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Abstract Thiswork aimed at characterizing the thermal balance
of Nellore cattle from the system of indirect calorimetry using a
facial mask. The study was conducted at the Animal
Biometeorology Laboratory of the São Paulo State University,
Jaboticabal, Brazil. Five male Nellore weighing 750 ± 62 kg, at
similar ages and body conditions were distributed in four 5 × 5
Latin squares (5 days of records and five schedules) during
20 days. Physiological and environmental measurements were
obtained from the indirect calorimetry system using a facial
mask. Respiratory parameters, hair coat, skin, and rectal
temperature were continuously recorded. From this,

metabolic heat production, sensible and latent ways of
heat transfer were calculated. Metabolic heat production
had an average value of 146.7 ± 0.49 W m−2 and did not
change (P > 0.05) over the range of air temperature (24 to
35 °C). Sensible heat flow reached 60.08 ± 0.81 W m−2

when air temperature ranged from 24 to 25 °C, being
negligible in conditions of temperature above 33 °C.
Most of the heat produced by metabolism was dissipated
by cutaneous evaporation when air temperature was great-
er than 30 °C. Respiratory parameters like respiratory rate
and ventilation remained stable (P > 0.05) in the range of
temperature studied. Under shade conditions and air tem-
perature range from 24 to 35 °C, metabolic heat produc-
tion, respiratory rate, and ventilation of mature Nellore
cattle remain stable, which is indicative of low energetic
cost to the thermoregulation.
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Introduction

+Nellore cattle (Bos indicus) was brought from India to Brazil
in the nineteenth century; these animals survived and
reproduced, consequently adapted in the new environment.
Actually, these animals are managed on pasture systems,
which were exposed to direct solar radiation and high
temperatures; these conditions pose challenges to European
breeds. Little investigation has addressed the phenotypic
aspects of Nellore animals that favor their adaptation to
tropical regions. In one of the reports, da Silva et al. (2003)
described a cutaneous surface with white, short, and dense
hair coat, covered with highly pigmented skin, which differs
substantially from those cattle selected in temperate zones.
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Few authors have focused on the physiological responses
of Nellore animals to environmental factors (McManus et al.
2009, 2011), and no studies specifically addressed their ther-
mal equilibrium. Furthermore, findings that aimed at
explaining thermal balance in cattle did so under controlled
environmental conditions in climatic chambers (Gonzalez and
Blaxter 1962; McLean 1963a, b; Holmes and McLean 1975;
Gebremedhin et al. 1981; McLean et al. 1984; Schrama et al.
1992; Gaughan et al. 1999; Lighton 2008) which differ
completely from those found in field, where animals face a
complex environment, and factors such as wind speed, radia-
tion, air temperature, and humidity change continuously.
Therefore, the present study further characterizes the thermal
equilibrium of mature Nellore cattle using an indirect calorim-
etry system with facial mask. Our investigation may contrib-
ute to breeding programs targeting individuals with tolerance
to high temperatures, improving cattle handling, thermal com-
fort, and productivity.

Materials and methods

Animals, experimental design, and management

This research was reviewed and approved by the Sao Paulo
State University Animal Care and Use Committee before the
study started (Process number: 17.519/14). The study was
conducted at the Biometeorology Laboratory of the School
of Agricultural and Veterinary Sciences, Sao Paulo State
University (FCAV-UNESP), Jaboticabal, SP, Brazil (21° 08′
S, 48° 11′W, 583-m altitude). Five non-castrated Nellore male
with 2.5 years, divided in two class of body weight (1—ani-
mals with body mass higher than 750 kg and 2—animals with
body mass lower than 750 kg) were assigned in four 5 × 5
Latin squares (5 days of records and five schedules) during
20 days. Data were collected from 08:00 to 18:00 h each day
with animals protected from direct solar radiation; the first
individual was evaluated from 08:00 to 10:00 h; the second
from 10:00 to 12:00 h, and so on until the fifth animal was
evaluated from 16:00 to 18:00 h. At the end of the trial, all
animals were evaluated in each time period. Animals were fed
twice daily, with forage (corn silage; 70%) and concentrate
(corn, soybean, and urea; 30%) at a total mixed ration; water
was provided ad libitum. Daily feed consumption was approx-
imately 2.5% of the body weight.

Meteorological variables

Air temperature (TA, °C), relative humidity (RH, %), black
globe temperature in shade (TG, °C), and under direct sunlight
(TGSUN, °C) were measured at regular 1-s intervals during
each trial day with a Data Logger (model HOBO, onset).
The black globe temperature was measured with a

thermocouple (Type K) inserted into the center of a hollow
0.15-m-diameter copper sphere, matt black painted, placed
50 cm above the ground. Furthermore, mean radiant temper-
ature (TRM, K) in the shade and under the sun was obtained
according to da Silva et al. (2010). A portable pyranometer
(model CMP-22, Kipp and Zonen, Delft, Netherlands) was
used to measure local solar irradiance (GS, W m−2) on a hor-
izontal surface, in the 200–3600-nm spectral range. Recorded
values correspond to the direct and diffuse short-wave solar
radiation, and were measured at regular 10-min intervals dur-
ing each day.

Physiological parameters and the indirect calorimetry
system

The volumes (L s−1) of oxygen (VO2), carbon dioxide (VCO2),
and water vapor (H2O) in the exhaled air of the cattle were
measured by using an indirect calorimetry system coupled to a
facial mask adjusted to the animals’ muzzles (Fig. 1) similar to
that used byMaia et al. (2016). The facial mask was designed to
ensure that the volume of ventilated dead space (Vd→ 0) was as
close to zero as possible, because it affects the true concentration
of the expired gases; hence, the ratio (K) of the respiratory tidal
volume (VT) to Vd (K = Vd/ VT) was as large as possible. The
best geometry of the facial mask that reduced the Vd was an
ellipsoidal shape with a Vd of approximately 0.2 L (Maia et al.
2014); prior to the study, animals were habituated and condi-
tioned to the use facial mask using operant conditioning princi-
ples employing feed as a positive reinforcement (Camerro et al.
2016).

During each breath, the inflow (inspired air) and the outflow
(exhaled air) passed through two valves. Exhaled air coming out
from the facial mask was directed through a tracheal tube
(MLA1015 Breathing Tube, ADInstruments, Australia) to the
gas-mixing chamber (MLA246, ADInstruments, Australia).
The gas-mixing chamber was connected to the Field Metabolic
System (FMS-1201-05, Sable System, USA) through a plastic
tube (Bevaline Tubing, Sable System, USA). An air pump at the
FMS kept a continuous flow of exhaled air (150 mL min−1)
through this tube and into a gas analyzer (H2O, O2, and CO2).
The air sample first went into the H2O vapor analyzer and the
dryer (magnesium perchlorate (Mg(ClO4)2)); then, it was carried
through the CO2 and O2 analyzers; and finally to the CH4 ana-
lyzer (MA-10, Sable System, USA). Air leaving the mixing
chamber went through a flow head (MLT 1000,
ADInstruments, Australia) with a spirometer coupled to it
(ML141, ADInstruments, Australia), which measured the respi-
ratory rate (RR, breaths min

−1) and ventilation (VE, L s−1). The
FMS, the CH4 analyzer, the spirometer, the H2O vapor analyzer,
and the thermocouples were connected to a data acquisition sys-
tem (PowerLab 16/32, ADInstruments, Australia), which in turn
was connected to a computer that recorded continuously and
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simultaneously all the measurements at a rate of one observation
per second.

Proportions of oxygen and carbon dioxide in the atmo-
sphere (O2A and CO2A, respectively) were analyzed by the
FMS. These measurements were performed whenever the fa-
cial mask was placed on an animal’s muzzle. Simultaneously,
atmospheric vapor pressure was recorded by an external H2O
vapor analyzer (PV, kPa) (RH-300, Sable System, USA) con-
nected to a pump (SS4, Sable System, USA), which continu-
ously aspirated samples of atmospheric air (150 mL min−1)
from near the mask’s influx valve. Moreover, body surface
saturation pressure (Pcap {TEP}) was measured with a venti-
lated capsule (Maia et al. 2005a, b). A pump (SS4 Sable
System, USA) was connected to the tube leaving the capsule.
This equipment pulled the air through the influx tube, into the
capsule, over the animal’s body surface, and out into the vapor
analyzer (RH-300, Sable System, USA).

The hair coat surface temperature (TS, °C) was measured
with a sensor (MLT 422A, ADInstruments, Australia, accura-
cy ±0.3 °C) placed on the back of the animals just under the
hair coat surface. In the same body region, another tempera-
ture sensor (MLT 422A ADInstruments, Australia, accuracy
±0.3 °C) was used for the skin surface temperature (TEP, °C),
but in this case, the skin area was previously shaved. These
sensors were fixed on the animal’s surface with a plastic
board, positioned above of the sensors, with the aid of an
elastic belt around the animal’s upper body. The rectal tem-
perature (TR, °C) was continuously recorded by a rectal ther-
mocouple (MLT 1404, ADInstruments, Australia, accuracy
±0.3 °C). A nasal temperature sensor (MLT 415/AL,
ADInstruments, Australia, accuracy ±0.3 °C) was placed in-
side the facial mask, just in front of the animal’s nostrils, to
measure the exhaled air temperature (TEXH, °C).

Thermal balance components

Metabolic heat production

The volumes of O2, CO2, and CH4 (L s−1) were calculated
according to McLean (1972) and Brouwer (1965), using a
Haldane transformation,

VO2 ¼ VE O2A
1−O2A−CO2A−CH4A

1−O2E−CO2E−CH4E

� �
−O2E

� �
ð1Þ

VCO2 ¼ VE CO2E‐CO2A
1−O2A−CO2A−CH4A

1−O2E−CO2E−CH4E

� �� �
ð2Þ

VCH4 ¼ VE CH4E−CH4A
1−O2A−CO2A−CH4A

1−O2E−CO2E−CH4E

� �� �
ð3Þ

The metabolic heat production (q^met, W m−2) was calcu-
lated in accordance with daSilva and Maia (2013):

q}met ¼
16180VO2 þ 5160VCO2−2420VCH4

An
ð4Þ

where An (m
2) is the body surface area of the animal, esti-

mated according to Finch (1985):

An ¼ 0:15BW
0:5556 ð5Þ

where BW is the body weight of the animals (kg).

Latent heat loss

Heat loss by respiratory tract The latent heat loss by respi-
ratory system (q^er, W m−2) was calculated by considering the
tidal volume (VT, m

3 breath−1) and the difference between the

Fig. 1 Physiological
measurement system developed
for cattle
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humidity of the exhaled and inspired air (daSilva and Maia
2013).

q}er ¼
λVTRR ΨE−ΨAð Þ

An
ð6Þ

where λ is the latent heat of water vaporization (J g−1), RR

is the respiratory rate (breaths s−1), and ΨA and ΨE is the
absolute humidity (g m−3) of the atmosphere and exhaled
air, respectively.

Heat loss by cutaneous evaporation The ventilated capsule
technique described by Maia et al. (2005a, b) was used to
measure cutaneous evaporation from the neck of the animal.
A capsule measuring 7 cm in diameter was connected to a
water vapor analyzer (PV, kPa; RH-300, Sable System,
USA), and this analyzer was coupled to a pump (SS4, Sable
System, USA). The output of the system was recorded by a
computer, providing the actual atmospheric pressure (PV, kPa)
and the partial vapor pressure in the capsule (PCAP). The air
flow rate through the capsule was kept constant at
1.88 L min−1, and surface temperatures inside and outside
the capsule were the same, as required for valid estimates of
skin water loss. Thus, latent heat flow by cutaneous evapora-
tion (q^es) was obtained as proposed by daSilva and Maia
(2013):

q}es ¼ fc ΨC−Ψatmð ÞAn
−1 ð7Þ

where fc (m3 s−1) is the air flux leaving the capsule, Ψatm
(g m−3) is the absolute humidity of the atmosphere, and the Ψc
(g m−3) is the absolute humidity of the air leaving the capsule
(g m−3), estimated by the equation:

ΨC ¼ 2166; 87PS TEPf g
TEP

ð8Þ

Sensible heat flow

The sensible heat flow (W m−2) was given by

qsen
} ¼ qrlþqconv

where qsen is the total heat loss transferred by sensible
ways; qrl and qconv are the heat loss by long-wave radiation
and convection (W m−2), respectively.

Long-wave radiation The heat exchange by long-wave radi-
ation (q^rl, W m−2) was calculated in accordance with daSilva
and Maia (2013):

q}rl ¼ εσ T4
S−T

4
RM

� � ð9Þ

where ε is the emissivity of animal surface (Steketee 1973),
σ (5.67051 × 10−8 W m−2 K−4) is the Stefan-Boltzmann con-
stant, TS (K) is the coat surface temperature, and TRM (K) is
the mean radiant temperature.

Surface convectionHeat flow by convection (q^conv, W m−2)
was calculated with the application of Newton’s law of
cooling, in accordance to Incropera et al. (2013):

q}conv ¼ hC TS−TAð Þ ð10Þ

where hC is the coefficient of convection (W m−2 K), TS is
the hair coat surface temperature (K), and TA is the air tem-
perature (K). The coefficient hC was calculated assuming that
the animal body was a horizontal cylinder with an average
diameter of 1.3 and 1.1 m for animals with body weight
>750 and <750, respectively.

Statistical analysis

−Data were analyzed by the least squares method (Harvey
1960) according to Littell and Freund (1991) for data compo-
sition, frequency distribution, descriptive statistics, and anal-
yses of variance. Pearson correlations were tested. The math-
ematical model used to describe study variables was

Y ijklm ¼ μþ Pi þ A j Pið Þ þ Qk þ Dl Qkð Þ þ Tm þ I im

þ eijklm

where Yijklm is the mth observation of the variables, P is the
fixed effect of ith weight class (i = 1 > 750 kg and 2 < 750 kg),
A is the fixed effect of jth animal (j = 1, 2, 3, 4, 5) within ith
weight class, Q is the fixed effect of the kth Latin square
(k = 1, 2, 3, 4), D is the fixed effect of the lth day within kth
Latin square (l = 1, 2,…, 19, 20; k = 1, 2, 3, 4), T is the fixed
effect of mth class of air temperature (m = 24, 25, 26,…,34,
35), I is the interaction between ith weight and mth class of
temperature, and eijklm is the residual term, including the ran-
dom error and μ is the overall mean. The statistical package
used for all analyses was SAS (SAS Institute 1995).

Results and discussion

The average air temperature, relative humidity, mean radiant
temperature, and solar irradiance were 30.15 ± 0.02 °C,
60.91 ± 0.09%, 31.71 ± 0.03 °C, and 530.73 ± 2.71 W m−2,
respectively (Fig. 2). TA, RH, as well asGS had marked diurnal
patterns with an amplitude of approximately 8 °C, 30%, and
900 W m−2, respectively. In tropical environments, these am-
plitudes remain almost constant throughout the year. Whereas
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under temperate conditions, variations within a single day are
smaller, but reach negative values because of the natural
weather change during the year.

TEP and TS displayed a strong positive correlation and
followed almost the same function with TA (TEP = r → 0.67
and TS = r→ 0.71; P < 0.05; Figs. 2 and 3). At a lower TA, the
skin temperature remained 1 °C higher than surface tempera-
ture, on average. This result can be explained by the low hair
coat resistance of Nellore cattle. These animals has a grayish
hair coat with 0.56 reflectance, average thickness of 2.7 mm,
length of 14.3 mm, diameter of 53.0 μm, and approximately
2083 hairs cm−2 (daSilva et al. 2003). Such hair coat reflects
most of the short-wave radiation reaching it, while a highly

pigmented skin underneath will absorb and protect against any
ultraviolet radiation that passes through (Thomson 1962).

At thermal amplitude of 10 °C, rectal temperature of the
animals with bodyweight higher than 750 kg increased almost
1 °C throughout the day; this increase was less pronounced in
animals with body weight lower than 750 kg (Fig. 3). Body
heat content is the product of its heat capacity (body mass and
specific heat) and the mean body temperature; as the specific
heat can be considered a fixed value (3.47 J g−1 °C−1), heavier
animals have a greater capacity for heat storage than lighter
animals (McLean et al. 1984; da Silva 2000); furthermore, due
to their lower surface mass ratio, heavier animals are less
susceptible to the variations of thermal environment. We use
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the rectal temperature as a convenient form to express the
variation in the body heat content. Our results showed that
variation in heat content was more pronounced in heavier
animals. The law of energy conservation (Incropera 2013)
describes that the rate of change of energy in a control volume
is caused by the rates of energy flowing into and out of the
control volume, which in a biologic system can be evaluated
by the variation in metabolic heat production, sensible and
latent ways for heat transfer.

The metabolic heat production displayed little variation in
response to change in the air temperature (Fig. 4) for both
class of weight, but do not differ statistically (P > 0.05); aver-
age metabolic heat production was 146.7 ± 0.49 W m−2. We
provide the first finding about metabolic heat production in
growing Nellore cattle. Hansen (2004) suggested that the su-
perior capacity for thermoregulation observed in Zebu cattle
results from their lower metabolic heat production, which re-
flects in lower growth rate and milk production, in comparison
to European breeds. In work with Angus heifers, Richardson
et al. (2001) reported that their metabolic heat production re-
mains at approximately 212 W m−2. Kibler and Brody (1956)
assessed the influence of daily temperature cycles on metabol-
ic heat production in Holstein cows. They found that these
animals when exposed to a temperature variation between
−12 and 4 °C, their metabolic heat production ranged from
220 to 255 W m−2. However, when temperatures varied be-
tween 21 and 37.8 °C, the metabolic heat production ranged
from 162 to 209 W m−2; these results provide evidence that
even under high temperatures, Holstein cows have a higher
metabolism in comparison to Nellore cattle.

There can be periods of imbalance between the rates of
thermogenesis via metabolism and net of heat loss to the en-
vironment, resulting in positive or negative changes in body

heat content (Findlay 1957; McLean et al. 1984). TA displayed
a strong and negative correlation with q^sen (r = −0.81,
P < 0.05; Fig. 4). Sensible (long-wave radiation and surface
convection) heat flow reached 60.08 ± 0.81 W m−2 when air
temperature ranged from 24 to 25 °C, being negligible in
conditions of temperature above 33 °C. Even under mild air
temperature (24 to 25 °C), the rate of sensible heat loss repre-
sented approximately 50% of the total metabolic heat produc-
tion. The sensible heat flow depends on a temperature differ-
ential between the surface of the animals and the thermal
environment; specifically, heat exchange by long-wave radia-
tion is a function of the radiant mean temperature (daSilva
et al. 2010). However, animals were evaluated in shade con-
ditions, where the radiant mean temperature was very close to
the air temperature. At the highest air temperatures, this ther-
mal gradient difference decreased, reducing the heat flux to
5.90 ± 0.61Wm−2. Maia et al. (2005a), workingwith Holstein
cows, found that when the air temperature increased from 10
to 36 °C, the sensible heat loss decreased from 160 to
−30 W m−2. In this situation, even in the shade, the mean
radiant temperature was higher than surface temperature of
animals and thus, long-wave radiation became a source of heat
gain. When the sensible ways for heat transfer is negligible or
a source of heat gain to the animals, latent heat loss becomes
the major venue for dissipating the body heat (Collier and
Gebremedhin 2015).

Latent heat loss followed the opposite pattern to sensible
heat flow, reaching a higher value during the hottest times of
the day (Fig. 4). Both evaporative losses had a strong positive
correlation with TA (q^er → r = 0.81 and q^es → r = 0.94;
P < 0.05). At a TA of 34 °C, q^es was 64.76 ± 0.62 W m−2

and q^er was 11.44 ± 0.13 W m−2; latent ways represented
60% of the total metabolic heat production. McManus et al.
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(2009) working with Nellore cattle and using the colorimetric
method (Schleger and Turner 1965) found a cutaneous evap-
oration of approximately 149.74Wm−2 under similar thermal
environment. This value is higher than reported here, possibly
because of the differences between the method used; the col-
orimetric technique does not account for fur resistance and
may absorb moisture from the atmosphere, leading to an
overestimation of evaporation. Maia et al. (2005a) used the
ventilated capsule method and measured cutaneous evapora-
tion from 30 to 350 W m−2 in Holstein cows when air tem-
perature increased from 10 to 30 °C. Gebremedhin et al.
(2008) measured the sweating rate of cows and Holstein
heifers using a portable calorimeter. These animals were ex-
posed to direct solar radiation (average of 500 W m−2) and an
average of air temperature of 38.8 °C; cutaneous evaporation
ranged from 126 to 348 W m−2. It is evident that cutaneous
evaporation represents an important mechanism for thermo-
regulation in cattle, but with different magnitudes between
breeds. Beside the difference in the metabolic heat production
between then and environmental conditions, Zebu cattle
seems to use this mechanism in a more moderate way, which
can be an indicative of adaptive strategy that leads to a greater
saving of water and metabolizable energy.

Heat loss by respiratory system is dependent on the venti-
lation, which is function of the tidal volume and respiratory
rate (daSilva et al. 2002; Maia et al. 2005b; Fonsêca et al.
2016). According to our results, animals had an RR of approx-
imately 19 breaths min−1, and VE of 1.38 ± 0.004 L s−1 re-
gardless of an air temperature variation from 24° to 35 °C
(Fig. 5). Both measures do not presented significantly
(P > 0.05) variation over this range of ambient temperature.
Furthermore, heavier animals have a higher (P < 0.05) RR and
VE in comparison to lighter individuals. Using an electronic
device, Milan et al. (2016) measured respiratory rate from 24
to 30 breaths min−1 in mature Nellore males exposed to direct

solar radiation (range from 250 to 850Wm−2). Previous work
with several Brazilian Zebu breeds found an average RR of 28
breaths min−1 under TA conditions ranging from 12.5° to
30 °C and RH 60 to 85% (McManus et al. 2009). On the other
hand, the respiratory frequency ranged from 80 ± 13 to
102 ± 12 breaths min−1 in Holstein cows protected or not from
direct solar radiation (Gebremedhin et al. 2010). Similar re-
sults were reported by Santos et al. (2017) with Holstein cows
managed under direct solar radiation in a tropical environ-
ment. Beatty et al. (2006), working with Bos taurus (Angus)
and Bos indicus (Brahma) in climatic chambers, found that
when these animals were submitted to a temperature of
35 °C and humidity of 80% for 5 days, the RR remained at
126 and 125 breaths min−1, respectively. Hot climates may
induce a rise in body temperature and respiration rate, which
increases energy requirements for maintenance by 7 to 25%
(NRC 1981).

From these reports, the respiratory system is frequently
used in conditions of heat stress in an attempt to maintain
the thermal equilibrium of European breeds. Results of the
present investigation showed that the heat loss by the respira-
tory system seems to be of little significance for the thermal
balance of Nellore cattle managed under shade condition.
Maia et al. (2005b) and Fonsêca et al. (2016) provide an in-
teresting discussion about the differences between domestic
ruminants selected in temperate and tropical environment over
the role of the respiratory tract on the thermal equilibrium.
Hansen (2004) described that European cattle breeds tend to
lose more heat through respiratory evaporation, and this may
constitute a marker of animals that are less adapted to high
temperature conditions. In this sense, our findings offer good
evidence that the energetic costs of the thermoregulation seem
to be lower in Nellore animals when compared to other breeds
reared in a tropical environment; physiological responses as
lower and stable metabolic heat production, respiratory rate,
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and moderate cutaneous evaporation can confirm this state-
ment. More studies are necessary to understand the thermal
balance of Nellore cattle when exposed to direct solar radia-
tion and under condition of lower temperatures (<20 °C), rain,
and air displacement, which is very common in pasture and
confinement system.

Conclusions

& An indirect calorimetry systemwas developed to study the
thermal balance of Nellore cattle.

& Under shade conditions and air temperature range from 24
to 35 °C, the metabolic heat production, respiratory rate,
and ventilation of mature Nellore cattle remain stable,
which is indicative of lower energetic cost to the thermo-
regulation in comparison with some European breeds
reared in a tropical environment.
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