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Abstract The aim of the present study was to estimate the
heat transfer through cutaneous and respiratory evaporation of
dairy cows raised in tropical ambient conditions using simple
environmental and physiological measures. Twenty-six lactat-
ing crossbred cows (7/8 Holstein-Gir) were used, 8 predomi-
nantly white and 18 predominantly black. The environmental
variables air temperature, relative humidity, black globe tem-
perature, and wind speed were measured. Respiratory rate and
coat surface temperature were measured at 0700, 0900, 1100,
1300, and 1500 h. The environmental and physiological data
were used to estimate heat loss by respiratory (Er) and cuta-
neous evaporation (Ec). Results showed that there was varia-
tion (P < 0.01) for respiratory rate depending on the times of
the day. The highest values were recorded at 1100, 1300, and
1500 h, corresponding to 66.85 + 10.20, 66.98 + 7.80, and
65.65 + 6.50 breaths/min, respectively. Thus, the amount of
heat transferred via respiration ranged from 19.21 to 29.42 W/
m?. There was a variation from 31.6 to 38.8 °C for coat surface
temperature; these values reflected a range of 55.52 to
566.83 W/m? for heat transfer via cutaneous evaporation.
However, throughout the day, the dissipation of thermal ener-
gy through the coat surface accounted for 87.9 % total loss of
latent heat, and the remainder (12.1 %) was via the respiratory
tract. In conclusion, the predictive models based on respirato-
ry rate and coat surface temperature may be used to estimate
the latent heat loss in dairy cows kept confined in tropical
ambient conditions.
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Introduction

Ruminants with excess thermal load use evaporation as the
main thermoregulatory mechanism, especially under high air
temperatures. Thus, the ability of an animal to withstand hot
environments is proportional to its ability to dissipate the la-
tent heat by evaporation, either by sweat on the skin (McLean
1963) or from the respiratory system (Silva et al. 2002; Maia
et al. 2005b).

Several studies have evaluated the effects of the thermal
environment on heat dissipation in cattle (McLean 1963;
Finch 1985; Silva 1999; Maia et al. 2005a, b; Maia et al.
2008), sheep (Hofmeyr et al. 1969; Silva et al. 2002; Silva
and Starling 2003) and goats (Ligeiro et al. 2006). Most of
these experiments were conducted under controlled condi-
tions, using direct methods in the evaluation of heat loss by
respiratory and cutaneous evaporation, which involve the use
of masks and respirometry chambers, ventilated capsules,
among other methods. However, estimating the animal heat
balance in field has been a challenge for studies in animal
biometereorology.

The use of indirect methods to estimate the thermal energy
transfer rate would be interesting especially for application in
field studies. Maia et al. (2005a) and Silva and Maia (2011)
developed equations that are able to predict the latent heat
transfer in Holstein cows in a tropical environment, through
simple measures such as coat surface temperature and respi-
ratory rate. Such measures are relatively easy to obtain in
field conditions with the use of infrared thermometer and
visual observation of respiration (Gaughan 2000).
Moreover, it is a non-invasive method, without the need for
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animal containment, which ensures greater confidence in the
physiological variables measured.

Research focused on estimating heat balance in Holstein
cattle in tropical environments is scarce, especially in the field.
Furthermore, the use of these prediction equations may be
validated to estimate the latent heat transfer in Holstein cows
raised in tropical semiarid regions of Brazil. Thus, the aim of
this study was to estimate the heat transfer through cutaneous
and respiratory evaporation of dairy cows raised in tropical
ambient conditions using simple environmental and physio-
logical measures.

Materials and methods
Animals and handling

Twenty-six lactating crossbred cows (7/8 Holstein-Gir) were
used, 18 predominantly black (days in milk (DIM) 65—
160 days) and eight predominantly white (DIM 72—-163 days),
with an average body weight of 556 + 21.23 kg, being all
multiparous (between 2 nd and 5 nd parity). The study was
conducted in Caturité, Paraiba, Brazil (07°22'45.1" south lat-
itude, 36°31'47.2" west longitude and 405 m altitude), during
the period of April-May 2014.

The cows were housed in open areas (50 m long x 25 m
wide) with collective drinkers and feeders, and natural
shadows of Prosopis juliflora (Fig. 1). The feed consisted of
tifton grass hay, corn silage, foraging palm, soybean meal,
corn meal, and wheat meal, supplied as complete diet at
0500, 1200, and 1700 h. The mineral and vitamin supplemen-
tation was offered ad libitum.

Experimental design

Animals were distributed in a completely randomized design,
in a factorial arrangement 2 X 2 (coat color x milk yield
levels). According to the predominance of the coat color, the
animals were divided into two groups: predominantly black
(>70 % black coat color) and predominantly white (>70 %
white coat color). The proportion of black and white spots
on a body surface area was determined directly by visual as-
sessment on both sides of each animal. The tail, head, and
limbs were not taken in consideration for the color assessment
(Maia et al. 2003). Two months before starting and during
experimental period, dairy control were performed at each
2 weeks. By means of dairy controls, cows were divided in
two groups according to milk yield, which for group 1, yield
levels between 18 and 26 kg milk/day (average of
20 + 2.55 kg/day) and, for group 2, animals yielding between
10 and 16 kg milk/day (average of 14 + 1.75 kg/day). The
treatment groups were balanced according to DIM and coat
color, which in the group 1 were assigned four predominantly
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white cows and group 2 four predominantly white cows. For
predominantly black cows, ten animals were assigned to the
group 1 and eight cows were assigned to the group 2.

Environmental data collection

The environmental variables were collected daily from 0500
to 1700 h during the trial period, at intervals of 2 h. Air tem-
perature (Ty), relative air humidity (Ry;), black globe temper-
ature (BGT), and wind speed (Ws) were measured in the
holding pen and at two different points in the confinement
area: in the shade and in full sun (Fig. 1). To and Ry and
Ws and BGT were obtained using a set of termohigrometers
(model 766401000 Incoterm®; accuracy +0.35 °C tempera-
ture and +£0.25 % relative humidity), anemometer (model LM-
8000 Lutron®; accuracy + 0.1 m/s) and black globe thermom-
eters (a standard 0.15 m diameter hollow copper painted matt
black was used), respectively, at the height of 1.20 m from the
ground. From the climatic, data was calculated the black globe
temperature and humidity index (BGHI) according to
Buffington et al. (1981):

BGHI = BGT + 0.36 DPT +41.5 (1)

where BGT is the black globe temperature, (°C), and DPT is
the dew point temperature (°C).

Mean radiant temperature (T, °C) was calculated by the
equation proposed by Vilella (1983):

Tyr = BGT + 1.9vVWs(BGT-T,) (°C) (2)
where BGT is the black globe temperature (°C); Wg is the
wind speed (m/s); and T, is the air temperature (°C).

Physiological variables collection

Six days before the beginning of the experimental period, the
animals were accustomed to the physiological variables col-
lection routine. Observers walked among the animals simulat-
ing the data collections in order to reduce the flight reaction
and thus decrease the distance of measurement of the vari-
ables. The habituation period has been completed when it
was managed to measure the physiological variables at a dis-
tance of 3 m from the animal (Fig. 1).

The observations were made 2 or 3 days per week, total-
ing 10 days of observations per animal. Respiratory rate (Fy;
breaths/min) and coat surface temperature (75; °C) were
measured at the times of 0700, 0900, 1100, 1300, and
1500 h. The Fr was measured by the number of breaths
obtained visually by counting the movements in the animal’s
flank, with the aid of a digital timer for 20 s. Subsequently,
the value was multiplied by three to obtain the number of
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Fig. 1 Scheme of the area where
the animals were kept during data
collection and distance of
measurement of coat surface
temperature and respiratory rate
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breaths per minute. The 75 was measured using an in-
frared thermometer (model 568 Fluke®; accuracy
+1.0 °C), positioned perpendicularly at a distance of
approximately 3 m from the animal (Fig. 1), taking
average of scanning, following of the scapula to the
femur, in the position of 20 cm below the dorsal line
of the animal, with automatic calibration and consider-
ing the default emissivity of 0.98 for biological tissues
(Steketee 1973). At the hottest times of the day (1100,
1300, and 1500 h), physiological variables (Fr and Tg)
were taken when the cows were in the shade, while at
0700 and 0900 h, measurements were taken in the sun.

Prediction equations

Heat transfer through the respiratory tract Obtaining the
physiological data, it was estimated the latent heat transfer
(W/m?) through respiratory tract and coat surface, using the
equations described below. The rate of heat loss by

B = Drinker
C = Feeder
S = Salt block

evaporation from the respiratory tract was estimated according
to Silva et al. (2012):

ER = (¢EXP_¢ATM)
r'vR

(W/m2> (3)

where Ej, is the heat flow through the respiratory tract; A is the
latent heat of water vaporization (J/g); Wgxp is the absolute
humidity of the expired air (g/m®); Wxry is the absolute hu-
midity of the atmosphere (g/m’); and ryg is the water vapor
resistance to heat loss through the respiratory tract (s/m).

The latent heat of water vaporization can be described
by a regression function based on ambient air temperature
(T,p; °C), according to Maia et al. (2005a):

A = 2500.7879-2.3737T  (I/g) (3.1)

The absolute humidity of the expired air (Jgxp) can be ob-
tained based on the equation described by Silva et al. (2012):
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where Pygxp is the saturation pressure of the expired air. To
estimate the expired air temperature (7eyp), it was used the
regression equation described by Maia et al. (2005b) as a
function of air temperature (Ty):

Texp = 947 + 1.18T5—0.01278T3  (°C) (3.4)

The absolute humidity of the atmospheric air (Y1) can be
obtained based on the equation described by Silva et al. (2012):

2166869PVATNM 3)
== 3-5
YAM = T 073 15 (g/m (3.5)
75T ATM
Puaty = 0.61078 x 107w 255 (kPa) (3.6)

where Pyarv is the vapor pressure of the atmospheric air
(kPa) at ambient air temperature (Maia et al. 2005b). The
water vapor resistance to heat loss through the respiratory tract
(rvr) Was obtained according to Silva et al. (2012):

ryr = 2853.921-48.445 Fg + 0.3414F2-2.037T,  (s/m) (3.7)

where Fy is the respiratory rate (breaths/min).
Cutaneous evaporation

To estimate the heat loss by cutaneous evaporation (Ec),
it was used the equation developed by Silva and Maia
(2011) depending on the animal’s coat surface tempera-
ture (Ts):

Tg-279 5
Ec =315+ 3.67¢30% (W/m ) (4)

Statistical analyses

All data were analyzed using SAS System, Version 9.3 (SAS
Inst. Inc., Cary, NC). Exploratory analyses were conducted to
characterize the data distribution. The normality distribution
was checked by skewness and kurtosis coefficients. Data were
subjected to analysis of variance by the procedure “general
linear model” and means compared by the f test at 5 % con-
fidence level according to the model:

Yijlk:M+H1+Nk+C1+(HN)ik+(HC)ﬂ+eik1 (5)
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where Yjj—variable in analysis; p—overall mean; Hi—ef-
fect of time of the day; N—effect of the yield levels; Cr—
coat color effect; (HN);—interaction between time of the
day and level of yield; (HC);—effect of the interaction
between time of the day and coat color; and ej—experi-
mental error. Regression models were tested for respiratory
and cutaneous evaporation based on respiratory rate and

coat surface temperature, respectively.

Results

The air temperature ranged from 21 to 30.2 °C, the relative
humidity from 87.7 to 52.6 %, and the BGHI ranged from
69.9 to 82.9 in the shade. Notwithstanding, the amplitude of
these variables was greater when recorded in full sun, which
temperature and relative humidity reached values ranging
from 21.1 to 32.3 °C and 92.5 to 44.1 %, respectively, and
from 69.8 to 90.2 for the BGHI; the most critical values re-
corded at 1300 h (Fig. 2).

There was variation (P < 0.01) for respiratory rate depend-
ing on the time of day. For this trait, there was no interaction
(P > 0.05) between time of day and coat color categories.
Similarly, in both experimental group (Milk yield 20 + 2.55
vs. 14 + 1.75 kg) respiratory rate was similar (P > 0.05) in all
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Fig. 3 Respiratory rate (mean + SE) of dairy cows in the period from
0700 to 1500 h

time of day. The highest values were recorded at 1100, 1300,
and 1500 h, corresponding to 66.85 +10.20, 66.98 + 7.80, and
65.65 £ 6.50 breaths/min, respectively. The lowest frequency
(54.05 + 5.09 breaths/min) was observed at 0700 h, followed
by 61.30 £ 4.05 breaths/min at 0900 h (P < 0.01; Fig. 3). To
estimate the heat loss through the respiratory tract, the model
of better adjustment was the quadratic (R? = 0.73;
Er = 0.5966 + 0.815 Fr — 0.0059 Fg?). Thus, the amount of
heat transferred via respiration ranged from 19.21 to 29.42 W/
m? (Fig. 4). The respiratory rate and respiratory evaporation
showed no variation depending on the milk yield level
(P> 0.05; Fig. 5a), as well as there was no variation regarding
coat color predominance (P > 0.05; Fig. 5b).

A quadratic function was fitted for cutaneous evaporation
as a function of coat surface temperature (R2 = 0.90;
E. =7191-465.42Ts + 7.5309T52; P < 0.01; Fig. 6). There
was a variation from 31.6 to 38.8 °C for coat surface temper-
ature, which these values reflected a range of 55.52 to
566.83 W/m?” for heat transfer via cutaneous evaporation.
The higher values for heat transfer via surface evaporation
(224.57 vs. 275.29 W/m?; Fig. 7b) were observed in times

wn
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Fig. 4 Heat loss by respiratory
evaporation according to the
respiratory rate of dairy cows
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with higher levels of mean radiant temperature in the shade
(1100 and 1300 h; 49.6 and 51.0 °C, respectively; Fig. 7a).

Coat surface temperature depending on coat color, where
predominantly black cows had a higher value compared with
white cows (35.49 + 0.07 °C vs. 35.41 £ 0.08 °C; P < 0.01;
Table 1). Consequently, heat loss by cutaneous evaporation
followed the same trend; predominantly, black cows lost more
heat via cutaneous surface than white cows (186.32 +4.09 W/
m? vs. 158.24 + 6.04 W/mz; P <0.01; Table 1). There was no
variation (P > 0.05) in the coat surface temperature with re-
spect to the milk yield level of cows. Nonetheless, there was
effect on cutaneous evaporation regarding the level of yield;
thus, animals with an average yield of 20 + 2.55 kg/day dis-
sipated higher amount of thermal energy in relation to the
cows that yielded an average of 14 £ 1.75 kg/day
(185.27 + 5.55 W/m? vs. 169.40 + 4.86 W/m?, respectively;
P <0.02; Table 1).

Regarding the percentage distribution of latent heat loss, it
was observed that at 0700 h, approximately 80 % of the latent
heat loss occurred through the cutaneous evaporation, and the
remainder was given through the respiratory tract, while at
times with higher air temperatures (1100 to 1300 h) the cuta-
neous surface heat dissipation reached 90 %. Throughout the
day, overall mean for dissipation of thermal energy through
the cutaneous surface accounted 87.9 % of total latent heat
loss, and the remainder (12.1 %) was through the respiratory
tract (Fig. 8).

Discussion

The use of predictive functions to evaluate the animal heat
balance based on simple physiological measures such as coat
surface temperature and respiratory rate can be a useful tool in
the absence of more sophisticated methods such as masks and

Respiratory rate (breaths/min')
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Fig. 5 Respiratory rate and evaporation (Mean + SE) depending on milk yield level (a) and coat color predominance (b) of dairy cows in semiarid

ambient

respirometric chambers and ventilated capsules. According to
Maia et al. (2005b), the use of these mathematical functions
should be done taking into account the type of animal and the
environment in which these functions have been developed. In
the present study, it was estimated from the measurements of
respiratory rate and coat surface temperature the heat loss
through the cutaneous surface and respiratory tract throughout
the day, respectively, for crossbred cows (7/8 Holstein-Gir)
raised in confined condition in tropical environment.

According to our results, the increase in the respiratory rate
of the animals happened gradually, stabilizing in the afternoon
(1100 to 1500 h), times when the air temperature, and the
BGHI reached upper critical values of 30.2 and 87.7 °C
(shade) and 32.3 and 92.5 °C (full sun), respectively. At times
with higher ambient temperature (1100 to 1500 h), the maxi-
mum value for respiratory rate was approximately 69 breaths/
min. This result may not have reached higher values due to the
physical conditions of the environment, since most of the an-
imals at times of high temperatures and intense solar radiation
were under shaded areas, provided by P, juliflora.

Fig. 6 Heat loss by cutaneous
evaporation of dairy cows in
relation to coat surface
temperature
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The increase in the respiratory rate is usually associated
with heat exposure, a fact that promotes change in the respi-
ratory behavior of cattle (Gaughan et al. 2000). In studies of
crossbred Holstein x Zebu cows, Ferreira et al. (2006) found
that the respiratory rate, at morning, was within the physio-
logical limits (17.50 breaths/min), notwithstanding, in the af-
ternoon, this frequency increased by about seven times
(134.02 breaths/min), which this situation was triggered by
changes in the thermal environment throughout the day, and
our results followed the same trend throughout the day.
Accordingly, Gaughan et al. (2000) points out that the respi-
ratory rate has been widely used as a heat stress indicator in
cattle.

The effect of ambient air temperature on the respiratory rate
is not constant and is subject to a number of factors that influ-
ence the process (Gaughan et al. 2000). Thus, the effect of air
temperature on the respiratory rate is influenced by age, sex,
genotype (Azevedo et al. 2005), performance level, nutrition,
feeding time, body condition of animals, as well as previous
exposure to hot conditions (Gaughan et al. 2000), type of
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confinement, imposed cooling strategies (Almeida et al.
2011), and other environmental factors. Nonetheless, in this
study, it was not observed changes in the respiratory rate re-
garding the milk yield level, as well as in relation to the prev-
alence in the animal coat color. Possibly the closeness in the
milk yield average (group 1 = 14 + 1.75 kg; and group
2 =20=+2.55 kg) contributed so that no variations were found
in the number of breaths. Regarding the color of the fur, our
findings corroborate Pocay et al. (2001), who found no differ-
ence in the respiratory rate of predominantly white (93.45
breaths/min) and black (93.88 breaths/min) dairy cows.

In relation to the heat loss by evaporation in animals,
breathing is one of the primary mechanisms that utilize the
latent heat of vaporization of water to increase the thermal
energy dissipation (Rodrigues et al. 2010). It was observed
in our study a quadratic response to respiratory evaporation
depending on the respiratory movements, verifying that, when
the animal reached a rate of 72 breaths/min occurred maxi-
mum evaporation through the respiratory tract (29.42 W/m?).
Notwithstanding, from this point, even with increase in the
respiratory rate, the heat loss by evaporation was not in-
creased. This can be explained by the decrease in the tidal
volume as the respiratory rate rises up. According to Maia
et al. (2005b), the mass flow through the respiratory tract is

also a function of the tidal air volume. Thus, the heat loss
through respiratory movement is decreased. In this context,
volume of inspired air, associated with body temperature
and air humidity, are the most important factors that affect
evaporation through the respiratory tract (Silva et al. 2002;
Starling et al. 2002).

In our findings, it was observed an average value of about
26.3 W/m? for heat loss via respiratory evaporation, under
average air temperature of 27.3 °C; this corresponded in per-
centage terms to about 12.1 % of the total latent heat loss of
Holstein cows, in open conditions in the semiarid region. In
similar semiarid conditions, Silva et al. (2012) found that the
evaporation via respiratory tract accounted for 27.3 % of the
total latent heat loss, under air temperature conditions of
33.1 °C.

The surface temperature depends mainly on the envi-
ronmental conditions of humidity and temperature of air
and wind, and on the physiological conditions such as
vascularization and evaporation through sweat (Ferreira
et al. 2006). According to our findings, it was observed
that the heat transfer considerably increased due to the
increase in coat temperature. This increase in the heat
dissipation via cutaneous surface occurred from 0700 to
1300 h and ranged from 117.89 to 275.49 W/m?, re-
spectively, along with the increase, in parallel of the
mean radiant temperature (Tyr), which reached maxi-
mum value (51 °C) at 1300 h. However, the prediction
model used was able to estimate the heat loss by cuta-
neous evaporation when the interval for the coat surface
temperature was from 28 to 39 °C. Values outside this
range could not be used as indirect estimators and
therefore were removed from the database. So, given
the limitations imposed by simple regression models,
we suggested that more reliable models are developed,

Table 1  Heat transfer via cutaneous surface (mean + SE) in dairy cows
of predominantly white or black coat, with an average yield of 20 or 14 kg
milk/day

Response variables Coat color P
White Black
Coat surface temperature (°C)  35.05+£0.10b 3549 +0.07a 0.0/

Cutaneous evaporation (W/m?) 15824 +6.04b 186.32+4.09a 0.01

Response variables Milk yield (kg/day)
20 kg 14 kg
Coat surface temperature (°C)  35.41 £ 0.08 35.22 £0.08 Ns

Cutaneous evaporation (W/m?) 18527 +5.55a 169.40 +4.86b 0.02

Means followed by different letters in the line differ by f test at 5 %
probability. P values are presented for the effect of coat color and milk
yield level

Ns non-significant effect
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Fig. 8 Participation of the heat loss by cutaneous evaporation and respiratory evaporation of dairy cows in semiarid ambient

as in semiarid conditions of Brazil, in most of the year,
high air temperatures and intense solar radiation are
common; easily, the temperature of the animal surface
exceeds 39 °C (Silva et al. 2014).

In a study with Holstein cows, Hillman et al. (2001) found
a skin evaporation rate of about 240 W/m? in the shade, but
when the animals were exposed to direct solar radiation, that
rate increased to 500 W/m?, depending on the surface temper-
ature elevation. Maia et al. (2005a) have reported a close re-
lationship between cutaneous evaporation and coat surface
temperature, suggesting that it is the physiological activation
mechanism for sweating.

In studies with Holstein cows, Maia et al. (2005a) found
that the heat loss by skin evaporation accounted for 20-30 %
of the total heat loss when the air temperature remained be-
tween 10 and 20 °C, the remainder being lost as sensible heat.
Under high ambient temperatures (36 °C) and elevated Tyr
(160.8 °C), animals start gaining heat by sensible ways; then,
these temperatures are close to or higher than the body tem-
perature, as is frequently the case in semiarid regions in the
intertropical zone. Under this condition, the cutaneous evapo-
ration becomes the primary way of heat loss, accounting for
approximately 85 % (350 W/m?) of the total heat loss, while
the rest is lost by respiratory evaporation. According to our
findings, the loss of heat through the cutaneous surface
accounted for approximately 87 % (190.7 W/m?) of the total
loss of latent heat of crossbred Holstein cows.

In this study, it was observed that black coat cows showed
higher surface temperature (35.49 + 0.08 °C) than predomi-
nantly white cows (35.05 £ 0.08 °C), where this difference in
fur temperature can be attributed to the characteristics of ab-
sorbance of the coat surface. In studies with Holstein cows,
Silva et al. (2003), using a spectro-radiometer with wave-
length between 300 and 850 nm, determined absorptance
values in the fur of Holstein cows at the level of 0.902
(93 %) for black and 0.518 (35 %) for white. Similar results
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were found by Facanha et al. (2010), which studying coat
characteristics of Holstein cows in the semiarid region, found
that the surface temperature of white coat cows was lower
(34.05 £ 0.073 °C) than that presented by black coat cows
(37.77 £ 0.073 °C). Pocay et al. (2001) observed of 44.59
and 38.18 °C for surface temperature of the black and white
coats, respectively. According to our results, heat dissipation
by cutaneous evaporation followed the same trend of the sur-
face temperature with respect to the predominance in coat
color. Thus, it was observed that cows with black color dissi-
pated greater amount of thermal energy (186.32 £+ 4.09
W/m?) than white coat cows (158.24 + 6.04 W/m?), taking into
account the direct relationship between the rate of skin sweating
and the coat surface temperature (Hillman et al. 2001; Maia et al.
2005a; Silva and Maia 2011).

The present study demonstrated that the cows that yielded
an average of 20 £ 2.55 kg/day eliminated greater amount of
heat when compared to the cows that yielded 14 + 1.75 kg/day,
which the values being represented by 185.27 + 5.55 and
169.40 + 4.86 W/m?, respectively. Thus, individually, high
yielding cows are more vulnerable to heat stress than cows of
lower milk yield. This is because milk yield leads to increased
production of metabolic heat due to the higher nutrient contri-
bution for synthesis of milk components (Kadzere et al. 2002).

Conclusions

The predictive models based on respiratory rate and coat sur-
face temperature could be used to estimate the latent heat loss
in dairy cows kept confined in tropical ambient conditions.
Nonetheless, some simple regression models have limitations
on their use.

Latent heat dissipation through respiratory tract and cuta-
neous surface correspond, on average, to 12.1 and 87.9 % of
dairy cows bred in semiarid tropical environment.
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