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The literature is very sparse regarding research on the thermal equilibrium in Guzerat cattle (Bos indicus)
under field conditions. Some factors can modify the physiological response of Guzerat cattle, such as the
reactivity of these animals to handling. Thus, the development of a methodology to condition and select
Guzerat cattle to acclimate them to the routine collection of data without altering their physiological
response was the objective of the preliminary experiment. Furthermore, the animals selected were used
in the main experiment to determine their thermal equilibrium according to the thermal environment.
For this proposal, the metabolic heat production and heat exchange between the animal and the en-
vironment were measured simultaneously in the field with an indirect calorimetry system coupled to a
facial mask. The results of the preliminary experiment showed that the respiratory rate could demon-
strate that conditioning efficiently reduced the reactivity of the animals to experimental handling. Fur-
thermore, the respiratory rate can be used to select animals with less reactivity. The results of the main
experiment demonstrate that the skin, hair-coat surface and expired air temperature depend on the air
temperature, whereas the rectal temperature depends on the time of day; consequently, the sensible
heat flow was substantially reduced from 70 to 20 W m~2 when the air temperature increased from 24
to 34 °C. However, the respiratory latent heat flow increased from 10 to 15 W m~2 with the same
temperature increase. Furthermore, the metabolic heat production remained stable, independent of the
variation of the air temperature; however, it was higher in males than in females (by approximately 25%).
This fact can be explained by the variation of the ventilation rate, which had a mean value of 1.6 and
2.2 Ls~! for females and males, respectively.

© 2016 Elsevier Ltd. All rights reserved.

1. Introduction

their ability to maintain thermal balance and exchange heat with
the environment.

Most of the world's cattle population is concentrated in tropical
and subtropical regions (Brito et al, 2004). The Brazilian herd
alone has an estimated 208 million heads (USDA, 2014), and
among these, 80% are Zebu breeds (Bos indicus) and crossbred
animals. Compared to other breeds, Zebu cattle have low nutri-
tional demands and high resistance to ecto- and endoparasites
(Brito et al., 2004). Moreover, these animals have increased toler-
ance to high temperatures and intense solar radiation (da Silva and
Maia, 2013). Thus, under tropical conditions, Bos indicus animals
usually perform better than Bos taurus animals, in part because of
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The literature is very sparse regarding research on the thermal
equilibrium in Bos indicus under field conditions, especially for
Guzerat cattle. One reason for the lack of studies might be the
reactivity of these animals to handling, which modifies their
physiological responses, or the complexity of studies, which use
indirect calorimetry outdoors. Consequently, the thermal equili-
brium of beef cattle has been studied under controlled environ-
ments in climate chambers (McDowell, et al., 1953; Piccione et al.,
2005; Gebremedhin et al., 2010). For example, Brown-Brandl et al.
(2003), working with crossbred cattle (% Angus, % Hereford, %
Pinzgauer, and % Red Poll) in climate chambers, observed that an
increase in air temperature from 17.5 to 34 °C induced an increase
in the respiratory rate (from 55 to 103 breathes min~') and rectal
temperature (from 38.9 to 40.1 °C), a reduction in food intake and
decreased metabolic heat production.

These artificial conditions hardly resemble those that animals
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endure in the field where the air temperature, humidity, wind
speed, and solar radiation vary continuously over time, which in-
duces constant changes in their thermal balance (McArthur, 1987).
Thus, developing a methodology to simultaneously study the
thermal equilibrium in Guzerat cattle under field conditions with
variable meteorological elements was the objective of this work.

2. Materials and methods

The present study was conducted at the S3do Paulo State Uni-
versity, Campus of Ilha Solteira, Brazil (latitude 20°25'S). Seven
male and nine female purebred Guzerat animals were grown in a
confined system from 10 months of age until 20 months of age. For
the collections, a series of adaptation and management processes
were performed, starting with the dehorning of the animals soon
after birth (between February and April 2013). In January 2014, the
process of taming of the animals began, and in March 2014, con-
ditioning to the use of facial masks was introduced. First, the an-
imals were conditioned without valves and for only a few minutes.
Then, the time of facial mask use was increased periodically until
reaching 60 min. Subsequently, valves were inserted into the
mask, and the same procedure was performed again. Conditioning
to the use of the facial masks was performed every other day
throughout 2014. From the second week of December 2014, the
animals that began to use facial masks every day underwent ex-
perimental management.

In January of 2015, when the age of the animals was 19 months,
two preliminary experiments were conducted in which the re-
spiratory rate (Rg, breaths min~') was determined by counting the
movements of the valves for 60 s for one hour at regular intervals
of 10 min (time: 10, 20, 30, 40, 50 and 60 min) after placing the
facial mask on the muzzle of an animal. Specifically, these ex-
periments aimed to test whether the use of the facial mask and the
experimental routine altered the physiological response of the
animals. In this case, the respiratory rate was used as an indicator
variable to select animals most suitable for the main experiment.
Female animals were distributed in a 9 x9 Latin square (nine
animals and nine hours of evaluation) and protected from direct
solar radiation. Data were collected from 08:00 h to 16:00 h for
nine consecutive days. The first animal was evaluated between
08:00 h and 09:00 h, the second between 09:00 h and 10:00 h,
and so on until the last evaluation was conducted between 16:00 h
and 17:00 h. At the end of the study period, all of the animals had
been evaluated once in each evaluation time slot. Furthermore,
male animals were distributed in a 7 x 7 Latin square (seven ani-
mals and seven hours of evaluation) and protected from direct
solar radiation. The data were collected from 08:00 h to 14:00 h
for seven consecutive days. The first animal was evaluated be-
tween 08:00h and 09:00 h, the second between 09:00 h and
10:00 h, and so on until the last evaluation was conducted be-
tween 13:00 h and 14:00 h. At the end of the study period, all of
the animals had been evaluated once in each evaluation time slot.

In February of 2015, based on the results of the preliminary
experiments, 10 animals were selected to undergo the main ex-
periment; five females and five males with an average weight of
424 kg and 367 kg, respectively, were distributed in a 10 x 10 Latin
square (10 animals and 10 h of evaluation). The data were col-
lected from 08:00 h to 18:00 h for 20 consecutive days. The first
animal was evaluated between 08:00 h and 9:00 h, the second
between 9:00 h and 10:00 h, and so on until the last evaluation
was conducted between 17:00 h and 18:00 h. At the end of the
study period, all of the animals had been evaluated once in each
evaluation time slot. All of the experiments were performed with
the animals protected from direct solar radiation. The animals
were separated into individual 12.5-m? stalls and were fed a 60:40

sorghum silage:concentrate diet twice per day at 09:00 h and
15:00 h.

Meteorological variables, including the air temperature (T,, °C),
relative humidity (Hg, %), partial vapor pressure (Py, kPa) and
mean radiant temperature (Try, °C), were recorded at regular
three-minute intervals during each sampling day using a HOBO®
data logger (Onset Computer Corp., Bourne, MA). The air speed (As,
ms~!) data were obtained from the university's meteorological
station, which is located near the data collection site. The mean
radiant temperature (Try, °C) of the surroundings was estimated
by a thermocouple (Type K) that was inserted into the center of a
hollow 0.15-m diameter copper sphere painted matte black (black
globe temperature) placed one meter above the ground, which
corresponds to approximately the length of the animal's body
from the center to the ground, and close to the animals, according
to da Silva and Maia (2013). The local short-wave solar radiation
(Rs, W m~2) on a horizontal surface in the 200-3600 nm spectral
range was measured using a portable pyranometer (Model CMP-
22, Kipp and Zonen, Delft, Netherlands). The recorded values
correspond to the sum of the diffused and direct short-wave ra-
diation and were measured at regular 10-min intervals during
each sampling day.

The volumes (Ls™!) of oxygen (VO,), carbon dioxide (VCO,),
and water vapor (H,0) in the exhaled air of the cattle were mea-
sured using an indirect calorimetry system coupled to the facial
mask adjusted to the animals' muzzles (Fig. 1), which were similar
to those used by Maia et al. (2016). The facial mask was designed
to ensure that the volume of ventilated dead space (V4) was as
close to zero as possible because it affects the true concentration of
the expired gases (McLean, 1963). The mask was constructed with
the lowest possible V4 (Vq—0); hence, the ratio (K) of the re-
spiratory tidal volume (V) to V4 (K=V4/Vr) was maximized. The
best geometry of the facial mask that reduced the V4 was an el-
lipsoidal shape with a V4 of approximately 0.2 L (Maia et al., 2014).

During each breath, the inflow (inspired air) and outflow (ex-
haled air) passed through two valves. The exhaled air from the
facial mask was directed through a tracheal tube (MLA1015,
ADInstruments, Australia) to a gas-mixing chamber (MLA246,
ADInstruments, Australia). The gas-mixing chamber was con-
nected to a field metabolic system (FMS; Sable Systems, USA) by a
plastic tube (Bev-A-Line, Sable Systems, USA). An air pump at the
FMS maintained a continuous flow of exhaled air (150 mL min—1')
through this tube and into a gas analyzer for the measurement of
H,0, O,, and CO,. The air sample passed through a H,O vapor
analyzer, a dryer (utilizing a Mg(ClO4), desiccant), CO, and O,
analyzers and, finally, a CH4 analyzer (MA-10, Sable Systems, USA).
Air leaving the mixing chamber passed through a flow head (MLT
1000, ADInstruments, Australia) coupled to a spirometer (mL 141,
ADInstruments, Australia), which measured the respiratory rate
(Rg, breaths min~') and ventilation (Vg, Ls~!). The FMS, CH,4
analyzer, spirometer, H,O vapor analyzer, and thermocouples were
connected to a data acquisition system (PowerLab 16/32, ADIn-
struments, Australia), which was connected to a computer that
continuously and simultaneously recorded all of the measure-
ments at a rate of one observation per second. The proportions of
oxygen and carbon dioxide in the atmosphere (O, and CO;4, re-
spectively) were analyzed by the FMS. These measurements were
performed whenever the facial mask was placed on an animal's
muzzle. The atmospheric vapor pressure (Py, kPa) was con-
tinuously recorded by an external H,O vapor analyzer (RH-300,
Sable Systems, USA) connected to a pump (SS4, Sable Systems,
USA), which continuously aspirated samples of atmospheric air
(150 mL min—"') from near the mask's influx valve.

The hair coat surface temperature (Ts, °C) was measured with a
sensor (MLT 422A, ADInstruments, Australia; accuracy: + 0.3 °C,
height x diameter: 4.0 x 9.7 mm and thermal response time: still
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Fig. 1. An indirect calorimetry system developed for the study of the cattle thermal balance at the Animal Biometeorology Laboratory of the State University of Sdo Paulo.

air 45 s) that was placed on the back of the animal on the hair coat
surface. Approximately 10 cm away from the hair-coat tempera-
ture sensor, another similar sensor was used to measure the skin
surface temperature (Tgp, °C); however, in this case, the skin area
was previously shaved. These sensors were fixed on the animal's
skin using a plastic board (length x width x height:
6.0 x 4.0 x 0.1 cm with a thermal conductivity of approximately
0.036 Wm~ ' K~') with the aid of an elastic belt around the ani-
mal’s upper body. The rectal temperature (Tg, °C) was continuously
recorded by a rectal thermocouple (MLT 1404, ADInstruments,
Australia, Accuracy +0.3 °C). A nasal temperature sensor (MLT
415/AL, ADInstruments, Australia, Accuracy + 0.3 °C) was placed
inside the facial mask just in front of the animal's nostrils to
measure the exhaled air temperature (Tgxp, °C).

The volumes of 05, CO,, and CH4 (Ls~') were calculated ac-
cording to McLean (1972) using the Haldane transformation:

o

1 —0y4 — COps — CHyp

VO, = VE[ OZA(

1= 0y — €Oy — CHye ¢))
1 -0, — CO,, — CH
VCO, = Vi| COy; - CO 2A 2A 4A
2 E[ 2 ZA( 1 — Oy — CO5 — CHye 2)
1 - 0,4, — CO,,CH
VCH, = Vg CH s — CH 2A 2A-an
* E[ *® 4A( 1 -0, — CO5 — CHye 3)

The metabolic heat production (q"mer, W m~2) was calculated
in accordance with the equation of da Silva and Maia (2013) as
adapted from Brouwer (1965) and McLean (1972):

16180V0, + 5160VCO, — 2420VCH,
A

"

met =

“)

n

where A,=0.15B">°® (m?) is the body surface area of the animal,
estimated according to Finch (1985), and By is the animal body
weight (kg). The respiratory latent heat flow (q"e;, W m~2), heat
exchange by long-wave radiation (q";, Wm™2) and convection
(Q"conv» W m~2) were calculated according to Maia et al. (2016).

2.1. Statistical analyses

The data set from the preliminary experiments was collected
according to a plan (Latin Squares) with multiple measurements of
a response variable (respiratory rate) on the same experimental
unit (animal) conducted over a period (within-subjects factor).
Typically, the animal-by-time interaction was the main effect used
to choose the 10 animals to undergo the main experiment. The
data of the repeated measures were analyzed using mixed model
methods based on generalized least squares and a variance com-
ponent estimation, which were performed by a restricted max-
imum likelihood (REML) algorithm with a procedure for a linear
mixed model (PROC MIXED) of the Statistical Analysis System (SAS
[nstitute, 1995) according to Littell et al. (2006). The linear statis-
tical model used to describe the respiration rate was as follows:

Y,

ikim = H + Si + D(S),-j + H, + AS); + A(SDH),-jk, + T, + D)y

+ TAS)iim + TD(S)jjm + €jjkim

kim

where Yjum denotes the response from the experimental unit
(animal) observed in hour class k, in sample day j, and in sex i; S is
the fixed effect of the ith sex (i=male or female); D(S) is the
random effect of the jth sample day within of the ith sex (i=male,
thenj=1,2...7; i=female, then j=8, 9...16); H is the fixed effect of
the kth hour class (k=8:00-9:00 h; 9:00-10:00 h; and so forth
until 16:00-17:00 h); A(S) is the fixed effect of the Ith animal
within in the ith sex (i=female, then [=1, 5, 9, 11, 13, 15, 17, 19 and
21; i=male, then [=2, 4, 6, 8,10, 12 and 14); A(SDH) is the random
effect of the Ith animal within the interaction of the ith sex with
the jth sample day and with the kth hour class; T is the fixed effect
of the mth time (m=10, 20, 30, 40, 50 and 60 min); ST is the in-
teraction between the ith sex with the mth time; TA(S) is the in-
teraction between the mth time with the Ith animal within in the
ith sex; TD(S) is the interaction between the mth time with the jth
sample day within in the ith sex; ejjm is the residual term, in-
cluding the random error, which was assumed independent and
distributed identically to iid N(0, c2); and y is the overall mean.
As noted in the repeated measures data, it is very important to
appropriately adjust the model for the covariance structure
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Fig. 2. Least square mean values of the respiratory rate of male and female Guzerat cattle according to the time of use of the facial mask.

because the inferential results regarding fixed effects depend on
the specification of the covariance matrix of the random effects
(Littell et al., 2006). In this work, for the unstructured case (UN),
the constructed covariance matrix (X) reveals the essential feature
of the repeated measures data (within subjects), where the esti-
mates of the variances at time 10 through 60 were increasing
linearly, whereas the covariance estimates demonstrate that
measures taken close in time had the same covariance as the
measures that were far apart in time. These results suggest that £
with a constant covariance and a trend of increasing variance over
the time of observation is probably adequate. Based in these re-
sults, it was possible to test other covariance structures; this
process is called heterogeneous compound symmetry (HCS). The
fit statistics of Akaike's information criterion (AIC), AIC corrected
(AICC), and Bayesian information criterion (BIC) were smaller for
HCS than for UN, verifying the superior fit of the HCS structure
compared to the UN structure.

The data set from the main experiment was collected according
to a plan (Latin Squares), but the treatments were not applied to
the units. Instead, they were applied to an animal of a different
sex; consequently, these sample surveys measured the effect of
this factor on and the association with other factors. In other
words, we questioned whether there was a sex effect, an hour
effect, an air temperature effect, and a sex-by-hour or sex-by-air
temperature interaction. To answer these questions, the data were
analyzed using mixed model methods based on generalized least
squares, a variance components estimation that was performed
with a restricted maximum likelihood (REML) algorithm, and a
procedure of a linear mixed model (PROC MIXED) from the Sta-
tistical Analysis System (SAS Institute, Version 8) according to
Littell et al. (2006). The linear statistical model used to describe R,
VE, Ts, Te, Texp, TRy Q"mets Q"er and q"sen Was as follows:

yijklmno =u+ Li + D(L)U + Hk + F(H)kl + Sm + A(S)mn + (Hs)km
+ A(LDHS)uklmn + TO + (ST)mo + eijklmno

where Yijjumno denotes the response from the experimental unit
(animal) observed in the class air temperature o, in the sex m, in
the hour class k, in sample day j, and in the Latin square i; L is the
random effect of the ith Latin squares (1 or 2); D is the random
effect of the jth sample day within the ith Latin squares (if i=1,

thenj=1, 2...10; if i=2, then j=11, 12...20); H is the fixed effect of
the kth hour class (k=8:00-9:00 h; 9:00-10:00 h; and so forth
until 17:00-18:00 h); F is the fixed effect of the Ith time within the
kth hour class (k=8:00-9:00, then [=8:00, 8:05, 8:10, 8:15,...,
8:55; if k=9:00-10:00, then [=9:00, 9:05, 9:10, 9:15,..., 9:55; and
so forth until k=17:00-18:00, then I=17:00, 17:05, 17:10, 17:15,...,
17:55); S is the fixed effect of the mth sex (m= male or female); A
is the random effect of the nth animal within in the mth sex
(m=female, then n=1, 2,...,5; m= male, then n=6, 7,...,10); HS is
the interaction between the kth hour class with the mth sex; A
(LDHS) is the random effect of the nth animal within the
interaction of the ith Latin squares with the jth sample day with
the kth hour class and with the mth sex; T is the fixed effect
of the oth class of air temperature (23=Ta <23.5°C;
24=23.5°C < Ta <24.5 °C; and so forth until 35=Tx > 34.5 °C); ST
is the interaction between the mth sex with the oth class of air
temperature; ejxmno 1S the residual term, including the random
error, which was assumed to be independent and distributed
identically to iid N(0, o?); and u is the overall mean.

Based on the data set of the preliminary experiment, 10 animals
were chosen (five male and five female) whose respiration rate did
not greatly change during 60 min of using the facial mask. To make
this selection, Principal Component analysis (Mainly, 1994; John-
son, 1998) was used to separate the animals into groups based on
the available respiration rate at time 10, 20, 30, 40, 50 and 60 min.
The principal components were obtained by computing the ei-
genvalues and eigenvectors of the data covariance matrix. A bi-
dimensional representation of this multidimensional set was cre-
ated for the principal components that accumulated a significant
percentage of original information. The principal components with
significant contributions were those with eigenvalues greater than
1. Principal Component analysis were used to understand whether
the physiological responses were different between males and
females, and if they were, it was used to determine which vari-
ables contributed more to the difference. This analysis was per-
formed using the STATISTICA 7.0 software (STATSOFT, INC., 2007).

3. Results and discussion

The variance analyses for the preliminary experiment showed
that the interaction time with an animal within the same sex was
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Table 1

Mean of the air temperature (T,), relative humidity (Hg), mean radiant temperature
(Trm), solar irradiation (Rs) and partial pressure of vapor (Pp{Ta}) observed in Ilha
Solteira, SP, Brazil during February 2015 from 8:00 to 18:00.

Variable N Mean Minimum Maximum
Ta (°C) 11,940 29.8 +0.03 22.8 36.4

Hg (%) 11,940 66.9 + 0.11 43.7 91.3
Trmshade (°C) 11,048 30.0 +£0.04 23.82 37.2

Rs (Wm~2) 10,030 562.4 +2.84 23.0 1195.00
Pp{TA} (kPa) 11,846 2.18 + 0.03 1.55 3.02

N=number of observations.

highly significant (p < 0.01). Fig. 2 shows the respiratory rate mean
values estimated by the least squares for each animal over the six
tested times and shows trends in the animal mean profiles for
both sexes. As noted, the respiration rate mean values among the
animals varied. These ranges occurred from approximately 20 to
less than 30. In addition, the means for the respiration rate for
each animal did not substantially change from time 10 to time 60,
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independent of sex (approximately less than five breaths). For
example, female 1 and 21 did not change from time 10 to time 60,
while female 19 and 17 had a higher Rg, which increased slightly
over time. In the group of males, it can also be observed in Fig. 2
that animal 10 showed the greatest increase in R over time and
that there was a difference between the other males. In addition to
these results, to ensure the choice of animals with the same pat-
tern, a principal components analysis was conducted (Fig. 3),
which clearly showed four groups: the first was formed by animals
that maintained a fairly constant Rg, the second was formed by
animals that had a smoothly decreasing R, the third was formed
by animals that had a linearly increasing Rz and the fourth was
formed by animals that had a substantially increased Rg. This se-
quence determined the choice of animals for the main experi-
ment; however, females 5 and 9 were not selected. The selection of
these animals occurred through the observation of other beha-
viors, such as the difficulty of processing these animals from the
pen to the restraining chute and their reactivity; therefore, two
other females, F15 and F13, were substituted.

The data observed for expiration, hair-coat surface and skin

41393
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Fig. 4. Least square means of the rectal, skin surface, hair-coat surface and expired air temperatures in Guzerat cattle as a function of air temperature and according to sex.

The vertical bars are the mean standard error.
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surface temperature increased from approximately 28 to 35 °C, 31
to 38 °C and 33 to 38 °C, respectively, following the substantial
variation of the air temperature, solar radiation and air humidity
(Table 1). Similar to the increases reported by Brown-Brandl et al.
(2006), working with Angus cattle during two consecutive sum-
mers (2002-2003) in the USMARC feedlot located 9.6 km west and
3.2 km north of Clay Center, Nebraska, increases in the skin surface
temperature of up to 8 °C between mornings and afternoons were
observed. Similarly, Gebremedhin et al. (2010), in a study of Hol-
stein cows in climate chambers, showed that the skin surface
temperature increased from 33.1 to 37.9 °C when the T, increased
from 29.1 to 35.1 °C.

The variance analyses showed that the interaction between the
air temperature class and sex was significant (p < 0.01) for tem-
peratures that were less than the rectal temperature. Fig. 4

indicates that the means for the hair-coat and skin surface and
expired air temperatures increased with increased air tempera-
ture, with the means for females being lower that the means for
males. The profiles for the rectal temperature generally appeared
to decrease from an air temperature of 25 °C to an air temperature
of 34 °C (however, the trend was generally stable). The rectal
temperature range was from approximately 0.2 and 0.1 °C for fe-
males and males, respectively. The decreasing trend is more ob-
vious in this plot because of the difference in the scale of the rectal
temperature axis.

However, the variance analyses showed that the interaction
between the hour class and sex was significant (p < 0.01) for the
rectal temperature. This value increased slowly and continuously
over time, increasing from mean values of 38.7 to 39.3 °C and 38.9
to 39.5°C at 8:00h and 18:00h, for females and males,
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respectively (Fig. 5). The continual increase in rectal temperature
during the day was in contrast to the variation of air temperature.
The mean values for air temperature increased substantially from
25 to 31.5°C between 8:00 h until 13:00 h. After this time and
until approximately 15:00 h, the rectal temperature was generally
flat near 31.5 °C; however, between 15:00 h and 18:00 h, it de-
clined. We questioned why the rectal temperature continued to
increase over this time interval. These results were also observed
by Costa (2013), who worked with Nellore cattle. These results can
be related to heat storage during the day (McLean, 1963), which is
then dissipated at night by convection and long-wave radiation
(Mclean et al., 1983; Schmidt-Nielsen, 2013). Piccione et al. (2005),

who worked with crossbred cattle (4 Angus, % Hereford, % Pinz-
gauer, and % Red Poll), found similar increases in the rectal tem-
perature with the time of day. Studying the same animals, Brown-
Brandl et al. (2003) reported an identical pattern, with a maximum
rectal temperature of 40.6 °C at 17:30 h and a minimum tem-
perature of 39.1 °C at 5:30 h.

The variance analyses showed that the interaction between the
air temperature class and sex was not significant (p > 0.01) for
sensible and latent heat loss. In both sexes (Fig. 6), the mean sen-
sible heat flow decreased substantially from 70 to 20 W m~2. This
result occurred because the temperature gradient (A=Ts—Ta) de-
creased from 9 to 2 °C. As noted in Fig. 6, the mean values of the
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Fig. 9. A biplot of the 10 animals (five females: F1, F11, F13, F15 and F21; and five males: M2, M4, M6, M8 and M12) versus the values of the first two principal components.
The physiological variables utilized in this analysis: rectal temperature (Tg), hair-coat surface temperature (Ts), skin surface temperature (Tg) and air-expired temperature
(Texp); respiration rate (Rg), ventilation rate (Vg), % of oxygen (Ozexp) and carbon dioxide (COsexp) in air expired; body weight (w) and air-expired vapor pressure (Pgxp).

respiratory latent heat flow did not substantially change when the
air temperature increased from 24 to 34 °C, and its maximum value
was approximately 15 W m~2. This value represents less than 10%
of the heat produced by metabolism (Fig. 6). However, Maia et al.
(2005), in a study with Holstein cows, observed an increase from 10
to 60 W m~2 when the air temperature increased from 10 to 35 °C.

Previous studies showed that animals could promote heat loss
via respiratory evaporation by increasing their ventilation, which
demands a faster breathing rate (Robertshaw, 2006). The results
(Fig. 7) indicate that the mean for the respiratory rate was low and
increased weakly in females and males from 22 to 24 and 23 to 26
breaths min !, respectively, as the air temperature increased from
25 to 34 °C, with the mean values for females being slightly less
than those for males (only two breaths on average). Brown-Brandl
et al. (2003), working with crossbred cattle (% Angus, % Hereford,
Y4 Pinzgauer, and % Red Poll) in climate chambers, reported an
increase in the respiratory rate from 55.6 to 103 breaths min~! as
air the temperature increased from 17.5 to 34.0 °C. Eigenberg et al.
(2005), in a study with the same crossbred cattle, observed a
difference in the average respiratory rate between protected ani-
mals (86 breaths min~!) and animals exposed to direct solar ra-
diation (102 breaths min~1).

Fig. 6 demonstrates that the metabolic heat production re-
mained stable, regardless of the variation in the air temperature
from 25 to 34 °C. The same result was found for the respiration
rate (Fig. 7). However, the variance analyses showed that the sex
effect was significant (p < 0.01) for these variables. In males, the
ventilation rate and heat metabolic production were approxi-
mately 25-30% higher than those of females (Fig. 5). The ventila-
tion rate mean was 1.6 and 2.2 Ls~! for females and males, re-
spectively, whereas the heat metabolic production was 115 and
155 W m~2, respectively.

Fig. 8 shows that the metabolic heat production differs be-
tween males and females during the 10 h of the experiment and is
always higher for males. This can be explained by the Vg difference
between the sexes (Fig. 7), as males have a Vg approximately 25%
higher than females. When this does not occur with the re-
spiratory rate (where it appears that the difference between the
sexes is only a breath per minute), the difference is approximately
5%. When the magnitude of the variation between Vg and Ry is
different, the effect of each of the metabolic heat productions

mechanisms is shown. Still, in Fig. 8, it is noted that there was a
substantial increase in metabolic heat production after 9 h, which
can be explained by the time the food was given to the animals, as
evidenced by Brosh et al. (1998) and West (1994).

As noted in Fig. 9, the first component separated the animals
into two groups (male and female). The first and second compo-
nents explain 36.7% and 30.72%, respectively, of the total variation
of the original variables (Fig. 9). The variables Vg, w and Tr had
negative and high weights with the first component, with values
of —0.83, —0.88 and —0.68, respectively. Furthermore, the vari-
ables Texp, Rg and Pexp had positive and low weights of 0.09, 0.19
and 0.23, respectively. Consequently, the variables Vg, w and Ty can
be interpreted to determine the one that contributed more to
separate these two groups, whereas Tgxp, Rg and Pgxp contributed
less. This exploratory analysis revealed that Vg and Tr depend
strongly on sex, whereas Tgxp, Rg and Pgxp depend weakly on sex.
These results, combined with those presented in Fig. 7, show that
the Vg in males was greater than in females by approximately 25—
30%, whereas Rg was only 5%.

4. Conclusions

(1) A methodology was developed to determine highly reactive
animals and to select animals for use in indirect calorimetry
experiments with a facial mask.

(2) The respiratory rate was an efficient indicator to select animals
for the examination of indirect calorimetry experiments with
a facial mask.

(3) The skin, hair-coat surface and expired air temperatures de-
pend on the air temperature, whereas the rectal temperature
depends on the time of day.

(4) Metabolic heat production, ventilation and the respiration rate
remained generally stable, regardless of the variation in air
temperature from 25 to 34 °C.

(5) The ventilation rate and rectal temperatures were the phy-
siological variables that showed the greatest difference be-
tween the sexes.
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