a5 29 38 24
57 47 54 54 54 a2
45 32 33 32 43 31
62 77 80 80 T2 G7
34 32 28 26 29 23
82 T2 81 G5 71 69
Cow No, 820 823 793 523 440 474
Weight, kg 495 528 536 486 579 525
37 36 38 22 30 22
51 53 43 30 a4 43
3z 30 20 a7 22 23
53 59 76 50 G4 54
28 33 37 22 26 21
42 5l 54 54 82 al
Cow No, 820 823 865 852 703 523
Weight, kg 522 543 457 524 aTa 512
27 27 24 36 an 18
50 54 G2 94 aT 45
26 24 28 30 32 23
5 G2 88 97 96 84
26 a7 21 25 30 26
T4 G4 o1 92 95 ki

GF'

80
G5
50
G5
90
G5

°F.

G R.H,

50
50
50
50
42
50

Group B
856 713 804 807 487 499
815 598 471 al8 520 G618
G 78 40 51 79 a6
a4 ol 40 a6 al 40
5l 6T 49 5l T2 ol
a7 o a5 34 44 29
TG 95 67 a1 50 G3
28 a9 23 29 29 32
814 818 8556 T13 804 807
a6 536 560 589 467 549
G4 G 36 42 42 52
45 33 26 24 23 28
38 56 32 47 4G 46
21 al 23 26 22 22
o4 Tl 49 a8 ol GG
28 22 a1 &3 22 23
814 813 849 858 713 B5G
GO7 533 512 501 GOT G22
55 a7 a4 53 GO G3
28 22 a4 a3 23 29
53 61 T2 T8 G4 Ga3
30 28 a0 26 a4 25
Kk T3 T3 86 fd 82
3d a2 25 26 34 26




TABLE 9. RESPIRATIONS PER MINUTE WITHOUT MASK., AVERAGES OF 5 MEASUREMENTS DURING 2ND WEEK OF 2-WEEK PERIODS,

GF'

G5
85
G5
85
G5
85

BF'

G5
93
G5
a0
G5
a0

°F.

G5
o
G5

R.H.

50
50
50
T0
50
T0

¢ R.H.

50
25
50
25
50
25

L R.H.,

50
80
50

Group A
Cow Mo, C-704 U-830 U-450 C-818 C-842 U-852
Weight, kg 520 G29 5506 535 G22 547
49 L) 52 a8 a6 a1
T0 79 88 70 59 82
39 40 58 31 40 a4
70 73 105 G2 T0 T4
29 36 G4 32 30 32
T4 T8 102 T1 GE a5
Cow No. U-809 U-864 C-T9 U-830 U-450 C-818
Weight, kg 553 502 532 643 570 564
34 48 KA | 32 54 25
78 a2 78 T4 107 G4
36 43 28 33 50 22
71 T 71 75 a1 G3
30 31 25 31 45 26
58 G4 T4 GG 84 G2
Cow No, U-844 U-4T3 U-809 U-8B64 C-794 U-830
Weight, kg 510 583 560 526 532 684
a0 47 36 32 22 29
a7 G3 41 47 36 5
34 42 25 27 24 32

* 4 measurements (New Year's Day)

DF'

DF'

a3
G5
93

90
G5
°F.
15

G5
15

Group B

R.H. C-623 C-829 U-829 (C-880 U-853 (-89S
513 579 592 580 530 589

50 87 54 T8 GY 9z T3
50 45 33 50 26 549 46
50 83 48 GO 59 111 T2
a0 44 28 50 32 43 a6
T0 115 G 23 B2 98 G8
50 53 30 42 29 54 38

T R.H. U-847 U-8l3 C-623 (C-829 U -820 (C-880
504 486 534 GLT GGT G1G

24 G4 G0 118 G2 75 84
50 a6 34 50 29 37 26
25 GO T0 111 G4 61 82
50 31 24 49 31 a0 27
25 57 G2 94 Gl G a6
50 3l 28 49 32 30 206

T R,H, U-820 U-818 U-B47 U-813 C-G23 C-829
&4 G629 523 524 593 G4

80 46 50 34 38 T4 45
a0 3z 25 28 23 41 a1
a0 42 42 35 49 GG 45




°F.

G5
80
G5
90
G5
90

°F.

G5
80
G5
90
G5
90

TABLE 10, PULSE RATE (PER MINUTE). AVERAGES OF 5 MEASUREMENTS DURING 2ND WEEK OF 2-WEEK PERIODS,

T R.H.

a0
50
50
42
50
42

o R.H.

50
B0
50
20

50

Group A
Cow No. 793 523 440 474 473 484
Weight, kg 527 505 547 507 519 543
G9 G2 63 58 G5 GG
T4 GO G4 55 G3 GG
T4 59 G1 56 G0 GO
62 62 60 a7 56 Gl
68 57 GO GO 56 G5
61 54 54 49 52 57
Cow Mo, 820 823 T93 523 440 474
Weight, kg 495 528 536 486 579 525
69 G9 70 57 GG G1
69 G6 71 57 G5 53
G2 G0 G2 58 59 55
GG 63 67 59 GO 53
G8 G4 G3 G2 G 56
71 GG T3 G2 70 Gl
Cow No. 820 823 855 852 T893 523
Weight, kg 522 543 457 524 575 512
T T0 TO T2 70 G
G6 66 67 67 71 GO
Tl 66 GG G7 GS 67
GG 58 58 G5 67 G5
71 63 Gl GE 71 T2
Gd G2 61 G5 G7 G4

°F.

80
G5
80
G5
a0
G5

°F.

 R.H.

a0
50
50
a0
42
50

G R.H.

o R.H.

80
50

50

50

Group B

850G T13 04 8507 487 499
515 595 471 ol8 520 318
G5 70 T3 G2 Tl 70
G5 Ga 72 G5 T4 Gl
3 Tl Tl G4 G8 G8
74 74 T3 GG T2 T4
GO 61 G0 H] 49 G4
G2 59 G2 58 72 7
814 818 856 713 804 807
562 536G 560 589 467 540
T0 GY TG T G4 G3
GO 67 GG G0 Go G4
57 G4 71 58 G9 G0
58 G3 GG GG G2 a7
GO G- TG GG 0 G7
G5 GB T4 70 GG o8
814 818 849 858 713 856
GOT 533 512 501 GOT 622
7 i3] G9 T4 Gl 80
G7 G2 7l GG G5 T8
T0 63 70 G5 G4 G8
68 62 T0 GO 62 G5
G 59 G4 G2 GO G8
77 G8 T2 k| G7 T4




°F.

e

G5
93
G5

G5
20

°F.

G5
75
G5

TABLE 11. PULSE RATE (PER MINUTE). AVERAGES OF 5 MEASUREMENTS DURING 2ND WEEK OF 2-WEEK PERIODS,

TR

50
50
50
TO
a0
T0

% R.H,

50
25
50
25
50
25

G R.H,

50
90
50

Group A
Cow No, C-794 U-830 U-450 (C-818 (C-842 U-B52
Weight, kg 520 G29 556 535 G22 547
GG 74 G2 58 G0 75
55 51 G7 54 50 G3
G5 GG G8 59 52 GG
61 58 62 59 55 67
GG G9 G5 58 54 G5
59 G0 G5 G4 GG G
Cow No. U-809 U-864 C-794 U-830 U-450 C-818
Weight, kg 553 502 532 643 570 564
70 Ga3 T0 75 81 G0
56 59 Go 58 72 63
G7 Gl 76 76 76 GY
G5 59 G5 60 G5 63
GO 59 73 66 70 GG
G4 G0 67 G4 G4 G3
Cow Mo, U-844 U-473 U-809 U-864 C-TH84 U-830
Weight 510 583 560 926 532 84
GG G7 70 54 G2 71
GO G4 70 G7 GG T4
43 G2 GG 63 Tl 72

°F.

]
G5
85
G5
85
G5

QF.

93
G5
93
65
a0
G5

DF'

75
G5
75

Group B

“R.H., C-623 (C-829 U-82% C-880 U-853 (C-B95
513 579 592 580 a0 589

50 G2 Gl G5 G0 68 56
50 72 55 T2 GG TG 11
50 58 a7 70 G2 GG 52
50 72 G0 T4 71 73 GG
70 G0 G5 G7 59 G2 55
50 78 63 T4 GG B3 59

% R.H. U-847 U-813 (C-623 (C-82% U-829 C-880
504 486 534 G17 GG67T GlG

25 T2 59 G6 GG 75 G4
50 T0 G5 85 Gd 81 75
25 56 a6 77 69 75 G4
50 GO 72 79 65 71 G9
25 G2 GG 67 67 76 GG
50 G2 78 83 68 80 T3

¢ R,H. U-820 U-818 U-847 U-813 C-623 C-829
544 629 523 524 563 G4

a0 Gk G2 G4 70 T 68
50 G8 G4 G3 T3 T 68
a0 63 GG T0 70 73 69




TABLE 12. EXHALED AIR VOLUME, STP, LITERS/MINUTE. AVERAGES OF 2 MEASUREMENTS DURING 2ND WEEK OF 2-WEEK PERIODS,

U‘F‘

G5
80
Go
a0
G5
a0

°F.

G5

G5
a0
G5

G R.H,

50
50
50
42
50
42

T R.H,

50
30
50
23
50
23

Group A .

Cow No, 793 523 440 474 473 484
Weight, kg 527 505 247 507 519 543
118 78 94 109 101 109

125 114 87 121 101 98

115 ] 80 101 B9 91

187 137 157 172 155 129

Go 57 63 T0 G4 72

o 114 107 119 113 103 89
Cow Mo, 820 823 T3 823 440 474
Weight, kg 495 528 536 486 579 525
77 T 72 a7 G5 G9

85 84 G4 67 G3 TG

69 61 a6 50 42 52

Tl 86 78 75 75 a0

58 G3 a7 51 5l 55

76 78 82 70 48 85

Cow No. 820 823 855 852 793 523
Weight, kg 522 543 457 524 575 512
B84 B85 50 G8 T4 G2

B85 103 5 113 89 76

80 T6 G2 G4 70 54

112 105 114 139 137 136

98 101 T 89 29 103

94 108 103 126 122 123

nF'

80
G5

G5

G5

T R.H.

50
a0
H1l
a0
42
50

¢ R.H.

30
a0
30
50
23
a0

o R.H.

a0
50
80
50
50
50

Group B
856 713 804 807 487 499
515 598 471 518 520 618
109 139 121 119 156 123
99 143 108 104 120 99
121 160 121 107 151 107
101 114 121 103 105 82
122 136 125 124 136 110
67 80 66 70 5 '+
214 818 856 713 804 807
562 536 560 289 467 540
105 88 85 111 85 T4
82 92 G8 a7 () 80
B0 82 G8 a2 63 T4
o2 63 55 G0 al 56
88 111 83 118 85 77
T0 Tl GO L] a0 G6
814 818 849 858 713 8556
G07 933 512 501 60T G232
99 101 94 109 102 95
a3 85 71 70 86 T
106 106 102 106G 104 23
120 a8 96 a8 a3 98
136 139 136 138 137 141
113 a0 86 T7 84 96




TABLE 13, EXHALED AIR VOLUME, STP, LITERS/MINUTE., AVERAGES OF 2 MEASUREMENTS DURING 2ND WEEK OF 2-WEEK PERIODS,

Group A Group I

°F, wR,H. Cow No, C-704 U-830 U-450 C-818 C-842 U-852 °F, % R.H. C-623 U-820 U-8290 C-880 U-853 C(C-895
Weight, kg 520 G29 5506 Hah G22 547 513 579 592 580 530 589

G5 50 95 112 113 92 a97 B4 85 50 108 109 128 114 112 121
85 50 108 145 124 112 a0 121 G5 50 101 100 113 1m a8 105
G5 50 100 100 110 89 a7 96 85 50 133 105 122 116 126 116
85 0 131 132 135 117 105 124 G5 50 a6 94 1089 103 100 100

G5 50 84 a0 103 87 85 70 85 T0 134 124 146 127 121 92
86 T0 116 130 135 123 114 124 G5 50 o8 103 107 B2 118 95

°F G R.H, Cow Mo, uU-an9g  uU-864 C-T94 U-830 U-450 C-818 °F., G R.H., U-B47 U-B13 (C-623 (C-B20 U-829 (-880

Weight, kg 553 502 532 G43 570 5G4 504 486 534 G617 6GT G616
G5 50 108 96 110 111 119 101 93 25 110 146 120 154 150
93 25 108 135 115 134 132 116G G5 50 112 a2 96 104 111 101
G5 50 o4 20 08 100 109 92 93 25 129 110 139 115 138 129
a0 25 G5 50 93 82 90 113 111 93
G5 50 92 BG 92 a7 95 91 a0 25 102 94 123 111 111 104
90 25 106 111 111 129 114 102 G5 50 98 76 93 113 112 99

°F. %R.H. Cow No. U-844 U-473 U=-B09% U-864 C-794 U-830 °F. G R,H. U-B20 U-818 U-847 U-813 (C-623 C-829

Weight, kg 510 583 560 526 532 G814 5dd G29 623 524 553 G4
i 50 109 98 a5 88 82 101 75 a0 93 T0 82 o2 101 108
75 a0 e | a7 100 98 ar 110 G5 50 94 85 86 82 a1 104

G5 a0 T 86 52 a0 78 94 75 a0 95 92 96 101 a7 106G




DF'

G5
80
G5
90
Ga
90

°F,

G5
80
Gh

TABLE 14, STANDING METABOLIC RATE, keal/HOUR. AVERAGES OF 2 MEASUREMENTS DURING 2ND WEEK OF 2-WEEK PERIODS,

o R.H,

Group A
Cow No, 793 523 440 474 473 484
Weight, kg 527 505 47 507 4319 543
869 736 883 768 685 796
880 677 777 GTG 579 G653
859 GET BG5S 808 713 805
G54 634 863 596 G54 G40
598 486 G235 GO3 539 598
G38 534 G227 G43 875 515
Cow No. 820 823 793 923 440 474
Weight, kg 495 528 536 486 579 525
T05 730 G684 513 GT7 G42
T34 G43 630 516 G584 G671
aTa 550 541 452 466 al8
390 G635 Gl5 497 alG 5556
509 G19 588 440 876 520
G648 G35 GT78 534 853 G639
Cow Mo, 820 823 855 852 703 523
Weight, kg 522 543 457 524 875 812
T44 723 946 GG2 G28 499
711 T80 586 60 T41 965
749 754 G34 T29 G690 158
T42 860 581 T3l G99 G5l
766 B0G GT7 802 779 719
775 875 781 803 GGG GT4

°F.

B0
G5
a0
G5
a0
G5

% R.H.

Group B
856 T13 804 BOT 487 499
515 598 471 518 520 Gl8
G20 529 851 896 824 759
736 T27 T94 T30 1019 798
Bi1 876 821 T44 22 T20
T40 778 849 795 856 T40
G8T G183 G680 G629 GO0 877
545 873 G0S G22 G24 584
814 818 8456 713 8044 207
SG2 536 560 589 467 549
779 GT9 717 T44 GO8 673
759 799 636 T42 581 G99
587 T08 G611 G615 536 aTT
460 GG3 547 557 453 539
GG4 Tl G644 T33 642 G15
G285 T32 G55 GET 473 557
14 818 845 858 713 856
GOT 533 512 501 GOT 522
TG3 TT4 Gao0 608 66T G86
774 T8l G633 G602 724 G20
781 TEG T30 GE1 G45 712
042 G99 B59 Ta4 690 810
755 733 G998 G48 599 673
902 755 TT6 T30 813 851




DFl

G5
85
G5
85
G5
85

°F.

TABLE 15. STANDING METABOLIC RATE, keal/HOUR. AVERAGES OF 2 MEASUREMENTS DURING 2ND WEEK OF 2-WEEK PERIODS,

T R.H.

50
a0
al
T0
50
70

T R.H,

50
25
a0
25

50
oo
50

Group A

Cow Mo, C-794 U-830 U-450 C-818 C-B42 U-852
Weight, ke 520 G29 556 535 G22 547
70z 920 888 796 GEE B03

761 G675 749 G25 GO0 T20

805 T59 770 T47 G4l 798

GGG 7406 788 737 GoG 77T

G59 TG2 795 763 [LE] T03

GG3 G04 T4 791 782 749

Cow Mo, U-809 U-864 C-794 U-830 U-450 (C-818
Weight, kg 553 502 532 G432 870 5G4
834 G617 T37 802 791 733

G54 GGT 800 T09 721 770

T23 739 T27 BET 774 T48

832 708 T95 852 859 807

T74 713 GO8 T99 735 T18

Cow No, U-B44 U-473 U-809 U-8G64 C-T94 U-830
Weight, kg 510 583 a60 326 532 G84
1008 904 910 BBS 820 943

530 G76 T44 538 575 T62

520 826 827 GT9 710 BBS

GF‘

a3
G5
93
G5
a0
G5

°F.

5
G5

Group B

®R.H. C-623 C-829% U-829 C-880 U-853 C-895
513 579 592 580 530 589

50 G602 GBY T45 B25 67T 773
50 784 777 887 T3l 839 GG3
50 T3l B01 851 810 693 711
50 731 T97 861 777 8138 G607
70 753 591 Tod G638 GOG 515
50 T61 956 T8G6 606 830 GO7

% R.H, U-847 U-813 C-623 (C-82% U-829 C-880
504 486 534 G617 66T G1G

25 490 723 941 BoT T42
50 BE2 T40 818 BOS 900 873
25 G785 G25 782 947 956 G831
50 GTG GBS G674 986 947 803
25 861 T45 852 963 966 781
50 773 G690 819 1029 958 882

% R.H. U-820 U-818 U-847 U-813 C-623 C-829
544 629 523 524 o953 G4

a0 861 G14 TG 770 T80 965
a0 TG4 T42 (o2 705 T06 902
a0 913 TG4 722 826 596 911




TABLE 16, OXYGEN CONSUMPTION, STP, LITERS/HOUR, AVERAGES OF 2 MEASUREMENTS DURING 2ND WEEK OF 2-WEEK PERIODS,

ﬂF'

G5
80
G5
80
G5
a0

bF'

°F.

G5

G5
B0
G5

Group A
Cow No. 793 523 440 474 473 484
Weight, kg 527 505 547 507 519 543
176 153 176 164 136 163
174 134 158 134 115 134
170 140 180 161 146 166
130 130 176 119 135 128
122 100 129 121 109 124
129 107 126 128 115 102
Cow Mo, 820 823 783 523 440 474
Weight, kg 495 528 536 486 579 525
144 147 136 104 136 129
148 130 127 103 142 152
115 110 109 a1 94 103
119 135 124 100 104 111
103 126 117 88 116 103
131 128 137 109 178 132
Cow No. 820 823 B55 852 783 523
Weight, kg 522 543 457 524 575 512
148 143 110 134 124 101
141 155 116 152 147 116
152 151 131 148 140 51
180 170 118 146 144 133
160 165 141 164 160 146
160 187 165 168 136 140

OF.

°F.

B0
G5

G5

G5

ﬂ'F'

a0
G5
80
G5

G5

T R.H,

a0
50
50
50
42
50

% R.H.

30
50

23
50

@ R.H.

80
50
80
50

50

Group B
856 713 804 807 487 499
515 508 471 518 520 618
127 166 175 182 165 152
153 160 158 145 202 161
170 1584 166 149 194 148
153 163 170 163 175 150
136 125 135 124 121 115
113 118 124 129 126 118
814 818 856 713 804 807
562 536 560 589 467 549
155 134 143 148 143 137
154 160 131 151 116 126
118 142 125 123 110 126
94 134 110 113 92 110
135 156 139 146 127 125
129 149 135 134 96 111
8l4 818 849 858 713 856
607 533 512 501 607 622
154 154 140 126 135 136
157 157 130 124 147 139
156 157 148 134 130 147
187 138 173 154 140 162
152 148 147 130 121 136
181 155 160 150 171 175




TABLE 17. OXYGEN CONSUMPTION, STP, LITERS/HOUR. AVERAGES OF 2 MEASUREMENTS DURING 2ND WEEK OF 2-WEEK PERIODS.

_ Group A Group B

°F. M R.H. Cow No. C-794 U-830 U-450 C-818 (C-842 U-852 °F. % R.H. C-623 C-829 U-829 (-880 U-853 C-895

Weight, kg 520 G29 556 535 G232 547 513 579 592 580 530 589
G5 50 147 187 179 165 138 163 85 50 126 144 152 125 159 163
85 50 160 137 150 124 121 146 G5 50 165 158 178 147 168 135
G5 50 160 153 155 150 130 163 85 50 151 159 172 167 142 148
85 70 140 159 165 152 134 160 65 50 153 167 178 158 164 125
G5 50 140 155 164 158 125 142 85 70 156 182 159 135 123 109
85 70 135 127 144 165 157 155 65 50 155 198 158 122 165 176

°F. TR.H, Cow No. U-808 U-B64 C-794 U-830 U-450 C-818 °F, @ R.H, U-847 U-B13 C-623 C-828 U-B29 C-880

Weight, kg 553 502 632 G643 570 564 504 486 bdd 617 667 G616
65 50 170 124 150 160 160 145 a3 25 104 154 197 190 148
93 25 139 140 164 149 153 154 G5 50 178 160 164 163 156 173
G5 50 148 154 146 132 158 149 93 25 137 128 16l 192 196 138
90 25 G5 50 136 140 136 202 191 166
G5 50 173 145 167 175 177 166G 90 25 184 159 182 199 in 156
a0 25 157 143 142 164 154 146 G5 50 159 137 169 209 192 179

°F, HR.H. Cow No, U-B44 ©U-473 U-809 U-B64 C-794 U-830 °F, T R.H, U-820 U-818 U-847 U-813 C-623 (C-829

Weight, kg 510 581 560 526 532 G684 544 629 523 524 554 G4
G5 50 211 184 189 154 171 195 75 90 175 123 161 157 161 194
75 a0 110 138 150 119 166 153 G5 50 153 152 138 140 144 1584

G5 50 107 168 167 135 148 185 75 a0 188 152 141 169 118 187




TABLE 18, CARBON DIOXIDE PRODUCTION, STP, LITERS/HOUR. AVERAGESOF 2 MEASUREMENTS DURING 2NDWEEKOF 2-WEEK PERIODS,

Group A __ Group B

°F. " R.H. Cow No. T3 523 440 474 473 184 °F. G R,H. 856 713 8044 BOT 487 499

Weight, kg 527 505 HEXH 507 519 543 515 598 471 518 520 G618
05 50 161 124 178 160 149 142 80 50 111 160 148 167 159 152
80 50 132 146 142 141 165 113 G5 50 122 144 155 143 208 154
G5 a0 181 124 141 156 127 138 80 50 140G 143 1G5 144 182 127
a0 42 135 112 154 116G 122 144 G5 a0 128 128 169 142 153 136
G5 50 110 B85 107 113 101 103 a0 42 164 128 143 137 114 111
90 42 118 109 118 126 113 117 65 50 92 28 106G 105 118 132
°F. % R.H. Cow Mo, 820 823 T93 523 410 474 °F. T R.H. 814 818 8506 T13 801 807

Weight, ke 495 528 536 486 579 525 a62 a6 G0 589 AG7T 549
G5 50 117 150 136 107 131 125 B0 30 154 154 138 157 125 123
80 a0 140 124 119 102 117 122 G5 50 139 154 116 135 118 135
G5 50 113 104 104 136 85 103 50 30 111 134 110 127 03 118
a0 23 110 119 118 29 a6 116 G5 50 82 124 103 102 84 25
G5 60 95 112 115 a5 107 115 90 23 122 126 0z 147 147 111
a0 23 118 122 126 96 128 110 Go 50 118 133 88 125 87 1089
°F, ©R,H, Cow Mo, 820 823 B55 BH2 93 523 °F., T R.,H. 814 B18 840 853 T13 856

Weight, kg 522 543 A57 H24 5756 512 GOT 533 512 501 GOT G232
GS 50 152 158 102 120 128 a1 a0 80 142 152 125 105 123 150
&0 B0 151 164 137 149 147 100 G5 &0 141 147 111 105 132 132
G5 50 139 1G9 107 134 129 24 &0 80 151 152 134 120 126 122
a0 G50 136 185 112 168 122 120 G5 50 193 148 190 127 125 158
G5 50 127 143 114 142 136 139 a0 a0 142 138 108 123 119 124

90 50 129 128 119 118 148 105 65 50 172 126 109 129 129 148




TABLE 19. CARBON DIOXIDE PRODUCTION, STP, LITERS/HOUR. AVERAGESOF 2 MEASUREMENTS DURING ZNDWEEK OF 2-WEEK PERIODS,

Group A Group B

*F. % R.H. Cow Mo, Cc-79% U-830 U-450 C-818 C-842 U-852 °y, T R.H., C-623 C-820 U-8289 C-88B0 U-833 C-895

Weight, l-:g 520 G29 556 535 G22 547 513 579 592 580 530 589
G5 50 115 167 165 110 137 146 B5 &0 a0 114 134 106 128 a8
B85 50 123 133 145 143 112 130 G5 50 125 141 167 139 162 1158
G5 50 162 142 144 148 118 143 B85 50 126 165 162 137 117 114
85 70 106 101 121 128 117 135 G5 50 119 130 132 141 159 106
(4153 50 101 139 186 131 107 131 85 T0 129 158 119 a7 110 T8
85 T0 120 83 168 131 154 128 (iH 50 140 164 170 115 170 101

°F, % R.H., Cow No. U-809 U-864 C-T9 U=B30 U-450 C-818 °F. @ R.,H. U-847 U-813 C-623 (C-829 U-829 (C-880

Weight, kg 553 502 532 G643 570 564 504 486 534 G617 GGT G616
G5 50 156 118 162 15% 147 164 a3 25 128 98 145 140 150
93 25 102 88 122 104 110 127 65 50 165 121 167 156 155 201
G5 50 128 123 137 167 138 148 93 25 127 112 135 173 168 124
90 25 G5 50 129 123 126 173 176 139
G5 50 140 131 120 149 149 141 a0 25 124 104 106 167 165 157
a0 25 142 136 125 136 110 133 G5 50 164 147 142 193 184 176

°F. H%R.H, Cow No, U-844 U-473 U-809 U-864 C-T794 U-830 °F, G R,H. U-820 U-818 U-847 U-8l3 C-623 C-829

Weight, kg 510 583 560 526 G632 Ga4 544 G20 523 524 553 G4
G5 50 164 166 163 167 126 167 5 a0 153 110 142 139 113 187
75 a0 20 121 140 108 107 145 G5 50 148 130 137 140 127 161

G5 50 79 149 154 144 98 121 75 90 145 151 140 147 122 160




TABLE 20, METHANE PRODUCTION, STP, LITERS/HOUR. AVERAGES OF 2 MEASUREMENTS DURING 2ND WEEK OF 2-WEEK PERIODS,

Group A Group B

°F. %R.H, Cow No, 793 523 440 474 473 484 °F. % R.H, 856 T13 804 80T 487 4499

Weight, kg 527 505 547 507 519 543 515 598 471 als 520 G18
G5 50 7.6 6.3 10,8 8.3 9,3 7.8 80 50 5.4 9.9 12,0 9.3 13.8 11.7
80 50 6.3 7.8 . 8.1 7.5 9.3 65 50 6.0 6,6 9.9 G,3 12,3 7.5
G5 50 8.1 7.5 4,2 10,2 2,4 2.1 80 50 4,5 2.4 11.1 12,0 13,2 5.7
90 42 6,3 4.8 4,2 4.6 14,7 11,1 G5 50 2.1 2.4 11,5 6.3 6,3 9.3
65 50 6.6 3.6 1.2 3,3 5.1 G.9 90 42 21,3 8.7 9.9 7.2 8.4 12.3
50 42 5.1 13.8 3.0 9.9 3.9 11,7 G5 50 2.4 2,1 3.0 2,1 7.2 12,3
°F. %R.H, Cow No, 820 823 793 523 440 474 *F. S R.H, 814 B18 856 713 804 807

Weight, kg 495 528 536 486 a79 525 aG2 536 aG0 589 467 549
G5 50 3.9 13.8 8,4 4,5 3.6 10,2 80 30 10.8 17.1 1.8 G.3 2.1 5.7
80 30 1.5 5.7 2,7 5.1 2.1 5.1 G5 50 6.9 8.1 1.5 1.8 8.4 9.6
G5 30 8,7 8.7 6,3 3.9 3.0 6.6 80 30 G,9 10.8 1.5 11.1 1.5 5.1
90 23 1.5 7.2 7.5 9.3 1.8 7.5 G5 50 2,4 4.5 4,5 2.1 2,7 1.5
G5 50 3.6 6.0 8.1 6.6 5.1 14.1 80 23 12,3 2.1 6.0 17.1 10.5 2,7
a0 23 5.1 2.9 4,2 4.5 3.9 3.6 G5 a0 7.2 J.4 8.4 3.0 1,2 G.0
°F., G R.H. Cow No, 820 823 855 852 793 523 °F. % R.H, 814 818 849 858 713 856

Weight, kg 922 543 457 524 575 512 GOT 533 512 H01 GO7 G22
G5 50 12,9 15,3 4.2 3.3 7.5 11,7 80 80 10.5 5.4 2.1 4.2 2.4 9.3
80 80 10,8 13.5 11,5 11,7 8.7 G.3 65 a0 4.8 g.1 3.6 3.6 9.4 3.5
G5 50 7.2 22.5 4,5 G.9 8,4 7.8 80 80 9.9 7.8 5.4 4,5 1.8 3.3
90 50 4,8 19.2 6,3 7.5 5.1 12,3 G5 50 10,8 4.8 5.7 2.4 3.3 6,3
G5 50 3.9 31.8 7.8 3.3 3.3 10,2 20 50 6.9 10.8 3.3 3,0 2.4 5.7
90 50 2.4 3.3 3,3 3.0 5.1 7.8 G5 50 3.0 2.4 2.1 1.5 1.8 13.2




TABLE 21, METHANE PRODUCTION, STP, LITERS/HOUR, AVERAGES OF 2 MEASUREMENTS DURING 2ND WEEK OF 2-WEEK PERIODS.

ﬂF‘

G5
5
G5

WR.H.

60
50
50
T0

% R.H,

50
90
a0

Group A
Cow Mo, C-794 U-B30 U-450 C-818 C-842 U-B52
Weight, kg 520 629 556 535 622 547
2.4 13.5 3.6 5.4 10,2 3.0
G.G G.G 10,8 12,6 9.6 4.5
16,2 3.9 5.4 12,6 4,8 3.9
6.9 3.3 3.6 7.5 8.4 3.0
2.4 6,9 3.0 6.6 2,7 9.9
11,7 3.3 4.2 3.3 15.6 G.4
Cow No, uU-809 U-864 C-T94 U-830 U-450 C-8138
Weight, kg 553 502 532 643 570 564
8.7 9.0 16.8 3.4 9.6 G.3
2.4 9.7 4.5 6.0 3.6 8.4
5.1 4.8 9.4 9.0 5.7 8.7
5.7 4.5 3.0 2.7 3.9 3.9
-3.9 3.6 2.4 8.4 6,3 3.3
Cow Mo, U-844 U473 U-809 "U-864 C-T94 U-830
Weight, kg 510 583 560 526 532 GE4
12,0 3.0 2.4 3.6 4,2 3.6
12,3 3.0 4,8 9.3 6,0 5.1
7.5 4.5 4,8 9.0 9.3 4.2

75

5

Group B

* R.H., C-623 C-829 U-829 C(C-B80 U-853 C-B95
513 579 592 580 530 589

50 2.7 2.1 9.6 2.1 3.9 14,4
50 2.7 3.9 5.7 6.0 G.0 2.7
a0 4.8 5.4 12,6 5.7 10,8 8.7
50 3.0 3.0 11.1 2.4 11.4 2.4
T0 4.5 4.2 4.5 4,8 3.0 2.1
50 9.9 4.5 17.1 5.7 11.4 2.7

T R.H, U-847 U-Bl3 C-623 C-829 U-829 (C-880
504 486 534 G17 66T G616

25 2.7 G,3 13.8 5.1 10,5
50 10.8 G.0 13.8 7.2 4.2 14,4
25 9.9 14,7 7.2 4.8 3.9 4.8
an 12,6 4,2 4.2 3.6 7.8 3.6
25 3.6 4.3 7.2 15,3 11.1 3.6
a0 G,0G 3.9 4.2 6.9 4,8 10,2
T R.H., U-820 U-818 U-847 U-813 C-623 C-829
544 G29 523 524 553 G54

a0 4.8 11.4 4.2 2.4 3.0 13,8
50 4.8 8.1 5.7 2.7 4.8 8.4
90 5.7 8.1 8.4 3.9 3.0 T.2
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TABLE 22. AVERAGE MEASUREMENTS DURING SPECIAL TESTS®
ON SIX LACTATING HOLSTEIN COWS

Week
Temp. R.H. at b o d e
°F, % Condition E.B.M. P.R. R.T. H.P. P.V.R.
Cow 871 (Av. body weight 571 kg)
65 50 drd 50 63 101.5 1261 125
85 35 2nd 76 59 105.4 895 157
65 50 drd 40 64 101.4 1157 98
85 60 Znd 86 60 104.9 922 158
65 50 3rd 36 71 101, 4 1060 108
Cow 822 {Av. body weight 581 kg)
65 50 42 63 101,1 1213 129
85 35 58 60 101.9 1170 148
65 50 35 64 101.4 1240 118
85 G0 61 58 102.4 1054 156
65 50 23 62 101.2 1112 109
Cow 842 (Av. body weight 587 kg
65 50 59 67 101.6 1183 132
85 35 75 G3 105.2 1162 166
65 50 42 69 101.5 1242 118
85 60 79 67 105.3 1047 178
65 50 36 T4 101.3 1255 129
Cow 855 (Av. body weight 523 kg)
65 50 40 65 01,2 1052 107
85 35 84 60 104,7 1053 155
65 50 42 64 101.4 1054 96
85 G0 75 63 104,4 1087 161
65 50 30 73 101.1 1081 105
Cow 821 (Av. body weight 542 kg)
65 50 50 78 101.6 1134 120
85 35 71 68 104.5 868 162
65 50 50 72 101,4 999 o8
85 60 66 66 104,7 g22 159
65 50 38 78 101,1 1088 118
Cow 875 (Av. body weight 513 kg)
65 50 a8 70 101,0 1074 106
85 35 68 G4 102,1 979 136
85 50 26 69 101.2 1053 89
85 60 54 64 101.9 854 132
Averages [or 6 Cows
65 50 46 63 101,3 1153 113
85 35 72 62 104,0 1021 149
65 50 39 67 101.4 1124 103
85 60 70 63 103,3 964 157
65 50 31 71 101,2 1083 111

% The conditions for these special tests were-different from the eonditions for the
regular tests as discussed in the text,

b Respiration per minute,

¢ Pulse rate, beats per minute,
Rectal temperature, °F,

® Heat production, k cal/hr, (Computed from 0,, CO,, CH,, and P.V.R.)
Pulmonary ventilation rate or liters of air exhaled per minute,
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TABLE 23. AVERAGE MEASUREMENTS DURING SPECIAL TESTS®
ON SIX LACTATING HOLSTEIN COWS

Weeak
Temp. R.H. at b d e
°F. % Condition R.P.M. P.R. R.T. H.P. P.V.R.
Cow 887 (Av. body weight 523 kg)
63 50 Srd 27 6l 101.2 246 137
43 a8 2nd 12 &0 101.2 729 6
G5 50 3rd 20 59 101,.3 802 100
40 50 2nd 12 54 101.1 646 63
65 30 3rd 19 a7 101.1 824 88
Cow 921 {Av, body weight 513 kg)
63 50 3rd 40 59 101.1 680 102
43 88 2nd 19 T 101.2 722 7
65 50 Srd 3z G2 101.2 671 98
40 50 2nd 17 59 101.1 589 67
65 50 3rd 36 6l 101.0 T02 96
Cow 910 {Av. body weight 572 kg)
65 50 3rd 36 62 101.3 695 101
43 88 2nd 22 B0 101.2 580 70
65 50 3rd 42 62 101.3 G44 101
40 50 2nd 149 57 101.2 530 62
G5 50 Srd 34 59 101.1 534 86
Cow B51 {Av. body weight 616 kg)
65 50 Srd 45 1] 101.3 854 124
43 88 2nd 24 64 100.9 892 108
65 50 Srd 42 61 101,11 896 125
40 50 2Znd 20 54 101.4 672 69
65 50 3rd an 59 101.2 793 88
Cow 895 (Av. body weight 555 kg)
65 50 3rd GG 101.1 791 116
43 B& 2nd 29 69 100.8 T87 51
65 50 3rd 31 66 100.9 T66 a7
40 50 2nd 21 65 101,.0 663 72
65 50 3rd 32 65 100,9 620 g2
Cow 46 {Av. body weight 512 kg)
65 50 3rd 4 T4 101,1 864 126
43 88 2nd 21 73 100.8 718 84
65 50 3rd 33 T4 101.1 789 100
40 50 2nd 15 G4 101.1 691 71
65 50 drd as 73 101.0 663 a7
Averages for 6 Cows
65 50 3rd 38 [ 101.2 788 118
43 83 2nd 21 67 101.0 T38 g4
65 50 3rd 33 G4 101.2 761 104
40 50 2nd 17 59 101.2 632 68
65 50 3rd 3z 62 101,0 TOG 89

% The conditions for these special tests were different from the conditions for the
regular tests as discussed in the text.

Lo TN - B + PR~ I =

Respirations per minute.

Pulse rate, beats per minute,

Rectal temperature,

GF.

Heat production, k cal/hr. (computed from 02, CO,, CH 4 and P,V.R.)
Pulmonary ventilation rate, or liters of air exhaled per minute,
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